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Preface

In this book, we introduce current developments and applications in using
iterative methods for solving Toeplitz systems. Toeplitz systems arise in a vari-
ety of applications in mathematics, scientific computing, and engineering, for in-
stance, numerical partial and ordinary differential equations; numerical solution of
convolution-type integral equations; stationary autoregressive time series in statis-
tics; minimal realization problems in control theory; system identification prob-
lems in signal processing and image restoration problems in image processing; see
[24, 36, 45, 55, 66].

In 1986, Strang [74] and Olkin [67] proposed independently the use of the
preconditioned conjugate gradient (PCG) method with circulant matrices as pre-
conditioners to solve Toeplitz systems. One of the main results of this iterative
solver is that the complexity of solving a large class of n-by-n Toeplitz systems
T,u = b is only O(nlogn) operations. Since then, iterative Toeplitz solvers have
garnered much attention and evolved rapidly over the last two decades.

This book is intended to be a short and quick guide to the development of
iterative Toeplitz solvers based on the PCG method. Within limited space and
time, we are forced to deal with only important aspects of iterative Toeplitz solvers
and give special attention to the construction of efficient circulant preconditioners.
Applications of iterative Toeplitz solvers to some practical problems will be briefly
discussed. We wish that after reading the book, the readers can use our methods
and algorithms to solve their own problems easily.

The book is organized into five chapters. In Chapter 1, we first introduce
Toeplitz systems and discuss their applications. We give a brief survey of classical
(direct) Toeplitz solvers. Some background knowledge of matrix analysis that will
be used throughout the book is provided. A preparation for current developments
in using the PCG method to solve Toeplitz systems is also given.

In Chapter 2, we study some well-known circulant preconditioners which have
proven to be efficient for solving some well-conditioned Hermitian Toeplitz systems.
We introduce the construction of Strang’s preconditioner, T. Chan’s preconditioner,
and the superoptimal preconditioner. A detailed analysis of the convergence rate
of the PCG method and some numerical tests with these three preconditioners are
also given. Other useful preconditioners will be briefly introduced.

Chapter 3 develops a unified treatment of different circulant precondition-
ers. We consider circulant preconditioners for Hermitian Toeplitz systems from
the viewpoint of function theory. Some well-known circulant preconditioners can

xi



xii Preface

be derived from convoluting the generating function of the Toeplitz matrix with
some famous kernels. Several new circulant preconditioners are then constructed
using this approach. An analysis of convergence rate is given with some numerical
examples.

Chapter 4 describes how a family of efficient circulant preconditioners can
be constructed for ill-conditioned Hermitian Toeplitz systems T,u = b. Inspired
by the unified theory developed in Chapter 3, the preconditioners are constructed
by convoluting the generating function of 7;, with the generalized Jackson kernels.
When the generating function is nonnegative continuous with a zero of order 2p, the
condition number of T}, is known to grow as O(n??). We show, however, that the
preconditioner is positive definite and the spectrum of the preconditioned matrix
is uniformly bounded except for at most 2p + 1 outliers. Moreover, the smallest
eigenvalue is uniformly bounded away from zero. Hence the PCG method con-
verges linearly when used to solve the system. Numerical examples are included to
illustrate the effectiveness of the preconditioners.

Chapter 5 is devoted to the study of block circulant preconditioners for the
solution of block systems T},,u = b by the PCG method, where T,,, are m-by-m
block Toeplitz matrices with n-by-n Toeplitz blocks. Such a kind of system appears
in many applications, especially in image processing [45, 66]. The preconditioners
cg)(Tmn) and cg)F(Tmn) are constructed to preserve the block structure of T},
and are defined to be the minimizers of ||Ty,, — Cinnll o over some special classes of
matrices. We prove that if T}, is positive definite, then cg)(Tmn) and cg)F(T mn)
are positive definite too. We illustrate their effectiveness for solving block Toeplitz
systems by some numerical examples.

To facilitate the use of the methods discussed in this book, we have included
in the appendix the MATLAB programs that were used to generate our numerical
results here.

This book contains some important parts of our research work in the past 20
years. Some research results are joint work with Prof. Michael K. Ng of the Depart-
ment of Mathematics, Hong Kong Baptist University; Prof. Man-Chung Yeung of
the Department of Mathematics, University of Wyoming; and Dr. Andy M. Yip of
the Department of Mathematics, National University of Singapore. We are indebted
to Prof. Tony F. Chan of the Department of Mathematics, University of California
at Los Angeles; Prof. Gene Golub of the Department of Computer Science, Stanford
University; Prof. Robert Plemmons of the Department of Mathematics and Com-
puter Science, Wake Forest University; and Prof. Gilbert Strang of the Department
of Mathematics, Massachusetts Institute of Technology, for their enlightening ideas,
suggestions, and comments, from which we benefited a great deal. We are grateful
to Prof. Fu-Rong Lin of the Department of Mathematics, Shantou University; and
our student Mr. Wei Wang, for their help in the MATLAB programs used in the
book. Thanks are also due to our families for their encouragement, great support,
and patience, which are essential to the completion of the book.

The research results included in the book are supported by a number of grants
provided by HKRGC of Hong Kong and research grant 050/2005/A provided by
FDCT of Macao.



Chapter 1

Introduction

In this chapter, we first introduce the Toeplitz system, its history, and some remarks
on classical (direct) Toeplitz solvers. We then develop the background knowledge
in matrix analysis that will be used throughout the book. A preparation for the
development of iterative Toeplitz solvers is also given.

1.1 Toeplitz systems

An n-by-n Toeplitz matrix is of the following form:

to t-1 o+ to—n lip
tq to t-1 -+ to_n
Tn = : tl tO ; ) (1 1)
tn_o - t_q
th—1 tp—2 - tq tO

ie., t;; = t;—; and T, is constant along its diagonals. The name Toeplitz is in
memorial of O. Toeplitz’s early work [78] in 1911 on bilinear forms related to Laurent
series; see [43] for details. We are interested in solving the Toeplitz system

T,u=Db,

where b is a known vector and u is an unknown vector.
Toeplitz systems arise in a variety of applications in different fields of mathe-
matics, scientific computing, and engineering [15, 24, 36, 45, 55, 57, 66]:

1) Numerical partial and ordinary differential equations.

2) Numerical solution of convolution-type integral equations.

3) Statistics—stationary autoregressive time series.

(1)
(2)
(3)
(4) Signal processing—system identification and recursive filtering.

1



2 Chapter 1. Introduction

5

Image processing—image restoration.

()
(6) Padé approximation—computation of coefficients.

(7) Control theory—minimal realization and minimal design problems.
(8)

8) Networks—stochastic automata and neutral networks.

These applications have motivated mathematicians, scientists, and engineers to de-
velop specifically fast algorithms for solving Toeplitz systems. Such kinds of algo-
rithms are called Toeplitz solvers.

Most of the early works on Toeplitz solvers were focused on direct methods.
A straightforward application of the Gaussian elimination method will result in an
algorithm of O(n?) complexity. However, since n-by-n Toeplitz matrices are deter-
mined by only 2n — 1 entries rather than n? entries, it is expected that the solution
of Toeplitz systems can be obtained in less than O(n?) operations. Levinson’s algo-
rithm [62] proposed in 1946 is the first algorithm which reduces the complexity to
O(n?) operations. A number of algorithms with such complexity can be found in the
literature; see, for instance, [46, 81, 88]. These algorithms require the invertibility
of the (n — 1)-by-(n — 1) principal submatrix of T,.

Around 1980, fast direct Toeplitz solvers of complexity O(n log? n) were devel-
oped [2, 11, 13, 50]. These algorithms require the invertibility of the |n/2]-by-|n/2]
principal submatrix of 7,.

The stability properties of these direct methods for symmetric positive definite
Toeplitz systems are discussed in Bunch [15]. It was noted that if T, has a singular
or ill-conditioned principal submatrix, then a breakdown (or near-breakdown) can
occur in these algorithms. Such breakdowns will cause numerical instabilities in
subsequent steps and result in inaccurate solutions.

The question of how to avoid breakdowns (or near-breakdowns) by skipping
over singular submatrices or ill-conditioned submatrices has been studied exten-
sively [38, 42, 47, 77, 87]. In particular, T. Chan and Hansen in 1992 derived the
look-ahead Levinson algorithm [34]. The basic idea of the algorithm is to relax the
inverse triangular decomposition slightly and to compute an inverse block factor-
ization of the Toeplitz matrices with a block diagonal matrix instead of a scalar
diagonal matrix. Other look-ahead extensions of fast Toeplitz solvers can be found
in 39, 40].

Strang [74] and Olkin [67] in 1986 proposed independently the use of the
preconditioned conjugate gradient (PCG) method with circulant matrices as pre-
conditioners to solve symmetric positive definite Toeplitz systems. One of the main
results of this iterative solver is that the complexity of solving a large class of n-
by-n Toeplitz systems T,,u = b is only O(nlogn) operations. Since then, iterative
Toeplitz solvers based on the PCG method have evolved rapidly with many papers
appearing on the subject, especially in the past 10 years. It is difficult for us to
include all of the different developments into this book. After compromising, we
will deal only with important aspects of these iterative Toeplitz solvers and give
some insight into how to design efficient preconditioners. Applications of iterative
Toeplitz solvers to some practical problems will be briefly mentioned. We hope
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that the selection of topics and the style of presentation will be useful to anyone
interested in iterative Toeplitz solvers. In the following, before we begin to study
these iterative solvers in detail, we need to introduce some background knowledge
in matrix analysis which will be used throughout the book.

1.2 Background in matrix analysis

An overview of the relevant concepts in matrix analysis is given here. The material
will be helpful in developing our theory in later chapters.

1.2.1 Basic symbols

We will be using the following symbols throughout this book.

e Let R denote the set of real numbers and C the set of complex numbers, and

leti=+—1.

e Let R™ denote the set of real n-vectors and C™ the set of complex n-vectors.
Vectors will always be column vectors.

e Let R™*™ denote the linear vector space of n-by-n real matrices and C™*" the
linear vector space of n-by-n complex matrices.

e The uppercase letters such as A, B, C, A, and A denote matrices, and the
boldface lowercase letters such as x, y, and z denote vectors.

e The symbol (A);; = a;; denotes the (7, j)th entry of a matrix A. For an n-
by-n matrix, the indexes i, j usually go from 1 to n, but sometimes they go
from 0 to n — 1 for convenience.

e Let A, denote any m-by-m block matrix with n-by-n blocks and (Aymn )i k.1
denote the (7, j)th entry in the (k,{)th block of matrix A,,,.

e The symbol A7 denotes the transpose of a matrix A, and A* denotes the
conjugate transpose of A.

e Let rank(A) denote the rank of a matrix A.

e Let dim(.2") denote the dimension of a vector space 2.

o We use diag(ai1, ..., ann) to denote the n-by-n diagonal matrix:
ail 0 0
diag(ai1,...,ann) = 0 ax
0
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e The symbol I,, denotes the n-by-n identity matrix:

1 0 0

I = 0 1
0
0 0 1

When there is no ambiguity, we shall write it as I. The symbol e; will denote
the 4th unit vector, i.e., the ith column vector of I.

e Let Apin(A) and Apax(A) denote the smallest and largest eigenvalues of A,
respectively.

e We use p[A] = max|\;(A)| to denote the spectral radius of A, where \; goes
through the spectrum of A, i.e., the set of all eigenvalues of A.

o Let opmax(A) denote the largest singular value of A.

e Let Cy, be the space of all 2r-periodic continuous real-valued functions f(z)
and Cj_ denote the subspace of all functions f(x) > 0 in Ca, which are not
identically zero.

o Let Corxor denote the space of all 2m-periodic (in each direction) continuous
real-valued functions f(z,y).

1.2.2 Spectral properties of Hermitian matrix

A matrix A € C™ " is said to be Hermitian if A* = A, and a matrix A € R"*"
is said to be symmetric if AT = A. Hermitian and symmetric matrices have many
elegant and important spectral properties (see [51, 56, 80, 86]), and here we present
only several classical results that will be used later on.

Theorem 1.1 (spectral theorem). Let A € C"*"™. Then A is Hermitian if and
only if there exist a unitary matriz U € C™*" and a diagonal matriz A € R"*"

such that A =UAU*.
We recall that a matrix M € C"*" is unitary if M~ = M*.

Theorem 1.2 (Courant—Fischer minimax theorem). If A € C"*" is Hermi-
tian with eigenvalues
A1 < Ag <o <Ay,

then for each k =1,2,...,n, we have

x* Ax . x*Ax
max min ,
X)=n—k+10#£x€Z X*X

A = min max =
dim(2)=k 0#£x€ 2 X*X dim(
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where X denotes a subspace of C™. In particular, for the smallest and largest
etgenvalues, we have
x* Ax x* Ax

Amin = A1 = min Amax = Ap = Iax .
x#£0 X*X * " x#£0 X*X

We recall that a number A € C is called an eigenvalue of A if there exists a
nonzero vector x € C” such that

Ax = Ax.

Here x is called the eigenvector of A associated with .

Theorem 1.3 (Cauchy’s interlace theorem). Suppose A € C"*™ is Hermitian
and that its eigenvalues are arranged in an increasing order

A< <A

If

p1 < po < <l

are the eigenvalues of a principal submatrixz of A of order n — 1, then

M S S <L < Ay

Theorem 1.4. (Weyl’s theorem). Let A, E € C"*" be Hermitian and the
eigenvalues A\i(A), N\i(E), \i(A+ E) be arranged in an increasing order. Then for
each k=1,2,...,n, we have

Me(A) + M1 (B) € A(A+ E) < A(A) + Ao (E).

Theorem 1.5 (singular value decomposition theorem). Let A € C™*" with
rank(A) = r. Then there exist unitary matrices

U= (uy,...,u,)cCm™m, V= (vi,...,v,) €C""
such that
e (S0
v (39,

where
ZT = diag(ala 02, .. 7UT)

with o1 > 09 > +++ > 0, > 0.
The o0;, 1 = 1,2,...,r, are called the singular values of A. The vectors u;

and v; are called the ith left singular vector and the ith right singular vector,
respectively.
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1.2.3 Norms and condition number

Let
X = (1‘1,1‘27 ce ,.Tn)T e C™.

A vector norm on C” is a function that assigns to each x € C" a nonnegative number
Ix|l, called the norm of x, such that the following three properties are satisfied for
all x,y € C" and all a € C:

(i) |Ix|| > 0 if and only if x # 0;
(if) [lox]| = |af - [[x[];
(iil) Ilx+yll < I/ + [lyll-

A useful class of vector norms is the p-norm defined by

- 1/p
Iocllp = (D laal?)
=1

The following p-norms are the most commonly used norms in practice:

n n ) 1/2
I =3, e = (3o1®) o = o
1= i=

A very important property of vector norms on C" is that all vector norms on C"
are equivalent; i.e., if || - |, and || - ||g are two norms on C", then there exist two
positive constants ¢; and ¢y such that

allxlla < lxlls < c2llx]la
for all x € C™. For instance, we have

Ixll2 < lIxlly < Volxllz, lIxlloe < [xll2 < Vallxlloo, X/l < lIx[l < 72Xl

Let
A= (aij)zjzl € Cnxn.

We now turn our attention to matrix norms. A matrix (consistent) norm is a
function that assigns to each A € C™*™ a nonnegative number [|A||, called the
norm of A, such that the following four properties are satisfied for all A, B € C"*"
and all a € C:

(i
(i

) ||Al| > 0 if and only if A # 0;

)
(i) |A+ B[ < [[A]l +[IB];

)

lecAll = |af - [lAl);

(iv) [AB] < [lA]-[IBI-
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For every vector norm, we can define a matrix norm in a natural way. Given

a vector norm || - ||,,, the matrix norm induced by || - ||, is defined by
A
lA]l, = max ” X”v.
x#0 x|l

The most important matrix norms are the matrix p-norms induced by the vector
p-norms for p = 1,2, 00. One can show that [41, 56]

n n
40 = e 3 sl DAl = (). 141 = s 3 s
1= j=

where opmax(A) denotes the largest singular value of A. The Frobenius norm is
defined by

JAlls = (3D Jal?)
j=1i=1
One of the most important properties of || - |2 and || - ||&# is that for any unitary
matrices @ and Z,
[Allz = |QAZ]l2,  [|Allz = |QAZ]|#.

When we solve a linear system Au = b, we need a good measurement on how
sensitive the computed solution is to input perturbations. The condition number of
matrices, defined by using matrix norms, relates the accuracy in u to perturbations
in A and b.

Definition 1.6. Let || - || be any matriz norm and A be an invertible matriz. The
condition number of A is defined as follows:

K(A) = [|A] - A7

Obviously, the condition number depends on the matrix norm, and usually
|- []2 is used. When x(A) is small, then A is said to be well-conditioned, whereas if
k(A) is large, then A is said to be ill-conditioned. The following theorem concerns
the effect of the perturbations in A and b on the solution of Au = b in terms of
the condition number. We refer readers to [41, 56] for a proof.

Theorem 1.7. Let A be an invertible matriz and A be a perturbed matriz of A
such that .
A=Al - A7 < 1.

If

Au = b, Aa=0o

)

where b is a perturbed vector of b, then

lu—a| _ (4 CM—Awgw—mg.

u T A-A| A b
[ Ry Y =T N VR
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Theorem 1.7 gives the upper bounds for the relative error of u in terms of the
condition number of A. From the theorem, we know that if A is well-conditioned,
ie., k(A) is small, then the relative error in u will be small, provided that the
relative errors in A and b are both small.

1.3 Preparation for iterative Toeplitz solvers

In 1986, Strang [74] and Olkin [67] proposed independently the use of the PCG
method with circulant preconditioners to solve symmetric positive definite Toeplitz
systems. We first introduce the conjugate gradient (CG) method.

1.3.1 Conjugate gradient method

The scheme of the CG method, one of the most popular and successful iterative
methods for solving Hermitian positive definite systems H,,u = b, is given as follows;
see [3, 41, 56, 69]. At the initialization step, we choose u(®), calculate

r® =b - H,u®,
and put d© = r(©_ In the iteration steps, we have

s = F dk),

(K" (k)

AR s’

ul+D) = g8 | d (k)

Tk =

D) = p(0) 7 g(k),
re+1)" p(k+1)
OO
d*+D) = p+D) 4 5, k)

where d®), r(®) are vectors and 5, 3 are scalars, k = 0,1,.... The vector u(®
is the approximation to the true solution after the kth iteration. The main oper-
ation cost is the matrix-vector multiplication H,d®), which usually needs O(n?)
operations. A MATLAB implementation of the CG method is given as A.12 in the
appendix.

For Hermitian matrices, by the spectral theorem we know that the spectra of
the matrices are real. Therefore, in order to analyze the convergence rate of the
CG method, we need to introduce the following definition of clustered spectrum on
the real line [24, 55, 66, 83].

Definition 1.8. A sequence of matrices {H,}52 1 is said to have clustered spectra
around 1 if for any € > 0, there exist M and N > 0 such that for any n > N, at
most M eigenvalues of H,, — I, have absolute values larger than €; see Figure 1.1.
Here I, is the identity matriz.
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outlying

eigenvalues

Figure 1.1. Clustered spectra around 1.

In the following, we study the convergence rate of the CG method. Let
e =u—ul, (1.2)

where u(®) is the approximation after the kth iteration of the CG method applied
to the system H,u = b and u is the true solution of the system. The following
theorem can be found in [41, 56].

Theorem 1.9. We have

eIl _ (r@—l)’ﬂ

le@] = " \rz +1
where e¥) is defined by (1.2), ||| - ||| is the energy norm defined by |||v|||> = v*H,v,
and

Ko = ka(Hn) = | Hpll2l[ Hy ' lo-
Furthermore, we have the following theorem [84].
Theorem 1.10. If the eigenvalues \; of H,, are ordered such that
O< M-S S < <A< < g1 <--- <Ay,
where by and by are two constants, then

|||e(k)‘||<2 <a_1>kpq - ﬁ<>\_>\]) 2(&—1>kpqﬁ(b2_)\j>
. X P . —— 5
[[e@]|| =" \a+1 A€lbrbal 5y Aj a+1 - Aj

7j=1

where ) is defined by (1.2) and o = (by/by)/? > 1.

From Theorem 1.10, we notice that when n increases, if p and ¢ are constants
that do not depend on n and A; is uniformly bounded away from zero, then the
convergence rate is linear, i.e.,

(k+1)
ey

eee ([l
Thus, the number of iterations to attain a given accuracy is independent of n. We
also notice that the more clustered the eigenvalues are, the faster the convergence
rate will be. In particular, if they are clustered around 1, we have the following
corollary.
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Corollary 1.11. If the eigenvalues \; of H,, are ordered such that
0<77<)\1S"’S)\pglfeé/\p—i—lS"’S)\n—q§1+6§)\n—q+1S"'SAna

where 0 < € < 1, then

k p
ey

1@ = U

where ) is defined by (1.2) and k > p + q.

Proof. For a given in Theorem 1.10, we have

o= bﬁ %_ 1+4+¢€ 3
- b1 o 1—c¢ ’

Therefore,
a—1 1—+1-—¢€
= < €.
a+1 €
For 1 <j<pand A €[l —¢,1+ €], we have
O
)\j n

Thus, by using Theorem 1.10, we obtain

k—p—q p
—1 A=A\
2 (a ) - max I | < J)
a+1 AE[b17b2]j:1 )\j

p
2(1+€> ef—r—a, O
n

For arbitrary small € > 0, if p and ¢ are constants that do not depend on n when
n increases and A; is uniformly bounded away from zero by 7, then we have by
Corollary 1.11, [|le®TD|||/[|le®]|| < e, i.e.,

IN

IN

ey _
e ey

Thus, the convergence rate is superlinear. Note that for any € > 0, if there exist M
and N > 0 such that when n > N, the matrix H,, can be decomposed as

H,=1,+K,+ L,, (1.3)

where || K, |2 < €, rank(L,) < M, and, moreover, Ayin(H,,) is uniformly bounded
away from zero, then by Weyl’s theorem, the spectrum of H,, will satisfy the condi-
tions of Corollary 1.11. In later chapters, we will use this technique of decomposition
(1.3) to establish the superlinear convergence rate of our methods.
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When H, is not of the form in (1.3), we can accelerate the convergence rate of
the CG method by preconditioning the system; i.e., instead of solving the original
system H,u = b, we solve the preconditioned system

H,ua=h,
where H, = M; *H,M; *, & = MZu, b= M, *b, and M, is Hermitian positive
definite. The main work involved in implementing the CG method for the precon-
ditioned system H,u = b is the matrix-vector product M, LH,,v for some vector
v; see [41, 56, 69]. The resulting method is called the preconditioned conjugate
gradient (PCG) method. The preconditioner M,, is chosen with three criteria in
mind [3, 41, 55, 56, 66]:

I. M, is easily constructible.

II. For any vector d, the product r = M, 'd is easy to compute or the system
M,r = d is easy to solve.

III. The spectrum of H,,, which is the same as that of M, *H,, is clustered and/or
H,, is well-conditioned compared to H,,.

Strang [74] and Olkin [67] noted that for any Toeplitz matrix 7;, with a
circulant preconditioner C,,, the product C, 1T, v can be computed efficiently in
O(nlogn) operations. Circulant matrices are Toeplitz matrices of the form

Co Cn—1 C2 C1
c1 o Cpn—1 2
Cn = C1 Co 5
Cn—2 e T i Cn—1
Ch—1 Cp—-2 " C1 Co

ie., c_g = Ccpg for 1 <k <n—1. It is well-known [37] that circulant matrices can
be diagonalized by the Fourier matrix F),, i.e.,

where the entries of F,, are given by
1 2rijk .
(Fn)jk = N ", i=v-1,
for 0 <j,k<n—1, and A, is a diagonal matrix holding the eigenvalues of C,,.
By using (1.4), we note that the first column of Fj, is ﬁln, where 1, =
(1,1,...,1)T € R™ is the vector of all ones. Hence

1
F,Che; = —A, 1, (1.5)
NG

where e; = (1,0,...,0)7 € R” is the first unit vector. Therefore, the entries of
A,, can be obtained in O(nlogn) operations by taking the celebrated fast Fourier
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transform (FFT) of the first column of Cy,; see [14, p. 131] for a detailed introduction
on FFT. From (1.5), we see that the eigenvalues A\ of C,, are given by

2wijk

n—1
M= (An)ew =D _cje v, k=0,1,...,n—1. (1.6)
=0

In MATLAB software, the command f£t (v) computes the product \/nF,v for any
vector v. In view of (1.5), the eigenvalues A\ can be computed by £ft(c) when c
is the first column of C,,; see how the vector ev is formed in A.3 in the appendix.

Once A,, is obtained, the products C,y and C,, 'y could be computed easily
by FFTs in O(nlogn) operations by using (1.4). In fact, C;; 'y = FA, ' F,y, which
can be computed by the MATLAB command ifft(fft(y)./ev); see A.6 in the
appendix. We note that in MATLAB software, the operation “./” is the entrywise
division.

The multiplication T, v can also be computed by FFTs by first embedding T},
into a 2n-by-2n circulant matrix. More precisely, we construct a 2n-by-2n circulant
matrix with T}, embedded inside as follows:

Cn) @)= () a

and then the multiplication can be carried out by using the decomposition as in
(1.4). Therefore, the cost of computing T, v is O(2nlog(2n)) by using FFTs of
length 2n. In A.7, we give the program for computing 7}, v, where gev, computed
via A.3, is the vector holding the eigenvalues of the 2n-by-2n circulant matrix.

Recall that when using the PCG method to solve T,,u = b with the precondi-
tioner C},, the main areas of work in each iteration are the matrix-vector products
T,v and C,;'w for some vectors v and w; see [41, 56, 69]. From the discussions
above, the cost per iteration is therefore O(nlogn). In particular, if the method
converges linearly or superlinearly, then the complexity of the algorithm remains
O(nlogn). This is one of the important results of this algorithm when compared
to the operation cost of O(nlog2 n) required by fast direct Toeplitz solvers. The
MATLAB implementation of the PCG algorithm is given in A.5. Instead of requir-
ing the matrices C, and T,,, it requires the eigenvalues of C),, and the eigenvalues of
the extended 2n-by-2n circulant matrix in (1.7). These eigenvalues are computed
via A.3. We will illustrate how to use A.5 in Section 2.5.

We emphasize that the use of circulant preconditioners for Toeplitz systems
allows the use of FFT throughout the computations, and FFT is highly paralleliz-
able and has been implemented on multiprocessors efficiently [1, p. 238] and [76].
Since the CG method is also easily parallelizable [8, p. 165], the PCG method with
circulant preconditioners is well adapted for parallel computing.

1.3.2 Generating function and spectral analysis

We need to introduce the technical term, generating function, in order to give
the spectral analysis. From Theorem 1.10 and Corollary 1.11, we know that the
convergence rate of the PCG method with circulant preconditioner C,, for solving
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the Toeplitz system T;,u = b depends on the spectrum of C,, 1T}, which is a function
of n. To link all T;,’s together, we assume that the diagonals {tk}z;inﬂ of T,
defined in (1.1), are the Fourier coefficients of a function f, i.e.,

ty = %[ f(x)e *odz. (1.8)

The function f is called the generating function of 7;,. In some practical problems
from science and engineering, we are usually given f first, not the Toeplitz matrices
T, [24, 55, 66]; note the following examples:

Numerical differential equations: the equation gives f.

Integral equation: the kernel gives f.

Time series: the spectral density function gives f.

Filter design: the transfer function gives f.

e Image restoration: the blurring function gives f.
The function f is assumed to be in a certain class of functions such that all
T,, are invertible. We note the following;:
(i) When f is real-valued, then T,, are Hermitian for all n.

(ii) When f is real-valued and even, then T;, are real symmetric for all n.

Let Cs,; be the space of all 27-periodic continuous real-valued functions de-
fined on [—m, 7]. The following theorem [43, pp. 64-65] gives the relation between
the values of f and the eigenvalues of T),.

Theorem 1.12 (Grenander—Szegd theorem). Let T, be given by (1.1) with a
generating function f € Cor. Let Amin(Tn) and Amax(Ty) denote the smallest and
largest eigenvalues of T),, respectively. Then we have

fmin S Amin(Tn) S )\max(Tn) S fma)m (19)

where fmin and fmax denote the minimum and maximum values of f(x), respectively.
In particular, if fumin > 0, then T, is positive definite. Moreover, the eigenvalues
N(Tn), 7=0,1,...,n—1, are equally distributed as f(z%), i.e.,

dm 23 foumn - o (1 ()] =0
for any g € Coy.

Proof. We prove only (1.9). Let v = (vg,v1,...,v,_1)" € C". Then we have

n—1
E ,Uke—lkz

T k=0

us

1
vT,v=—

5 2f(x)da:. (1.10)
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Since fimin < f(x) < fmax for all z, we have by (1.10),
fmin S V*Tnv S fmaxa
provided that v satisfies the condition

™

n—1
E Uke—lkx
T k=0

Hence, we have by the Courant-Fischer minimax theorem,

2
der =1.

. 1
viv=—
2

fmin S )\min(Tn) S Amax(Tn) S fmax- D

The equal distribution of eigenvalues of Toeplitz matrices indicates that their
eigenvalues will not be clustered in general. To illustrate this, consider the 1-
dimensional discrete Laplacian matrix

2 -1 0 0
-1 2

Tn=1 0 0

o2 -1

0 0 -1 2

The generating function f(z) is given by

f(z) = —cos(—x) + 2 — cosx = 4 sin® g

By Theorem 1.12, the spectrum of T}, is distributed as 4 sin?(7j/n) for 0 < j < n—1.
In fact, the eigenvalues of T}, are given by

o [m(j+1) ,
)\j(Tn):4Sln2 {M , 0<j<n-1
Obviously,
1= 27
LD ) -1 (32))

=

n—1 . .
.4 o |7 +1) .o (T B
= nll_}H;O E -FZO {Sll’l |:'n,—|—1 Sin (;) =0.

For n = 32, the eigenvalues (tick marks) of T;, are depicted in Figure 1.2.
Let C3_ denote the subspace of all nonnegative functions in Cg, which are not
identically zero. We say that xg € [—m, 7] is a zero of f of order ¢ if f(z) = 0 and
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0 1 2 3 4
Figure 1.2. Spectrum of the 1-dimensional discrete Laplacian Tso.

q is the smallest positive integer such that f(9)(zq) # 0 and f(¢+1 () is continuous
in a neighborhood of zy. By Taylor’s theorem,

(9)
Fz) = fT('T’O)(:C — o)+ O((x _ mo)qul)
for all z in that neighborhood. Since f is nonnegative, ¢ must be even and
f@ (zg) > 0. The following theorem is an improvement on Theorem 1.12. The
proof of the theorem can be found in [18].

Theorem 1.13. Let f € C;ﬂ. If foin < fmax, then for allm > 0,
fmin<)\j(Tn)<fmaxa jil,...,n,

where \;(T,,) is the jth eigenvalue of T,,. In particular, if f > 0 and f(xo) =0
with xg € [—m, 7| being a zero of order 2p, then T, are positive definite for all n.
Moreover,

0 < Amin(T}) < O(n™?P),

From Theorems 1.12 and 1.13, we know that if f > 0 and has a zero of
order 2p, then T, is always positive definite but the condition number of T,, will be
k(T,) = O(n?P), which is unbounded as n tends to infinity; i.e., T}, is ill-conditioned.
If f is nondefinite, then T, is also nondefinite. Also, the equal distribution of
eigenvalues of T}, implies that the CG method, when applied to the system T,,u = b,
will converge slowly. Therefore, some efficient preconditioners are needed. This is
the main motivation in developing later chapters.






Chapter 2

Circulant preconditioners

“What is circular is eternal. What is eternal is circular [37].”
Since 1986, many circulant preconditioners have been proposed for solving Toeplitz
systems. Here we introduce some of them that have proven to be good precondi-
tioners in the literature [24, 36, 55, 66]. Other useful noncirculant preconditioners
will be briefly discussed.

2.1 Strang’s circulant preconditioner
Let T,, given by (1.1) be generated by a real-valued function

fle) =) tpel*”

k=—oc0
in the Wiener class, i.e.,
o0
> Jtel < 0,
k=—o00
where
1 (7 ;
e = — (z)e e dy,
2r J_

We remark that T, are Hermitian for all n and the Wiener class is a proper subset
of CQTr~

Strang’s preconditioner s(7T},) is defined to be the circulant matrix obtained
by copying the central diagonals of T;, and bringing them around to complete the
circulant requirement. More precisely, the diagonals sy of s(T},) are given by

lk, 0<k<m,
Sk = < th—n, m<k<n-—1, (21)
S_k, 0<—-k<n-—1.

17
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For simplicity, here we assume that n = 2m + 1. The case n = 2m can be treated
similarly and in that case, we define s,, = 0 or

1
Algorithm A.3 with pchoice=2 generates the first column of s(7,,) and then its
eigenvalues ev.
According to the requirement III in Section 1.3.1, a necessary condition for
s(T,,) to be a good preconditioner for T}, is that (s(7},)) "7, has a clustered spec-
trum. The first step of proving this is to show the following lemma.

Lemma 2.1. Let f be a positive real-valued function in the Wiener class. Then
for large n, the matrices s(T,,) and (s(T},))~! are uniformly bounded in || - ||2.

Proof. By using (1.6), the jth eigenvalue of s(7},) is equal to

m

ot

k=—m

27ijk
k€ ™ .

Ai(s(Tn))

Since the series Y 7 t,e!*® is absolutely convergent for z € [—, 7], for any given
€ > 0, there exists an N such that for n > N (equivalently m > (N — 1)/2),

‘ Z tkeika:

|k|>m

< €.

Therefore, for any j,

i 2mijhk 2mj 2]
by = o — -rJ =g
J(s(T)) = D tre f(n)+f(n>
k=—m
m 2rijk ad 2rijk 271y
= t n —_— n —_—
> ne 3w s ()
k=—m k=—o0
_ 21y 2rijk
=I5 ) - 2 e
|k|>m
> fmin - ’ Z tkeikm = fmin — €.
|k|>m
By choosing € = %f min > 0, the result follows. O

Next we show that T, —s(T,) has a clustered spectrum. The following theorem
was first proved in [27] by using the theory of compact operators. Here we will use
a purely linear algebra technique developed in [17].

Theorem 2.2. Let f be a function in the Wiener class. Then for all € > 0, there
exist M and N > 0 such that for alln > N, at most M eigenvalues of T,, — s(T,)
have absolute values exceeding €.
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Proof. We note that B, = T,, — s(T,,) is a Hermitian Toeplitz matrix with entries
bij = bi*j given by

0, 0<k<m,
b = Elc_tk—n, m<k<n-—1,
b_p, 0<—-k<n-1

Since f is in the Wiener class, for all given € > 0, there exists an N > 0 such that

o0

Z |tk| <e.

k=N+1

In the following, we will use € to denote a small positive generic constant. Let U,SN)
be the n-by-n matrix obtained from B,, by replacing the (n— N)-by-(n— N) leading

principal submatrix of B,, by the zero matrix. Then
rank(UT(LN)) < 2N.

Let
wN =B, UM,

n

The leading (n — N)-by-(n — N) block of W) is the leading (n — N)-by-(n — N)
principal submatrix of B,,, and hence this block is a Toeplitz matrix. It is easy to

see that the maximum absolute column sum of W,(LN) is attained at the first column
(or the (n — N — 1)th column). Thus

n—N-—1 n—N-—1 n—N-—1
W= 3 l= Y lte—teal<2 3 il <e
k=m+1 k=m+1 k=N+1

Since WY is Hermitian, we have HW,SN)HOO = ||W7(LN)||1. Thus
W e < (Il - W) <

Hence the spectrum of W,SN) lies in (—¢, €). By Weyl’s theorem, we see that at most
2N eigenvalues of B,, = T,, — s(T},) have absolute values exceeding e. O

Combining Lemma 2.1 and Theorem 2.2, and using the fact that
(S(Tn))_lTn =1I,+ (S(Tn))_l(Tn —s(Th)),
we have the following corollary.

Corollary 2.3. Let f be a positive function in the Wiener class. Then for all
€ > 0, there exist M and N > 0 such that for alln > N, at most M eigenvalues of
(s(T,)) YT, — I, have absolute values larger than .
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Thus the spectrum of (s(7},)) T, is clustered around 1 for large n. It follows
that the convergence rate of the PCG method is superlinear; refer to Section 1.3.1
for details.

If extra smoothness conditions are imposed on the generating function f, we
can obtain more precise estimates on how

[[[e®11* = ™ (s(T)) "1/ T (s(Tn)) "/ 2™

goes to zero. Here e®) is the error at the kth iteration of the PCG method. The
following theorem can be found in [60, 61, 79].

Theorem 2.4. Suppose f is a rational function of the form f(z) = p(2)/q(z), where
p(z) and q(z) are polynomials of degrees p and v, respectively. Then the number
of outlying eigenvalues of (s(T,)) T, is ezactly equal to 2max{u,v}. Hence, the
method converges in at most 2max{u, v} + 1 steps for large n. If, however,

f(2) =Y a2
7=0

is analytic only in a neighborhood of |z| = 1, then there exist constants ¢ > 0 and
0 <r <1 such that

e+ 1]

k k2/4+k/2'
[[e]]]

<c'r

For v-times differentiable generating functions f, we have the following theo-
rem for the convergence rate of the PCG method with Strang’s preconditioner.

Theorem 2.5 (R. Chan [17]). Let f be a v-times differentiable function with
f¥ e LY[—m, ], where v > 1. Then there exists a constant ¢ > 0 which depends
only on f and v such that for large n,

TESRIN c*

[e@]| = ((k—1)1)2v=2"

The theorem was proved by using Weyl’s theorem. R. Chan and Yeung later
used Jackson’s theorems [35, pp. 143-148] in approximation theory to prove a
stronger result than that in Theorem 2.5.

Theorem 2.6 (R. Chan and Yeung [31]). Suppose f is a Lipschitz function of
order v for 0 < v <1, or f has a continuous vth derivative for v > 1. Then there
exists a constant ¢ > 0 which depends only on f and v such that for large n,

(2k) k 2
el _ Hclog p

IRl
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2.2 Optimal (circulant) preconditioner

T. Chan in [33] proposed a specific circulant preconditioner called the optimal cir-
culant preconditioner for solving Toeplitz systems. His idea was then extended in
[22, 82] for general matrices. Thus, we begin with the general case. Given a unitary
matrix U € C"*", let

My = {U*ALU | Ay, is any n-by-n diagonal matrix}. (2.2)

We note that if U = F, the Fourier matrix, .# is the set of all circulant matrices
[37]. T. Chan’s preconditioner cy(A,) for a general matrix A,, is defined to be the
minimizer of
i Ap — Wallg
Wi%l}%[] ” n n”ﬂv

where || - ||# is the Frobenius norm. Let §(A,,) denote the diagonal matrix whose
diagonal is equal to the diagonal of the matrix A,,. The following theorem includes
some important properties of T. Chan’s preconditioner.

Theorem 2.7. For any arbitrary A, = (apq) € C"*7", let cy(A,) be the minimizer
of |An — Whl|l.# over all W, € M. Then the following hold:

(1) cu(Ay) is uniquely determined by A, and is given by
cv(An) =U"6(UAU)U. (2.3)

(ii) We have
Omax (CU(An>) S Umax(An)7

where omax(+) denotes the largest singular value.
(iii) If A, is Hermitian, then cy(Ay) is also Hermitian. Furthermore, we have
/\min(An) < Amin (CU(An)) < Amax (CU(An)) < )\max(An)a

where Amin(+) and Amax(+) denote the smallest and largest eigenvalues, respec-
tively. In particular, if A, is positive definite, then so is cy(Ay).

(iv) cu 1is a linear projection operator from C"*" into .My and has the operator

norms
leulle = sup Jleu(An)l2 =1
[[Anll2=1
and
levllz = sup lev(An)lls = 1.
lAn | #z=1

(v) When U is the Fourier matriz F', we have

cF(An)nZl(; 3 apq)Qﬂ‘, (2.4)

7=0 p—q=j( mod n)



22

Chapter 2. Circulant preconditioners

where Q) is an n-by-n circulant matrixz given by

0 1
1 0

Q=0 1 (2.5)
0 0 1 0

Proof. We prove (i), (ii), (iii), and (iv). We refer readers to [82] for (v).

(i)

(iii)

Since the Frobenius norm is unitary invariant, we have
IWa = Aullz = U AU = Aull5 = A — UALU" 5.

Thus the problem of minimizing |W,, — A,||.# over .#y is equivalent to the
problem of minimizing [|A, — UA,U*||# over all diagonal matrices. Since A,
can affect only the diagonal entries of UA, U™, we see that the solution for the
latter problem is A,, = §(UA,U*). Hence U*§(U A,,U*)U is the minimizer of
IW,, — A,|l#. Tt is clear from the argument that A, and hence cy(A4,) are
uniquely determined by A,,.

Note that the set of the singular values of cy(A,) is the same as that of
0(UA,U*). We have by Corollary 3.1.3 in [52, p. 149],

‘[6(UAnU*)}n| < Umax(UAnU*) = Umax(An)-

Therefore,
Omax(cu(An)) = max [(UAU")]ii| < omax(4n).
It is clear that cy(A,,) is Hermitian when A,, is Hermitian. By (i), we know
that the eigenvalues of ¢y (A,) are given by 6(UA,U*). Suppose that
0(UA,U*) =diag(A1, ..., An)

with

)\j = )\min(CU(An))7 )\k = )\max(CU(An))~
Let e; and e, € R™ denote the jth and the kth unit vectors, respectively. We
have by the Courant—Fischer minimax theorem,

Amin(An) =
efUA,U*e;
< 24— =\ = )\min An
- e;fej J (CU( ))
UAU*
S A1113,)((C[](14n)) = Ak = M
€, €
U A * * A
S maXM = ma. X nX _ AmaX(An).

X
x#0 X*X x#0 X*X
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(iv) We have by (ii),
lev (An)ll2 = omax(cu(4n)) < Tmax(An) = [|An2-
However, for the identity matrix I,,, we have
leo (In)ll2 = [[In]l2 = 1.
Hence |lcy|l2 = 1. For the Frobenius norm, since
lev (An)llz = 16(UAU") |z < [UAU™ |7 = [ Anll#

and

lev(F22)], = s = 1.

it follows that ||cy |l = 1. O

We note that the matrix cp(4,) in (2.4) was first named the optimal circulant
preconditioner for Toeplitz matrices by T. Chan [33] in 1988. It has proven to
be a good preconditioner for solving a large class of Toeplitz systems by the PCG
method; see [22, 24, 55, 66]. For Toeplitz matrices T;, given by (1.1), the diagonals
¢k of cp(T),) are given by

— k)t + kti—n
ckZ{(n Tl 7 O<k<n-1

n (2.6)
Cntk, 0<—-k<n-—-1,;
see (2.4) and (2.5). The construction of c¢p(T;,) therefore requires O(n) operations.
In contrast, the construction of cp(A4,) for general matrices A, requires O(n?)
operations in view of (2.4). Algorithm A.3 with pchoice=1 generates the first
column of ¢ (T),) and then its eigenvalues ev.
We introduce the following two lemmas [16] in order to analyze the convergence
rate of the PCG method with T. Chan’s preconditioner.

Lemma 2.8. Let f be a function in the Wiener class. Then
lim p[s(T},) — cr(Th)] =0,
n—oo

where p|-| denotes the spectral radius.

Proof. By (2.1) and (2.6), it is clear that B,, = s(T,,) — cp(T},) is circulant with
entries &

—(tk — thi—n), 0<k<m,

n

by, = n—=k

(tk—n_tk:); m<k<n-—1.

Here for simplicity, we assume n = 2m. By (1.6), the jth eigenvalue \;(B,,) of B,
is given by Zz;é bre 5", and we therefore have

([tr] + tr—nl)-

S|

Nj(Bn) <2y
k=1
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This implies
m k n—1
B, <2 —|t 2 tr |-
A <23 Tl +2 3 I

Since f is in the Wiener class, for all € > 0, we can always find an M; > 0 and then
an Ms > Mj such that

> € 1 M €

tr| < = — klti] < =.

Z | k| 6’ M, Z | k| 6
k=M;+1 k=1

Thus for all m > Ms,

M- m %)

2

p[B7,,]<ﬁ2 E kltg] + 2 E [te| + 2 E [tk] < e. O
k=1 k=M;+1 k=m

Lemma 2.9. Let f € Co, be a positive function. Then the matrices cy(Ty,) and
(cu(Ty))~t are uniformly bounded in the norm | - ||2.

Proof. Just use the Grenander—Szegd theorem and then Theorem 2.7(iii). O

Note that
(CF(Tn))ilTn =1, + (CF(Tn))il[Tn - S(Tn)] + (CF(TH))il[S(Tn) - CF(Tn)]~

By using Theorem 2.2 and Lemmas 2.8 and 2.9, we have the following theorem.

Theorem 2.10. Let f be a positive function in the Wiener class. Then for all
€ > 0, there exist M and N > 0 such that for alln > N, at most M eigenvalues of
(cr(Ty)) YT, — I, have absolute values larger than e.

Thus the spectrum of (cr(T},)) 1T, is clustered around 1 for large n. It follows
that the convergence rate of the PCG method is superlinear. In Section 3.1, we will
extend the result in Theorem 2.10 from the Wiener class to Co, .

2.3 Superoptimal preconditioner

Like T. Chan’s preconditioner, the superoptimal preconditioner is defined not only
for Toeplitz matrices but also for general matrices. Thus we begin with the general
case. The idea is to consider a minimization procedure concerning a kind of relative
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error in the matrix sense instead of the absolute error considered in Section 2.2.
More precisely, the superoptimal preconditioner ¢y (A,,) for any matrix A,, is defined
to be the minimizer of

min ||I,, — C;; ' A, || #

over all nonsingular matrices C,, € 4y, where .4y is given by (2.2). We need the
following lemma in order to prove Theorem 2.12, which relates the superoptimal
preconditioner ¢y (A,) with T. Chan’s preconditioner ¢y (A,,).

Lemma 2.11. The matriz cy (A, AL) — cu(An)cu (AL) is positive semidefinite.
Proof. Define

Dy, = cy(AnAL) — cu(An)eu(AL)

= U*[§(UA,ALU*) — 8(UA,U*)S(UALU)U.

It is sufficient to show that the eigenvalues of D,,, given by
O(UAALU") = 0(UAU)O(UALU ) i s k=1,...,n
are all nonnegative. We notice that

[6(UAHAZU*)]kk = [5(UAnU* : UA:LU*)]](:]C

Ms

= Zn:(UAnU*)kp(UAZU*) (UALU ) kp(UAU )ip

Il
=

p

= (VAU ek (UAU* i = [0(U AUy, - [BUALU)] -
Therefore, the eigenvalues of D,, are all nonnegative. ]

Theorem 2.12. Let A,, € C"*™ be such that both A,, and cy(A,) are nonsingular.
Then the superoptimal preconditioner ty(A,) exists and is equal to

ty(An) = co(And})(co (A7) 7 (2.7)

Proof. Instead of minimizing ||[I — C, 1A, n||7, we consider the problem of mini-

mizing ||[I — Cp, A, ||# over all nonsingular C,, in .#y. Let C,, = U*A,U. We then
have

I —CpAyllz = |l —U*AUAL |z = |I — A\UAU|| »
= tr(I — A UALU* — UASU* N + A UA, ASU*AY)
= tr[] — ApS(UAU*) — S(UALU*)AY + AnS(UA, ALU*)AY],

where tr(M) denotes the trace of the matrix M. Let

A, =diag(A1, ..., ), 0(UA,U") = diag(u1, ..., un)
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and
0(UA, AL U™) = diag(wy, ..., wy).

We therefore have

min ||I — C, Ay #
= min {tr[l — A, 6(UAU*) — S(UALU*AL + A 8(UA, ALU*AL]}

= o miri\ }Z(l — ApUL — ﬂ;ﬁk + )\kkak).

" k=1
Notice that by Lemma 2.11, wy > uit for k =1, ..., n. Hence for all complex
scalars A\, k=1,...,n, the terms

1— Apuy, — ﬂka + )\kwkxk

are nonnegative. Differentiating them with respect to the real and imaginary parts
of A\ and setting the derivatives to zero, we obtain

U,
)\kif, k:].,...,n.
W
Since A,, and cy(A,,) are nonsingular, both wy and uy are nonzero. Hence \; are
also nonzero. Thus the minimizer of ||I — C, A, ||z is nonsingular and is given by

Ch = U*AU = US(UASUN[0(UA, AU U
=U*S(UALUU - [U*§(UA, AL U*U| !
= cu(Ay) (e (AnAy))
Therefore, the superoptimal preconditioner is given by
tr(An) = Ot = co(And)(eo (A7) O

When U equals the Fourier matrix F', the matrix tp(A,) was first named the
superoptimal circulant preconditioner by Tyrtyshnikov [82] in 1992. The construc-
tion of tx(T),) requires O(nlogn) operations for Toeplitz matrices T,,, see [22], and
the construction of tz(A,,) for general matrices A, requires O(n3) operations by
(2.7). Algorithm A.3 with pchoice=12 generates the first column of ¢z (7,,) and
then its eigenvalues ev.

Now we consider the solution of the Toeplitz system T,u = b by using
the PCG method with the preconditioner ¢z(T;,). For Hermitian positive definite
Toeplitz matrix T,,, we have by (2.7),

tr(Tn) = cr(Ty)(cr(Tn) ™
Therefore,
(tF (Tn))ilTn

=TI+ (tp(T,) Tw — cp(To)] + (tr(T0)) " er(Th) — tr(Ty)]
= I+ (tp(T) Tn — cr(T)] + (cr(T2)) " (cr(Th))? — cr(T2)].  (2.8)
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Lemma 2.13. Let the generating function f be a positive function in the Wiener
class. Then for n sufficient large, cp(T?), tr(T}), and their inverses are all uni-
formly bounded in || - ||2.

Proof. By the Grenander—Szeg6 theorem and Theorem 2.7(iii), we have

fanin < /\Inin(Tg) < )‘min(CF(Tsz)) < /\InaX(CF(Ti)) < )‘maX(Tr%) < fr%lax'
Therefore,

1(tr(T0) " 2 = ller (L) (er(T3)) "Iz < lep(Ta)ll2ll(er (T3)) 7 l2 < %

and
2

e (Tl = ler(T2)er(T) Iz < ler (TDllaler (T) Ml < 222, O
Lemma 2.14. Let f be a function in the Wiener class. Then
. 2 2\] _
lim p [(cp(Tn))* = er(T,)] =0,

where p[-] denotes the spectral radius.

The proof of Lemma 2.14 can be found in [23]. By using (2.8), Theorem 2.10,
and Lemmas 2.13 and 2.14, we have the following theorem for the convergence rate
of the PCG method by using tp(T5,).

Theorem 2.15. Let the generating function f be a positive function in the Wiener
class. Then for all € > 0, there exist M and N > 0 such that for alln > N, at most
M eigenvalues of (tr(T},)) 1T, — I have absolute values larger than €.

Hence, if the CG method is applied to the preconditioned system, we can
expect a superlinear convergence rate. We remark that the superoptimal circulant
preconditioner was used by Di Benedetto, Estatico, and Serra Capizzano in 2005 to
solve some ill-conditioned Toeplitz systems arising from image deblurring [5].

2.4 Other preconditioners

In this section, we briefly discuss some other well-known preconditioners which have
proven to be useful in the literature [24, 36, 55, 66].

2.4.1 Huckle’s circulant preconditioner

For T,, given by (1.1), Huckle’s preconditioner h(P)(T},) proposed in [53] is defined
to be the circulant matrix with eigenvalues

p—1 . »
Ne(BP(T)) = Y tj( —U')e2"$7’“, k=0,...,n—1.  (2.9)
p

Jj=—p+1
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When p = n, it is simply T. Chan’s circulant preconditioner. If f > 0 is the
generating function of T, with Fourier coefficients ¢; that satisfy

o0
> Ikl[t|* < oo,
k=0

then it was proved [53] that the spectra of (h(P)(T,,))~'T;, are clustered around 1
for large n. Thus, the convergence rate of the PCG method is superlinear.

2.4.2 Preconditioners by embedding

Let the Toeplitz matrix T,, be embedded into a 2n-by-2n circulant matrix

T, B
(Bn Tﬂ). (2.10)

R. Chan’s [17] circulant preconditioner is defined as r(7T,,) = T,, + B,. Using the
embedding (2.10), Ku and Kuo [59] constructed four different preconditioners K,
1 <4 <4, based on different combinations of T}, and B,,. They are

K(l) = TTL +BTL = T'(Tn), K(Q) = Tn — BTM
K(g):Tn—FJBn, K(4):Tn_JBna

where J is the n-by-n anti-identity (reversal) matrix. Note that Ky, K(s), and
K4y are not circulant matrices. For the implementation of these preconditioners,
we refer readers to [17, 59] for details.

2.4.3 Noncirculant optimal preconditioners

Besides FFT, many fast transforms are used in scientific computing and engineering.
By letting U in (2.2) be other fast transform matrices, we can have new classes of
optimal preconditioners.

Optimal preconditioner based on sine transform

Let S = #s be the set of all n-by-n matrices that can be diagonalized by the
discrete sine transform matrix ®*, i.e.,

S ={®°A,®° | A, is any n-by-n diagonal matrix}.

Here the (j, k)th entry of ®° is given by

[ 2 . mik
sin
n+1 n+1

for 1 < j,k < n. Given any arbitrary matrix A, € C"*™ we define the operator
W which maps A,, to Us(A,,) that minimizes ||A, — B,| & over all B, € S; see [9].
For the construction of W (A4,,), we refer readers to [25].
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Optimal preconditioner based on cosine transform

Let C = #3- be the set of all n-by-n matrices that can be diagonalized by the
discrete cosine transform matrix ®€, i.e.,

C = {(®)TA,®° | A, is any n-by-n diagonal matrix}.

Here the (j, k)th entry of ®¢ is given by

23, mstU@k””>

n 2n

for 1 < j,k < n. The symbol §;;, is the Kronecker delta defined by
§oq = 17 ] = ka
S (U
Given any arbitrary matrix A, € C"*"™, we define the operator ¥, which maps A,

to U.(A4,) that minimizes |4, — B,||# over all B,, € C; see [20]. The construction
of U.(A,) is also given in [20].

Optimal preconditioner based on Hartley transform

Let H = #n be the set of all n-by-n matrices that can be diagonalized by the
discrete Hartley transform matrix ®", i.e.,

H = {®"A,®" | A, is any n-by-n diagonal matrix}.
Here the (4, k)th entry of ®" is given by

1C%<%unwn>+1sm(%@nwn>

vn n Vn n

for 1 < j, k < n. Given any arbitrary matrix A,, € C"*" we define the operator ¥y
which maps A,, to ¥y (A,) that minimizes |4, — B, || over all B,, € H; see [10].
The construction of ¥y, (A4,,) is also given in [10].

Convergence result and operation cost

Let f € Cyr be a positive even function. We can show that the spectra of
(Vo (T,,)) 1T, are clustered around 1 for large n, where a = s, ¢, h; see [12, 20,
25, 54]. Thus, the convergence rate of the PCG method is superlinear. In each
iteration of the PCG method, we have to compute the matrix-vector multiplica-
tions T,,v and (¥, (7T},)) 'w for some vectors v and w; see Section 1.3.1. We have
already known that T, v can be computed in O(nlogn) operations. Like circulant
systems, the vector (¥, (T},)) " 'w = ®*A1®%w can also be computed in O(nlogn)
operations by using the fast sine transform for a = s, the fast cosine transform for
«a = ¢, or the fast Hartley transform for & = h. Thus, the complexity of the PCG
algorithm remains O(nlogn).
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2.4.4 Band-Toeplitz preconditioners

R. Chan and Tang proposed in [28] to use band-Toeplitz matrices B,, as precon-
ditioners for solving symmetric positive definite Toeplitz systems T,,u = b by the
PCG method, where T,, are assumed to be generated by a function f € C;ﬂ with
zeros. By Theorem 1.13, we know that T, is ill-conditioned. Let g be the generating
function of a band-Toeplitz matrix B,,. The function g is constructed not only to
match the zeros of f but also to minimize

1541

Ipllee = _max |p(z)]

where for all p € Coy,

is the supremum norm. We remark that Co, is a Banach space with the supremum
norm. R. Chan and Tang proved the following theorem, which gives a bound on
the condition number of the preconditioned matrix B;, 17T),.

Theorem 2.16. Let f € C3._ be the generating function of T, with zeros and g be
the generating function of a band-Toeplitz matriz B, :

N
gla)= Y be™
k=—N

with b_y, = by,. If

f-9 H
— =h<1,
=1l
then B, is positive definite and
_ 1+h
H(Bnljh)é Iijﬁ

for all n > 0.

Proof. By the assumption, we have

f@)(1=h) < g(x) < f(z)(1+h)

for any = € [—m,w|. It is clear that g(x) > 0. By Theorem 1.13, B,, is positive
definite for all n > 0. Since both T}, and B,, are Toeplitz matrices, we have

1 T n—1 2
VT, v = by Z vpe ke f(z)dx
[
and
1 x n—1 . 2
v*B,v = o Z vre ke g(z)de,

T k=0
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where
0 75 vV = (Uo,Ul, .. .,Un_l)T e C".

Hence, we obtain
(1=h)WV'T,v <Vv'B,v<(1+h)V'T,v,

ie.,
1 < v*T,v 1
1+h - v*B,v — 1—h'

By the Courant—Fischer minimax theorem, we know that

1 1
—F < )\min B_lTn < Arn'x B_lTn < —.
We then have -
B'T,)< ——-. O

By using Theorem 1.9, we see that ||le®]|]|/|||e°]|] < 7, the tolerance, if the
number of iterations

1 /1+h 2

k> 5y =g (7)
The function g could be found by a version of the Remez algorithm with O(N?)
operations. We stress that the construction of ¢ is independent of n. Since h can
be found explicitly in the Remez algorithm, we have a priori bound on the number
of iterations for convergence.

To avoid the use of the Remez algorithm, Serra proposed in [70] to use the
Chebyshev interpolation to construct g. We refer readers to [72] for a comparison
between the optimal preconditioners based on fast transforms and the band-Toeplitz
preconditioners.

2.4.5 {w}-circulant preconditioner

Potts and Steidl proposed in [68] to use {w}-circulant preconditioners to handle
ill-conditioned Toeplitz systems T,,u = b. Here the generating function f of T,, is
in Cj with zeros in [~m,7]. The preconditioner P, is constructed as follows. We
choose uniform grids

2k
Tp = Wy + —,
n

where w,, € [—m, —m + 27/n) such that
flxg) £0, k=0,....,n—1.

Note that the choice of the grids requires some prior information about the zeros
of f. Consider the preconditioner defined as

Py = QFr AL FoQ,, (2.11)
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where F), is the Fourier matrix,

Q,, = diag(1, evni, e?wnl e(”*l)w"i)

)

and

A = diag(f(@0), F(21), F(@2), -, F(n_1))- (2.12)
The preconditioner P, has the following properties (see [68]):

(i) P, is Hermitian positive definite if f > 0.

(ii) P, is an {e"»1}-circulant matrix [37]. Notice that {e"*»!}-circulant matrices
are Toeplitz matrices with the first entry of each column obtained by multi-
plying the last entry of the preceding column by e™*»!.

(iii) Similar to that of circulant matrices, once the diagonal matrix A, in (2.11) is
obtained, the products of P,y and P, 'y for any vector y can be computed
by FFTs in O(nlogn) operations.

(iv) In view of (2.11), P, can be constructed in O(nlogn) operations.

(v) The eigenvalues of P, T, are clustered around 1 and bounded away from
Zero.

The PCG method, when applied to the preconditioned system with the precondi-
tioner P,, will converge superlinearly. Therefore, the total complexity in solving
the preconditioned system remains O(nlogn).

Before the end of this section, we remark that R. Chan, Yip, and Ng [32]
proposed a new family of circulant preconditioners called the best circulant precon-
ditioner to solve ill-conditioned Toeplitz systems in 2001. Unlike B,, or P, the best
circulant preconditioner can be constructed by using only the entries of the given
matrix and does not require the explicit knowledge of the generating function f;
see Chapter 4 for details.

2.5 Examples

In this section, we apply the PCG method with preconditioners s(T,), cr(T,,), and
tr(T,) to the Toeplitz system T,u = b with

1++v-1

v - k>0
a7
7 2, k=0,

t_k, k <O0.

The right-hand side b is the vector of all ones, and the underlying generating func-
tion f is given by
oo

sin(kx) 4 cos(kx)
22 (E e (2.13)
=0
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Clearly f is in the Wiener class. The MATLAB command to generate the first
column of T, is given in A.2 with fchoice=1. We should emphasize that in
all our tests in the book, the zero vector is the initial guess and the stopping
criterion is

[ES[P

1077,
[E3CA[P

where r(*) is the residual vector after the kth iteration.

Table 2.1 shows the number of iterations required for convergence. The symbol
I there signifies that no preconditioner is used. We see that as n increases, the
number of iterations increases like O(logn) for the original matrix T,,, while it
stays almost the same for the preconditioned matrices. Moreover, all preconditioned
systems converge at the same rate for large n. The MATLAB programs used to
generate Table 2.1 can be found in the appendix; see A.1-A.3 and A.5-A.7. To use
them, one just has to run the algorithm A.1. It will prompt for the input of three
parameters: n, the size of the system; pchoice, the choice of the preconditioner
(e.g., enter 2 for Strang’s preconditioner); and fchoice, the generating function
used (in this case, we choose 1 for (2.13)).

To further illustrate Corollary 2.3 and Theorems 2.10 and 2.15, we give in
Figure 2.1 the spectra of the matrices T, (s(T,,)) T, (cr(T))"'T,, and
(tr(T},)) 1T, for n = 32. We can see that the spectra of the preconditioned matrices
are in a small interval around 1, except for few outliers, and that all the eigenvalues
are well separated away from O.

Table 2.1. Preconditioners used and number of iterations.

n I | s(Ty) | cr(Th) | tr(Ty)
32 15 7 6 8
64 | 17 7 7 7
128 | 19 7 7 7
256 | 20 7 7 7
512 | 21 7 7 7

1024 | 22 8 8 7
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Figure 2.1. Spectra

of preconditioned matrices when n = 32.



Chapter 3

Unified treatment from
kernels

In this chapter, a unified treatment for constructing circulant preconditioners from
the viewpoint of kernels is given [30]. We show that most of the well-known circulant
preconditioners can be obtained from convoluting the generating function of the
given Toeplitz matrix with some famous kernels. A convergence analysis is given
together with some numerical examples.

3.1 Introduction

In this chapter, we use the symbol Cs, to denote the Banach space of all 2w-periodic
continuous real-valued functions f equipped with the supremum norm || - ||o. We
first extend the result in Theorem 2.10 from the Wiener class to Ca, [29], as it will
be used later to develop our theory. In the following, we use T, (f) to denote the
n-by-n Toeplitz matrix generated by f; i.e., the diagonals of T,,(f) are the Fourier
coefficients of f (see (1.8)).

Theorem 3.1. Let f € Cor. Then for all € > 0, there exist M and N > 0 such
that for allm > N, at most M eigenvalues of T,,(f)—cr(Tn(f)) have absolute values

larger than e.

Proof. Since f € Cay, for any € > 0, by the Weierstrass approximation theorem
[68, p. 15], there is a trigonometric polynomial

N
pn(z) = Z bre'™”
k=—N

with b_j, = by, for |k| < N such that

If = pnllee < e (3.1)

35
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For all n > 2N, we have

CF(Tn(f)) - Tn(f)
=cr(Tn(f —pn)) = Tou(f —pN) + cr(Tn(pn)) — Tnl(pn)- (3.2)

For the first two terms in the right-hand side of (3.2), we note that by Theo-
rem 2.7(iv), the Grenander—Szegé theorem, and (3.1),

ler (Tn(f = p)) = To(f — i)z
< Mler(Tu(f = pa))llz + 1Tn(f = pr)ll2
< llepllz - N Tu(f = pa)llz + [To(f = pw) 2
S =pnlloe +1f —Prlloc < 26

Since py is a real-valued function in the Wiener class, we know that the matrix
cr(Th(pn)) — Tn(pn) has a clustered spectrum; see Section 2.2. Hence by using
Weyl’s theorem, the result follows. O

Since
(CF(TR))_lTn — I, = (CF(TH))_l [Tn - CF(Tn)]a

by Lemma 2.9, we have the following corollary.

Corollary 3.2. Let T, be a Toeplitz matriz with a positive generating function
f € Cor. Then for all € > 0, there exist M and N > 0 such that for alln > N,
at most M eigenvalues of the matrixz (cg(Ty,)) T, — I,, have absolute values larger
than e.

It follows that the convergence rate of the PCG method is superlinear. This
result will be used in Section 3.4 for the convergence analysis of preconditioners
derived by kernels. We remark that by using the relation (2.7) between cp(T),)
and tp(T},), one can also extend the result in Theorem 2.15 for tr(7},) from the
Wiener class to Car; see [6]. In the next section, we relate some of the circulant
preconditioners discussed in Chapter 2 with well-known kernels in function theory.

3.2 Kernels of some circulant preconditioners

Let tx be the Fourier coefficients of f as defined in (1.8). The jth partial sum of f
is defined as

sl fl(z) = Z tpete, x €R. (3.3)
f—

Let us recall the relationship between the first column of a circulant matrix and its

eigenvalues. Let C,, be a circulant matrix with the first column
(Co, Cly... ,Cnfl)T.

Then by (1.6), the eigenvalues of C,, can be written as follows:

(G = (M) = 3 ex? (3.4)
k=0
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with ¢; = et ,for j =0,...,n—1. Conversely, if the eigenvalues of C, are given,
then the first Column of C’,L can be obtained by using (1.5). Note that

QF=Grt=,  0<jk<n-—1 (3.5)

3.2.1 Strang’s circulant preconditioner s(T,,(f))

Given T,,(f) as in (1.1), the corresponding Strang’s preconditioner s(Ty(f)) is de-
fined by (2.1). Using (3.4), (3.5), and then (3.3), we see that the eigenvalues of
s(Tn(f)) are equal to

m

Ns(Ta ()] =Dtk + i: te-nCy
k=0

k=m+1

= Zika + thkak
= Ztkc’“ - Z trCy

k=—m

= sm[f]<2ﬂ), 0<j<n-—1
n
Here we assume for simplicity that n = 2m + 1. If n = 2m, then we define the
(m, 0)th entry in s(T,,(f)) to be zero, and the equality still holds.
From Fourier analysis (see Zygmund [89, p. 49], for instance), the partial sum
Sm|f] defined in (3.3) is given by the convolution of f with the Dirichlet kernel
Dy, i.e.,

snlf1@) = 5 [ D)= )y = (D o), (3.6)
where
sin(k +
Dy(z) = ———2— - Ze k=0,1,....
p=—k

Thus the eigenvalues of s(T,,(f)) can be expressed as

NI = P £)(ZL), 0<jsn—1.

3.2.2 T. Chan’s circulant preconditioner cp(T,,(f))

Given T, (f) asin (1.1), the entries in the first column of the corresponding T. Chan’s
preconditioner ¢y (T, (f)) are given by

[er(Tn(f))] o = (n— k)t’;;r k{”’k, 0<k<n-1;




38 Chapter 3. Unified treatment from kernels

see (2.6). By (3.4) and (3.5) again, the eigenvalues of c¢p (T, (f)) are given by
n—1

Aler(Tu(f)] =Y =

k=0
Z -
k=0
n—1
=>"
k=0

n—1

m&+§: e
n—1

tkg’“ + Z

-1
k n— |k
ncie > 2l

k=—(n—1)

e

1
= (n—kDt¢f,  0<j<n-—1

k=—(n—1)

We note that this is a Cesaro summation process of order 1 for the Fourier series
of f; see Zygmund [89, p. 76]. Using the definition of partial sum and after some
rearrangements of the terms, we get

3

1« 2
Mer @ = L 3 A(E), o<j<a-t
k=0

Thus the eigenvalues of cg (T, (f)) are just the values of the arithmetic mean of the
first n partial sums of f at 27wj/n. It is well-known that this arithmetic mean is
given by the convolution of f with the Fejér kernel F,,, i.e.,

LS sl = o [ A= Foen@, 60
k=0 -
where
_ 1 Sln(%) _ — k — |p| ipz _ .
Filz) = 1 lsm(g) ] = p:;H — e k=12 (3.8)

see Zygmund [89, p. 88]. Thus the eigenvalues of c¢r (T, (f)) can also be expressed as
21y .
Nler(T(D)) = (Fax H(ZL),  0<j<n-1. (3.9)

3.2.3 R. Chan’s circulant preconditioner (T, (f))
Given T,,(f) as in (1.1), R. Chan’s circulant preconditioner r(T;,(f)) has the first
column given by

o, k=0,
M= {1 i e ben 1
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see Section 2.4.2. Thus the eigenvalues of r(T,(f)) are given by

n—1

Aj[r(Tn(f))] = to + Z(tk + fn—k)Cf
iii n—1 B
=to+ Y teCF + Y TC}
k=1 k=1
-1

n—1
=to+ D UG D0
k=1

k=—(n—-1)
219 .
:sn,l[f]<7‘7>, 0<j<n—1.

Using (3.6), we have

Al (T (F)] = (D * f)(%), 0<j<n-1 (3.10)
3.2.4 Huckle’s circulant preconditioner h(P) (T,,(f))

Given any 0 < p < n, Huckle’s circulant preconditioner A")(T,,(f)) is defined to be
the circulant matrix with eigenvalues given by

MNP (T (£))] = }D S (- ek, 0<j<n—1

k=—p

see Section 2.4.1. The sum is also a Cesaro summation process of order 1 for the
Fourier series of f. In fact, using (3.7) and after some simplifications, we have

A = L5 wn () - e n(2), 0<ia-n

3.2.5 Ku and Kuo’s preconditioner K3

One of the preconditioners proposed in Ku and Kuo [59] is the skew-circulant matrix
which, using our notation in Section 2.4.2, can be written as

K(2)(f) = QTn(f) - T<Tn<f))'
Notice that if ©,, is the n-by-n diagonal matrix given by

: =i 2mi (n—1)mi
®n:d1ag(1,en,en,...,e n )7

then O} K(2)(f)©, is a circulant matrix. Actually, this property holds for any
skew-circulant matrix [37]. By (3.4) and (3.5) again, it is then straightforward to
verify that

M (K (£) = A (01K ) (£)On) = sn1[f] (22 _ Z) D+ f)<@ - z)

n n n n
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for 0 < j < n— 1. Comparing this with (3.10), we see that the eigenvalues of
K9)(f) and the eigenvalues of r(7T,,(f)) are just the values of D,,_; * f sampled at
different points in an interval of length 2.

3.3 Preconditioners from kernels

In this section, we apply the idea explored in Section 3.2 to design other circulant
preconditioners from kernels that are commonly used in function theory and signal
processing. These kernels are listed in Table 3.1; see Hamming [44], Natanson [65,
p. 58], and Walker [85, p. 88].

In the following, we will use the symbol K(z) to denote a generic kernel defined
on [—m,m]. The notation C,, (K * f) denotes the circulant matrix with eigenvalues
given by

21j .
N(CuK s f) = K+ f)(Z2), 0<j<n—1. (3.11)
Using this notation, we can rewrite Strang’s, T. Chan’s, and R. Chan’s circulant
preconditioners as

S(Tn(f)) :Cn(Dm*f)a CF(Tn(f)) :Cn(j:n*f)a T(Tn(f)) :Cn(Dn—l*f)a

respectively.
The first column of C, (K * f) can be obtained by using (1.5) if we exactly
know the values of

(K*f)(?) 0<j<n-—1,

Table 3.1. Some kernels and their definitions.

’ Kernel I K(x)
1
Modified Dirichlet 5 [Pn-1(2) + Dn—a(z)]
de la Vallée Poussin 2F s ny2) () — Flny2) ()
1
von Hann 1 [Du-1(z — %) +2Dp1(2) + Dy (z + )]
Hamming 0.23 [Dp—1(z — Z) + Dp—1(z + Z)] + 0.54D,, 1 (2)
. 1
Bernstein 3 [Dp1(z) + Dpa(x+ I
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or otherwise by using the following construction process. Let us illustrate the
process by using the de la Vallée Poussin’s kernel which is defined as

where Fy; is the Fejér kernel and m = |n/2]. For simplicity, let us consider the case
where n = 2m. By using (3.7), (3.5), and then (3.3), we have

) = 2(Fa e 1) (L) (Fow 1) ()

n

()

n

=2

solf]+ -+ sam—1[f] (22) ~ solfT 4+ smaf] (@)

2m n m n

_ %{sm[f] et SZm—l[f]}(@)

n
27Tj 2 2m—1 2m—1 o
= smlf)(= )+n[ S -kt + Y <n—k>tk<f]
k=m+1 k=m+1

2m—1

-3 (e 2 ) S 2B g

k=0 k=m+1

Hence the first column of C,, (K  f) is given by

2k _
tk+§tn—k7 0<k<m,

te +tn-r, m<k<n-1

Table 3.2 lists the first column of the circulant preconditioners from the kernels
in Table 3.1. Since the first entry [C,, (KC x f)]oo is always equal to ¢g, it is omitted
from the table. Algorithm A.3 with pchoice equalling 4 to 8 generates the first
columns and then the eigenvalues of these preconditioners.

3.4 Clustering properties

In this section, we discuss the convergence property of the preconditioned systems
with circulant preconditioners derived from kernels. We will show that if the con-
volution product I % f tends to the generating function f uniformly, then the
corresponding preconditioned matrix C;; 1T}, will have a clustered spectrum. From
Fourier analysis (see Zygmund [89, p. 89]), we know that for the Fejér kernel F,,,
Fn * f tends to f uniformly on [—m, 7] for all f in Ca,. Hence the preconditioned
matrix (cp(T,,)) T, (f) should have a clustered spectrum for all f € Ca,. This
has already been proven in Corollary 3.2. For general K, we start with the following
lemma.

Lemma 3.3. Let f € Cyo, and K be a kernel such that IC x f tends to f uniformly
on [—m,w|. If Ch(K = f) is the circulant matriz with eigenvalues given by (3.11),
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Table 3.2. The first column of circulant preconditioners from kernels.

| Kernel I [CulKs Plko, T<k<n—1 |

ti+ i1, k=1,
Modified Dirichlet te + th—i, 2<k<n-2,
%tn,1 +£1, k=n-—1.

ty + %E%nflw 1<k<m,
de la Vallée Poussin %‘ktk + tom—rk, m<k<2m, m=|n/2],
0, k =2m.
von Hann cos? (%)tk + cos? (Wﬁn_k

[0.54 4 0.46 cos? (Z£)] t,

n
+ [0.54 +0.46 cos? (M)} ok

n

Hamming

[(1 e+ (1— e )fn,k}

N

Bernstein

then for all € > 0, there exist M and N > 0 such that for all n > N, at most M
eigenvalues of Ty, (f) — Crn(K * f) have absolute values greater than e.

Proof. We first write

To(f) = Co(K* ) = [Tn(f) — cr((Tn ()] + [er(Thn(f)) — Cu(K * £,

where ¢ (T, (f)) = Cn(Fn * f) is T. Chan’s circulant preconditioner. In view of
Theorem 3.1, it suffices to show that

T [ep(T,(f)) — Cu(K % )12 = 0. (3.12)

Since cp (T, (f)) and C,, (K * f) are both circulant matrices and hence can be diag-
onalized by the same Fourier matrix F),, we see that (3.12) is equivalent to

lim  max | Aj(Co(Fp * ) — A (Cu(K % )] = 0. (3.13)

n—o00 0<j<n—1
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However, by (3.9) and (3.11), we have

0<j<n—

= max ‘(}'n*f)<27rj) — (IC*f)(zﬂ’jN

0<j<n—1 n n

<NFax f=Kx flloo < NFnxf = flloo +[1f =K+ flloo-
Since F, * f and K * f both converge to f uniformly, (3.13) follows. O

Next we show that if f is positive, then C, (K x f) is positive definite and
uniformly invertible for large n.

Lemma 3.4. Let f € Cor with the minimum value fuin > 0 and K be a kernel
such that ICx f tends to f uniformly on [—m,wt]. If Cp,(KKx f) is the circulant matrix
with eigenvalues given by (3.11), then for all n sufficiently large, we have

1
M«%mwfwzimm>& 0<j<n-—1.

Proof. Since K * f converges to f uniformly and fu;, > 0, there exists an N > 0
such that foralln > N and 0 < j <n—1,

(=5 D) <17 =K Flleo < o

Thus by (3.11), we have
N (Ol s ) = (= £ = 1) (L) 4+ £ (22)

mein_(f_lc*f)<27rj

1
) 2 fune 0<j<n-1 O
n 2
Combining Lemmas 3.3 and 3.4, we have the main theorem, namely that the
spectrum of C;;1T;, is clustered around one.

Theorem 3.5. Let f € Cor be positive and IC be a kernel such that IC x f tends to
[ uniformly on [—m,ww]. If C,,(K * f) is the circulant matriz with eigenvalues

9
NCuKx f) = (Kxf)(Z2), 0<j<n-1,

then for all € > 0, there exist M and N > 0 such that for all n > N, at most M

eigenvalues of I, — C7 Y (K * f)T,,(f) have absolute values greater than e.

Proof. We just note that
L = CH K NTu(f) = CH K+ HICA(K + f) = Tu(f)]. O

It follows clearly from Theorem 3.5 that the PCG method converges super-
linearly. We remark that this unifying approach for the construction of circulant
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preconditioners transforms the problem of finding preconditioners to the problem of
approximating the generating functions. It gives us a guideline for choosing a good
preconditioner for a given generating function. According to Theorem 3.5, the circu-
lant preconditioner generated by the delta function § must be a good preconditioner
since 0 * f = f. By (3.11), the preconditioner can be written as follows:

Cp (5% f) = Frdiag (f(O),f(Qs), . f(Q("_l)”D F,. (3.14)

n

In Chapter 4, we will use this kernel approach to construct the best circulant pre-
conditioner for ill-conditioned Toeplitz systems.

3.5 Examples

In this section, we test the convergence rate of the preconditioned systems with
generating functions given by the Hardy—Littlewood series:

x ik log k —iklogk
e ike | € —ikx
Ha(ac)zg < o€ + o€ ;
k=1

see Zygmund [89, p. 197]. It converges uniformly to a function in Ca, when o > 0.5.
In the examples below, we investigate the convergence rate of the preconditioned
systems for a = 1.0 and 0.5.

We remark that in general, H,(z) is not a positive function in [—m, 7. In
fact, we find numerically that when n = 512, the minimum values of the par-
tial sum s,[H,](x) are approximately equal to —4.146 and —6.492 for o = 1.0
and 0.5, respectively. Thus, in the experiments, we choose the functions Hy(x) +
4.2 and Hys(x) + 6.5 as our generating functions. Eight different circulant pre-
conditioners are tested. As before, the right-hand side b is the vector of all
ones. Tables 3.3 and 3.4 show the number of iterations required for convergence.
They can be reproduced by running A.1 with three parameters: n, the size of the
system; pchoice, the choice of the preconditioner; and fchoice, 2 or 3 for Table 3.3
or 3.4, respectively.

Table 3.3. Number of iterations for f(x) = Hi(x) + 4.2.

Preconditioner n
used 32 \ 64 \ 128 \ 256 \ 512 \ 1024

I 18 | 27 | 43 51 58 56
Cn(Dp * f) 9 9 9 9 9 9
Cn(Fnx f) 10 | 11 | 11 10 9 9
Cn(Dp—1 % f) 10| 9 9 9 9 9
Modified Dirichlet 10| 9 9 9 9 9
de la Vallée Poussin 9 9 9 9 9 9
von Hann 9 9 9 9 9 9
Bernstein 10 | 10 9 9 9 9
Hamming 919 9 9 9 9
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Table 3.4. Number of iterations for f(x) = Hos(z) + 6.5.

Preconditioner n
used 32 ] 64 [ 128 | 256 | 512 [ 1024
I 18 | 29 | 44 66 67 68
Cn(Dp * f) 11 | 14 | 16 16 15 15
Cn(Fn x f) 12 | 13| 14 15 14 15
Cn(Dp—1 % f) 12 | 14 | 16 17 15 18

Modified Dirichlet 12 | 14 | 16 16 15 17
de la Vallée Poussin || 11 | 14 | 15 16 15 15

von Hann 11 | 12 | 13 15 15 15
Bernstein 12 | 14 | 14 16 15 15
Hamming 11 | 13| 14 16 15 15

From the tables, we see that as n increases, the number of iterations increases
for the original matrix 7T;,, while it stays almost the same for the preconditioned
matrices. Moreover, all preconditioned systems converge at the same rate for large
n. We also see that the convergence rate depends on the degree of smoothness of the
generating function. Finally, we notice that for small n, some of the preconditioners
may have negative eigenvalues. However, it is interesting to note that the PCG
method still converges in these cases.






Chapter 4

lll-conditioned Toeplitz
systems

In Sections 2.4.4 and 2.4.5, the band-Toeplitz preconditioner B, and the {w}-
circulant preconditioner P, are proposed for solving ill-conditioned problems. It
was proved in [28, 68] that they work well for some ill-conditioned Toeplitz systems
with the generating function f having finitely many zeros. The basic idea behind
these preconditioners is to find a function g that matches the zeros of f. However,
the major drawback of these preconditioners is that they need f explicitly. For
instance, to form P, in (2.11), we need to know f in order to construct a A, de-
fined by (2.12). Similarly, in (3.14), J is a good kernel to construct a good circulant
preconditioner. However, we also need f explicitly. In contrast, to form Strang’s
preconditioner or T. Chan’s preconditioner from a given Toeplitz matrix T, we
need only the entries {;};j<, from the matrix. We do not need to know all the
Fourier coefficients of f or the function f itself.

In this chapter, a family of new circulant preconditioners is derived for ill-
conditioned Toeplitz systems with the generating function having a single zero.
These preconditioners are called the best circulant preconditioners in [32]. The idea
is to look for some sequences of trigonometric polynomials converging to the delta
function §. Then we use those polynomials as kernels to construct the precondi-
tioners as we did in Chapter 3. More precisely, we will construct preconditioners
by approximating f with the convolution product I x f that matches the zero of f
and depends only on {Z;}|;j<n-

4.1 Construction of preconditioner

Let T, (f) be an n-by-n Hermitian positive definite Toeplitz matrix with entries
defined again by the Fourier coefficients of a function f € C3,

1 [ .
ty = 7/ f(z)e % dz, k=0,+1,42,....
2 J_,

We recall that x¢ is a zero of f of order ¢ if f(z¢) = 0 and ¢ is the smallest positive
even integer such that f(9)(zg) # 0 and f(@+1)(z) is continuous in a neighborhood

47
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of xg. We remark that the condition number of T),(f) generated by such a function
f grows like O(n?); see Theorem 1.13 and [71]. In this chapter, we will consider
only f having a single zero. For the general case where f has more than one zero,
we refer readers to [26].

In the following, we will use the generalized Jackson kernels

a2
K _ Fmar [sin(5)17 —1,2 41
m,ZT(x) = mQT_l sm(%) ) r=1L1a4..., ( . )

to construct the circulant preconditioners. Here k,, 2, is a normalization constant
such that L g

— Ko.or(z)dz = 1.

om | Koms2 (z)dz
It is known that k,, 2, is bounded above and below by constants independent of
m; see [64, p. 57] or (4.10) below. Note that /Cp, 2(z) is the Fejér kernel F,,, and
K a(z) is called the Jackson kernel; see [64].

For any m, the Fejér kernel ICp, 2(x) = F,,, can be expressed as

m—1
Kma(a)= > bm2eike,
k=—m+1

where

m,2 m_‘kl
b = T k] < (m - )

see (3.8). By (4.1), we see that /C,, o, () is the rth power of Ky, 2(x) up to a scaling.
Hence we have

r(m—1)
Koor(z) = Z bgcm,Zr)eikx’ (4.2)
k=—r(m—1)
where the coeflicients b,(cm’%) can be obtained by convoluting the vector
T
(b<m,2> pm2) b(m,2>>T _(rz . 21
—m~+1 270 ey ¥m—1 m7m7"'7 7"'7mam

with itself for 7 — 1 times. This can be done by FFTs; see [75, pp. 294-296] and also
Algorithm A.4 in the appendix. Note that the cost of computing the coefficients
{b;cm’%)} for all |k| < r(m — 1) is of order O(rmlogm) operations.

We recall that the convolution product of two arbitrary functions

o0 o
g(x) = Z bpet*® and  h(z) = Z cpeth®
k=—o0 k=—00
in Cy, can be written as

(g h)(x) = ZL /7T g(t)h(zx —t)dt = Z brcpelt”. (4.3)

™



4.2. Properties of generalized Jackson kernel 49

For a given n-by-n Toeplitz matrix T, (f), the proposed circulant preconditioner is
Cn(Km,2r * f), where m = [n/r], i.e.,

rm—1) <n <rm. (4.4)

By (4.2) and (4.3), since f(z) = Y _po ___ tre'*®, the convolution product is given by

r(m—1)
(Kmar = @)= > teb{™ et = Z dyett” (4.5)
k=—r(m—1) k=—n+1

where

m,2r
i — 80| < r(m 1),
0 otherwise.

By (3.11), the eigenvalues of the preconditioner C,, (K., 2, * f) are given by

Aj(cn(ICm,Qr * f)) = (]Cm,2r * f (27T‘7) Z d e?mgk/n

k=—n+1

|
-

= (dy+d_psr)e®™*m0<j<n-—1
0

ES
Il

Using (1.5) and (1.6), the kth entry of the first column of the preconditioner is just
dy +d_n+r. Recalling that the cost of computing all bém’%) is of order O(rm logm)
operations, we see that the cost of constructing C,,(Kp, 2 * f) is of O(nlogn)
operations and it requires only the entries {t;};|<, from the given n-by-n Toeplitz
matrix 7T,. See Algorithm A.3 for pchoice equalling 9 to 11, where b in A.3 are
computed by A.4 using (4.2). We remark that C,, 2 is the Fejér kernel F,,, and

hence by (3.9), Cy, (K2 * f) is just T. Chan’s preconditioner.

4.2 Properties of generalized Jackson kernel

In this section, we study some properties of Ky, 2, in order to see how good the
approximation of f by IC,, o, * f will be. These properties are useful in the spectral
analysis of the circulant preconditioners in Section 4.3. First, we claim that the
preconditioners are positive definite.

Lemma 4.1. The preconditioner Cy, (K, 2, * f) is positive definite for f € C3. and
for all positive integers m, n, and r.

Proof. Just note that by (4.1), K, 2,(x) is positive except at x = 2kw/m, k =
+1,42,...,£(n — 1), and f € C3_ is nonnegative and not identically zero. Hence

(Icm,Zr * f)(CE) > 07
and the preconditioner C,, (K, 2, * f) is positive definite by (3.11). O
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For simplicity, we will use x to denote the function x defined on R in the
following. For clarity, we will use xo, to denote the periodic extension of x on
[—7, 7], ie.,

Zop(x) =& if x =2 (mod 27) and % € [—m,7];

see Figure 4.1 below. It is clear that ngr € C3. for any integer p. We first show

that K, o, * 252 matches the order of the zero of 32 at = 0 if 7 > p.

Lemma 4.2. Let p and r be any integers with r > p > 0. Then

1 g Cp,2
(Kimar 232 ) (0) = (Knap 2%) (0) = - | Kmar(de =255 (16)
where
22-1 (9\ Y T\
2p+ 1 <7r) <ear <2 (3) 4.7

Proof. The first two equalities in (4.6) are trivial by the definition of x9,. For the
last equality, since

x . X z
;SSIH(g) Sg, .Te[o,ﬂ'],
we have by (4.1),
T 27T2Tk ™ sin2T (M)
2 m,27" 2
. ICm,Zr(t)t Pt < m2r—1 / {2r—2p dt

22p_2r+2772rkm,27- 5 Sin2r v d
= — 5 -av
m2p 0 v2r72p

22P T2k o (TN2T Lsin?" v < gin?" v
<——— 13 — 5, dv+ —5 5, v
m#pP 2 o VAP 1 vETTEP

92 +2he o ran2r (1 o
z  vmeer (7 D -
m2p (2) (/0 v¥dv + /1 v2r—2p dv)

2p+3
2 s km,QT (
m2p

g)%. (4.8)

Similarly, we also have

Kom2r (£)t?Pdt > 1 ) dt (4.9)

.2
4 22 0 [T sin™" (%t
t2r—2p

—T

dv

22P 2k o, /1 sin?" v

p2r—2p
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2p+2 2r o1
> 2 2y (2 / WPy
- mzp ™ 0
227+, o, 2\
“r (7)
By setting p = 0 in (4.8) and (4.9), we obtain

2 2r ™ T 27
4 () km,,Qr § 21 = / Km,2r(t)dt S 8 (5) km,2r~

™ —T
Thus
or 2\ 2m N2
TZ2) <y g <28 <7) : 4.10
8 <7r) ==y 2 (4.10)
Putting (4.10) back into (4.8) and (4.9), we have (4.7). O

We remark that using the same arguments as in (4.9), we can show that for
p=1,
9 1
(K2 *2%?) (0) > O () ; (4.11)
m
i.e., T. Chan’s preconditioner does not match the order of the zeros of 2 at = 0
when p > 1. We will see in Section 4.4 that T. Chan’s preconditioner does not work
for Toeplitz matrices generated by functions with zeros of order 2p, where p > 1.
Next we estimate (Kp,or % z22)(y) for y # 0. To this end, we first have to

replace the function ngr in the convolution product by z2” defined on R.

Lemma 4.3. Let p > 0 be an integer. Then

2 2 2p
o ¢ Lonie et 20 (31 (412
(Icm72r * 1'2;:;) (y)
for any y € [~m, —/2);
2p
1 S (Km,QT’ * X ) (y) S 32p (4.13)

(’Cm,2r ¢ x%i) (v)

for any y € [—-7/2,7/2]; and

o < [Kmor 2 (@ =2 (v) _ (5
C e e

for any y € [7/2,7].
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Proof. To prove (4.12), we first claim that

_ $)2p _ £)\2p 2p
(y—t)5 2)

where t € [-m, 7] and y € [-m, —7/2]. By the definition of (y — ¢)32, we have (see
Figure 4.1)

(y— 1)y + 21 —1)* :{(y+27r—t)2p7 t € [-m,y +,
(y—t)gg (y_t)2p7 le [y+71',7T]-

For t € [-m,y+ 7] and y € [-m, —7/2|, we have

2p
TP = (y+ 21— (y+ 1) < (y+ 20— ) < (y+3m)* < @) |

Fort € [y + m, ] and y € [, —7/2], we have
m = (y— (y+ )" < (y - 1) < (y - ) < (2m)7

Thus we obtain (4.15).
We see that by using (4.15),

1 s
(Knarea2) W= 5= [ Knar®ly - 3a

11 " . .
S 2 [QW /_W’Cm,zr(t)(y—t) (y + 27 — t)?Pdt
1

= (Ko 2 * 2P (z 4 2m)%P] (y).

Similarly, we also have

2

2p
57r> (K 2r * 2 (x + 27)%P] (y).

(K a2) 0= (

Thus we obtain (4.12).
To prove (4.13), we just note that

— t)2p
1 S (y t)Zp S 32177
(y - t)27r

where t € [—m, 7] and y € [-7/2,7/2]. As for (4.14), we have

_ #\2p _ _ +\2p 2p
2P < (y—1)*(y zw t) < (57T> ’
(y—t)om 2

where t € [, 7] and y € [7/2,7]. O
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A
\
AN
\
N (y 21 — )%
AN
N\
N
AN
N\
AN
N
N
N
N
N
N /b
~ e
e
Tl Ty -0
- -
Yy y+7T (y_t)27r
% \H %H % t>
— _T s
™ 5 0 5 T

Figure 4.1. The functions (y — )32, (y — )%, and (y + 21 — t)?.

By using Lemmas 4.2 and 4.3, we can show that K, o, * 257 and z3° are
essentially the same away from the zero of z32.

Theorem 4.4. Let p and r be any integers with v > p > 0 and m = [n/r|. Then

there exist o and 8 with B > « > 0 independent of n such that for all sufficiently
large n and 7/n < |y| < w, we have

(’Cm,zr * ngr) (y)

a< 5 < 4. (4.16)
Yor

Proof. We see from Lemma 4.3 that for different values of y, (K, 2, * 255)(y) can
be replaced by different functions. Hence, we separate the proof for different ranges
of values of y. We first consider y € [r/n,7/2]. By the binomial expansion,

(Icmgr * gg2p) (y) = % ’Cm,2r (t)(y _ t)2pdt

1 ™ 2p 2p
_ 2p—k(_\k
o _ﬂ/Cmgr(t)E:(k)y ().

k=0
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Note that ffﬂ K2 (t)t*dt = 0 for odd k. Thus

(ot ) ) _ (onar )0 _ L8 () [t

Yan Y 2m

By (4.6), we then have

(K2 x2) (y) _ 1 z”: (219) Chor_ (4.17)

2
y2£ 2w

where by (4.7), ¢ 2, are bounded above and below by positive constants indepen-
dent of m for k=0,...,p. By (4.4) and 7/n <y, we have

< ym. (4.18)

Hence we obtain by (4.17) and (4.18),

Co,2r S

(ICm,27“ * 1,2;0) (y) S i zp:
Yor 27

(7)" (Ge)ersr

Therefore, (4.16) follows for y € [x/n,n/2] by using (4.13). The case with y €
[-7/2, —7/n] is similar to the case where y € [7/n,7/2].
Next we consider y € [7/2,7]. Note that

1 T
Ko ar 22 ( = 20)%) (1) = == [ Kap (0t = ) (¢ — y + 20) P
1 ™

=57 | Kmae(®) (27 =) +a(1)) dt,

where

4p
q(t) = (t =)t —y +2m) =y 2m — ) =) qt!
j=1

is a 4pth degree polynomial without the constant term. We have by (4.6) again,

1 /" S
_ C2j,2r
%Rﬁﬂﬁmwumuwv—E;@Jm%'
Z

Thus by using the fact that 5= [7 Ky, 2,(£)dt = 1, we obtain

2p
C2 1,21
(K2 % 2 (2 = 2m)%] (y) =y (2m — ) + ) _ g2 5 (4.19)
Jj=1
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Since (7/2)% < y3? for y € [r/2,7], we have

Kom.or * 2?7 (x — 27)2P] (y) »
[ 2 } S (27T y 2p =+ < ) Z |QZJ|C2J 2r

yzﬁ
3 2w 2P
S <2) ( > Z |q2J|C2j 27, (420)

which is clearly bounded independent of n. For the lower bound, by using the fact
that 722 > 422 for y € [r/2, 7] in (4.19), we have

(y 27r 2p Z 2]02] 2'1‘

[szr * 22P(x — 271')2”] (y)
2p
y27r

>4 Z 0 6725221 (4.21)

Clearly for sufficiently large n (and hence large m), the last expression is bounded
uniformly from below by 727 /2. Combining (4.20), (4.21), and (4.14), we see that
(4.16) holds for y € [n/2,n] and for n sufficiently large. The case where y €
[-7, —7/2] can be proved in a similar way. O

Using the fact that

1 s
Knar s @=2)3| ) = 5= | Kmar®)y -2 — )32t

= (’Cm,zr * x%ﬁ) (y —2),

we obtain the following corollary, which deals with functions having a zero at z # 0.

Corollary 4.5. Let z € [—m,w|. Let p and r be any integers with r > p > 0 and
m = [n/r]. Then there exist a and B with 8 > a > 0 independent of n such that
for all sufficiently large n and w/n < |y — z| < 7, we have

Km2r * (2 — Z)gfr (v) 3
a< < G.
(y—2)3b

Now we can extend the results in Theorem 4.4 to any functions in Cj_ with
a single zero of order 2p.

Theorem 4.6. Let f € CJ_ with a zero of order 2p at z € [~m,7w|. Let v > p be
any integer and m = [n/r|. Then there exist o and 8 with B > a > 0 independent
of n such that for all sufficiently large n and w/n < |y — z| < m, we have

(K:m,Qr * f) (y>
f(y)

a <

<p.
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Proof. By the definition of zeros, f(z) = (z—2z)3.g(x) for some positive continuous
function g(x) on [—m,w]. Write

Koe s (@) [omor* 0= 230@)| @) [Knorx @ =23 )

f() a {ICm,QT * (x — z)gfr] (y) . (y — Z)gfr 9(y)’

Clearly the last factor is uniformly bounded above and below by positive constants.
By Corollary 4.5, the same holds for the second factor when 7/n < |y — z| < 7. As
for the first factor, by the mean value theorem for integrals, there exists a ¢ € [—m, 7]
such that

Kz % (2 = 2)309(0)| (4) = 9(0) [Kmar (2 = 2)32] ).
Hence for all y € [—m, 7], we have

[Kanzr 5 (2 = 2)329(0)] )
[Kimar (= 23] )

0< Jmin S S 9max;

where gmin and gmax are the minimum and maximum values of g, respectively. Thus
the theorem follows. O

Up to now, we have considered only the interval 7/n < |y — z| < 7. For
ly — z| < w/n, we can show that at the zero of f, the convolution product K, o, * f
matches the order of the zero of f.

Theorem 4.7. Let f € CJ_ with a zero of order 2p at z € [—m,7|. Let r > p be
any integer and m = [n/r|. Then for any |y — z| < w/n, we have

(Konzr £) (5) = O (;) |

Proof. We first prove the theorem for f(x) = 222, By the binomial theorem,

s

1 ™
(Km,Qr * x2p) (y) = Py K:m,2r(t)(y _ t)2pdt
L
™ 2p
_1 2P\ 2p—i(_pyi
=5/ /Cm,gr(t)z (j )y (—t)idt.
7=0
Since [ Ky 2r(t)t/dt = 0 for odd j, we have
1 s p 2p
2 — 2p—25 425
(’Cm,Qr * T p) (y) - % . Km,?r(t) Z (2]>y P20 dt. (422)

Jj=0
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By using (4.22), (4.6), (4.7), and then (4.4), we have for |y| < m/n,

P /9 2p—2j [T .
— <p.> (I)p ’ Ko 2 ()2 dt

1
(Km,?r * pr) (y) o . .

IA

INA
M‘H
hs]
I M»s I
(e}
e
L5
N——
=
[\v]
<.
)
DN
T
(3]
~
(@)
(&)
3
.
VR
M‘H
=
N——

Hence by (4.13),

(/Cmygr * x%ﬁ) (y) <O <anp> .

Similarly, from (4.22), (4.6), (4.7), and then (4.4), we have

Koo x2)(5) > — [ Kopan (0)20dt = 220 — 0 <1> .

— 2. m2p n2p

Hence by (4.13) again,

(K a22) )20 (55).

Thus the theorem holds for f(z) = z37.
In the general case where f(z) = (z — z)32g(z) for some positive function
g € Ca,, by the mean value theorem for integrals, there exists a ¢ € [—, 7] such that

(K * ) = [Kmor * (2 = 2)39()] ()
= 9(Q) [ (= 23] )
=9(0) (’Cm,2r * ngr) (y — 2).

Hence
Gmin ° (K:m,27' * xgi) (y - Z) < (]Cm,Q'r' * f)(y) < Gmax * (’Cm,Qr * 3332) (y - Z)

for all y € [—m, 7]. From the first part of the proof, we already see that

(ka2 -2 =0 (35 )

for all |y — z| < w/n. Hence the theorem follows. O
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4.3 Spectral analysis

In this section, we study the spectrum of the preconditioned system.

4.3.1 Functions with a zero

In this subsection, we analyze the spectra of the preconditioned matrices when the
generating function has a zero. We need the following lemma. Its proof is similar
to that of Theorem 2.16. We therefore omit it.

Lemma 4.8. If f and g € C3. are such that 0 < a < f/g < 3 for some constants
a and (B, then for all n and all nonzero v € C",

VT (f)v

al ——— < 4.
v*T,(g9)v
The next theorem states that the spectra of the preconditioned matrices are
essentially bounded.

Theorem 4.9. Let f € C3. with a zero of order 2p at z. Letr > p andm = [n/r].
Then there exist o and 8 with 8 > « > 0 independent of n such that for all
sufficiently large n, at most 2p+ 1 eigenvalues of Cy (K 2r % )T (f) are outside
the interval [, 5].

Proof. For any function g € Co,, let C'n(g) be the n-by-n circulant matrix with
the jth eigenvalue given by
_ if |22

n2p

o
g <M> otherwise
n

for j =0,...,n — 1. Since there is at most one j such that |27j/n — z| < 7/n, by

(3.14), C’ ( ) Cr(g) is a matrix of rank at most 1.
By the assumption, we have

) s (£52) glo)

1 279
Tj Z‘<7r

)
n

2 (Cnl9)) = (4.23)

for some positive function g in Co,. We use the following decomposition of the
Rayleigh quotient to prove the theorem:
VTV VT T [sin® (457)] v
P (ac

VICo(Kpn e % v~ V2T, [sin™ (52)] v veCy [sin® (552)] v
2] v . v*Co(f)v

A% V*én(lcm,gr * f)v

(4.24)
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for all nonzero v € C®. We remark that by Lemma 4.8 and the definitions of C), in
(3.14) and C,, in (4.23), all matrices in the factors in the right-hand side of (4.24)
are positive definite.

As g is a positive function in Cs,, by Lemma 4.8, the first factor in the
right-hand side of (4.24) is uniformly bounded above and below. Similarly, by
(4.23), the third factor is also uniformly bounded. The eigenvalues of the two
circulant matrices in the fourth factor differ only when |27j/n — 2| > 7/n. But
by Theorem 4.6, the ratios of these eigenvalues are all uniformly bounded when
n is large. The eigenvalues of the two circulant matrices in the last factor differ
only when |27j/n — z| < 7w/n. But by Theorem 4.7, their ratios are also uniformly
bounded.

It remains to handle the second factor in (4.24). Defining sa,(z) = sin® (%52),
we have

1 1 1 . . 1 .. .\P
Sop(x) = ﬁ[l —cos(z — 2)]P = 27)( - 56126_"” +1- 56_126”) ;

ie., sop(x) is a pth degree trigonometric polynomial in z. Note that for n > 2p,

(Diny2) * s2p)(y) = s2p(y)

for all y € [—m, w]. Therefore,

Cu[Diny2) * s0p(2)] = Cnls2p(2)]

is Strang’s circulant preconditioner for T, [s2,(z)] when n > 2p; see Section 3.2.1.
As s9p(x) is a pth degree trigonometric polynomial, T, [s2,(z)] is a band-Toeplitz
matrix with half bandwidth p + 1. Therefore, when n > 2p, by the definition of
Strang’s preconditioner,

0 0 R,
0o 0 0], (4.25)
0 0

Ry

Cr [s9p(x)] = T [s2p ()] +

where R, is a p-by-p matrix. Thus

Tnls2p(2)] = Cnlsop(2)] + Rn,

where R,, is an n-by-n matrix with rank(R,) < 2p+ 1.
Putting this back into the numerator of the second factor in (4.24), we have
for all nonzero v € C",

v T(f)v
v*Cr (K 2r * f)V
VL (f)v v*C, [s2p(z)] v v*Co(f)v V*C’n(ICm,Q,, * f)v
v*T, [sop ()] v V*é’n(f)v V*én(Km,QT x fiv VO, (Kmar x f)V
v*T.(f)v v*R,v
v* T, [sop(x)] v ' Vi Cp(Kpmor x f)V
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Notice that for all sufficiently large n, except for the last factor, all factors above
are uniformly bounded below and above by positive constants. We thus have

v*T.(f)v _ v'R,v
v*Cn(Kmar * f)v =a(v) + (V) v*Cpn(Kmar * f)v
when n is large. Here
0< Qmin S a(v) S Omax < 0, 0< 6min S /B(V) S 6max < 0.

Hence for large n and for all nonzero v € C™,

VL0 (f) — BmaxLtn]v
VO (Kar s v =

Let the number of positive eigenvalues of R,, be g. Then by Weyl’s theorem, at
most g eigenvalues of C; (K2 % f)T,(f) are larger than aupay. Similarly, we can
prove that at most 2p+1— g eigenvalues of C;; 1 (K 2r * f) T (f) are less than aupin.
Hence the theorem follows. O

Finally, we prove that all the eigenvalues of the preconditioned matrices are
bounded from below by a positive constant independent of n.

Theorem 4.10. Let f € Cg_ with a zero of order 2p at z. Let r > p and
m = [n/r]. Then there exists a constant ¢ > 0 independent of n such that for all n
sufficiently large, all eigenvalues of the preconditioned matriz C;, ' (K or % f)Tn(f)
are larger than c.

Proof. In view of the proof of Theorem 4.9, it suffices to obtain a lower bound
of the second Rayleigh quotient in the right-hand side of (4.24). Equivalently, we
have to get an upper bound of the spectral radius p[T}; *[s2,(x)]Cr[s2p(2)]]. We
note that by (4.23),

Cr [s2p(2)] = Cn [s2p(2)] + En,

where FE, is either the zero matrix or is given by

1 219
Fdiag (...70,71219 —82,,(2‘])70,...) F,

for some j such that [27j/n—z| < 7/n. Thus |E,||2 = O(n™2P). By Theorem 1.13,

T [s2,(2)] is positive definite. Thus the matrix T, [s2,(2)]Cp[s2,(2)] is similar to

the symmetric matrix T}, /2 [59p(%)] Chn [s2p ()] T, '/?

p [T [52(@)] G [s2p ()]
= p | T1/2 [s2(2)] Co 52 (@) T /2 [s2 ()]
< p [T [s2p(@)] o [52p (@) T 32 ()]
0 [ T2 [0 (@) EaT; V2 [s2 (2]
< p [T [s2p ()] Cor [s2p(@)]] + |75 [s2p (@)][|, |1 Enll2- (4.26)

[s2p(2)]. Hence we have
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By Theorem 1.13 again, we have
175" [s2p(2)]]|, = O(n*P).

Hence the last term in (4.26) is of O(1).
It remains to estimate the first term in (4.26). According to (4.25), we
partition
Bi1 Biz Big
T, ' [s2p(2)] = | Bfy Bx Bas |,
Bis Biy; Bss

where By and Bss are p-by-p matrices. We then have by (4.25),

BlgR; 0 BuR,
P [Tn_l [3217(35)] Cn [521)(55)” <l+p BZSR; 0 BRLR,
BssRy, 0 B3R,

BisR; B R
=1+ P i B 4.27
o[ BE) e

where the last equality follows because the 3-by-3 block matrix in the equation has
vanishing central column blocks. In [4, Theorem 4.3], it has been shown that R,,
Bi1, Bis, and Bss all have bounded || - ||; norms and || - ||o norms. Hence using
the fact that p[] < ||-|l2 < (|- |li - | - lleo)*/?, we see that (4.27) is bounded and the
theorem follows.

By combining Theorems 4.9 and 4.10, the number of PCG iterations required
for convergence is of O(1). Since each PCG iteration requires O(nlogn) operations
and so does the construction of the preconditioner (see Section 4.1), the total com-
plexity of the PCG method for solving Toeplitz systems generated by f € C3._ is of
O(nlogn) operations.

4.3.2 Positive functions

In this subsection, we consider the case where the generating function is strictly
positive. We note that by the Grenander—Szeg6 theorem, the spectrum of T,,(f)
is contained in [fumin, fmax), where fuin and fmax are the minimum and maximum
values of f. It is easy to see that

0< fmin S (Km,2r * f) (y) S fmax~
Thus the whole spectrum of C;; ' (K, 2 * f)T,(f) is contained in

[fmin/fmax7 fmax/fmin];

i.e., the preconditioned system is also well-conditioned. We now show that its
spectrum is clustered around 1.
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Theorem 4.11. Let f € Cy, be positive. Then the spectrum of the preconditioned
matriz C;; Y (Ko.ar * £)T0(f) is clustered around 1 for sufficiently large n, where

m = [n/r].

Proof. We first prove that K., 2, * f converges to f uniformly on [—m,7]. For

©w >0, let
w(f,p) = max [f(z) — f(z —1)|

z,|t]<p

be the modulus of continuity of f. It has the property that

w(f, An) < A+ Dw(f, p)

for A > 0; see [64, p. 43]. By the uniform continuity of f, for each £ > 0, there exists
an 7 > 0 such that w(f,n) < e. Taking n > 1/n, we then have for all y € [, 7],

16) = (om0 )] = | [ Konar 01 ) = Kovan0) Sy = ]
<o [ 150~ 1= DKo
1 s
<o [ el DKoty

ZQL/ f,n|t\ ) Ko, 2r (t)dt

1
27/ (nlt| + 1w f,ﬁ)icmm(t)dt

IN

w(ﬁE) (c+1) < (c+ 1),

where ¢ = 2 [7 Ky, 2,(t)tdt is bounded by a constant independent of n; see (4.8)
for p = 1/2. Therefore, K, o, * f converges uniformly to f. By Theorem 3.5, the
spectrum of Cy; 1 (K, 0, % f) T, (f) is clustered around 1 for sufficiently large n. O

We conclude immediately that when f € Cs, is positive and the precon-
ditioner C,,(KCpn 2- * f) is used, the PCG method converges superlinearly; see
Section 1.3.1.

4.4 Examples

In this section, we illustrate by eight numerical examples the effectiveness of the
preconditioner Cy, (K, 25 * f) in solving Toeplitz systems T, (f)u = b and compare
them with Strang’s and T. Chan’s circulant preconditioners. The last six examples
are ill-conditioned Toeplitz systems where the condition numbers of the systems
grow like O(n?) for some ¢ > 0. They correspond to f having zeros of order g; see
[71]. Because of the ill-conditioning, the CG method will converge slowly and the
number of iterations required for convergence grows like O(nq/ 2). However, we will
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see that using the preconditioner C,,(KCp, 2r * f) with 2 > ¢, the preconditioned
system will converge linearly.

In the following, we set m = [n/r]. The right-hand side b is the vector of all
ones. Since the functions are nonnegative, the T, (f) so generated are all positive
definite; see Theorem 1.13. As mentioned in Section 4.1, the construction of the
preconditioners for an n-by-n Toeplitz matrix requires only the n diagonal entries
{tj}|ji<n of the given Toeplitz matrix. No explicit knowledge of f is required. See
A.3 for pchoice equalling 9 to 11. Note that coef in A.3 are computed in A.4
using (4.2).

Tables 4.1-4.4 show the number of iterations required for convergence for
different preconditioners. They can be reproduced by running A.l with three

Table 4.1. Number of iterations for well-conditioned systems.

ot +1 |z[3 + 0.01
n 32 64 128 256 512 1024 | 32 64 128 256 512 1024
T 19 36 55 66 70 71 |20 52 130 272 395 431

sT,) | 8 6 5 5 5 5 |10 11 10 8 6 6
erT,) |7 7 6 6 6 5 |13 15 18 15 12 10
Kmi |6 5 5 5 5 5 |9 8 6 6 6 6
Kme | 6 5 5 5 5 5 |9 8 7 7 6 7
Kms |6 6 5 5 5 5 |10 9 7 6 7 6

Table 4.2. Number of iterations for functions with order 2 zeros.

x? 22 (n% —2%)
n 32 64 128 256 512 1024 | 32 64 128 256 512 1024

T 17 38 82 177 371 765 | 16 32 64 128 256 512
sTy) | - - - - - 8 9 10 10 10 11
cr(Tn) | 10 12 14 17 22 28 | 9 12 14 16 21 25
Kma |7 8 8 8 9 9 |7 7 9 9 9 11
Kme | 7 8 9 9 9 9 |8 9 9 9 10 10
Kms |8 9 9 9 9 9 [ 8 9 9 10 10 10

Table 4.3. Number of iterations for functions with order 4 zeros.

$4 1.4(7.(.2_1.2)
n |32 64 128 256 512 1024 | 32 64 128 256 512 1024
T [30 106 414 1742 f 1t |18 62 208 769 2062 T
s(T,) | - - - = - - -
cr(Tn) |16 25 39 82 211 547 |14 21 32 53 139 336
Kna |11 13 16 18 20 24 |12 13 16 19 21 25
Kne |13 14 17 18 19 22 |13 14 16 19 21 23
Kns |13 15 17 19 22 22 |14 14 16 18 21 25
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Table 4.4. Number of iterations for other functions.

Ek Z\MM 1/(K] + D)™ — 0.3862

n 32 64 128 256 512 1024 64 128 256 512 1024

I 22 59 168 499 1444 1 21 58 153 399 817 947
0l - - - - - -1 - - - - =
CF(Tn) 13 17 24 36 55 84 10 13 15 17 18 13
Ko 10 10 11 12 13 14 6 6 6 5 7 7
Ko 10 10 12 12 13 15 6 6 7 7 7 6
K3 10 11 12 12 14 16 7 6 7 7 7 6

parameters: n equals the size of the system; pchoice equals 9,10, or 11 for the
generalized Jackson kernels with r = 2,3, or 4 respectively; and fchoice equals
4,5,...,11 for different generating functions. In the tables, as before, I denotes
no preconditioner, s(T;,) is Strang’s preconditioner, K, o, are the precondition-
ers from the generalized Jackson kernel K, 9., and cp(T},) = K2 is T. Chan’s
preconditioner. Iteration numbers more than 3,000 are denoted by “i”. We note
that s(7),) in general is not positive definite, as the Dirichlet kernel D,, is not
positive; see Section 3.2. When some of its eigenvalues are negative, we denote
the iteration number by “~”, as the PCG method does not apply to nondefinite
systems.

The first two test functions in Table 4.1 are positive functions and therefore
correspond to well-conditioned systems. Notice that the iteration numbers for these
original systems tend to a constant when n is large, indicating a linear convergence
rate. In this case, we see that all preconditioners work well and the convergence is
fast.

The two test functions in Table 4.2 are nonnegative functions with one or more
zeros of order 2 on [—m, 7]. Thus the condition numbers of the Toeplitz matrices
are growing like O(n?), and hence the number of iterations required for convergence
without using any preconditioners is increasing like O(n). We see that for these
functions, the number of iterations for convergence using T. Chan’s preconditioner
increases with n. This is to be expected from the fact that the order of K, 2 * 22
does not match that of z? at * = 0; see (4.11). However, we see that K, 4,
K6, and K, g all work very well, as predicted from the convergence analysis in
Section 4.3.

When the order of the zero is 4, like the two test functions in Table 4.3,
the condition numbers of the Toeplitz matrices will increase like O(n*) and the
matrices will be very ill-conditioned even for moderate n. We see from the table
that both Strang’s and T. Chan’s preconditioners fail. As predicted by the theory,
K4, K, and Ky, g still work very well. The number of iterations required for
convergence stays almost the same independent of n.
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In Table 4.4, we test two functions that the theory does not cover. The first
function is not differentiable at its zero. The second one is a function with slowly
decaying Fourier coefficients. We found numerically that the minimum value of
Z|k|<1024 Wﬁei’” is approximately equal to 0.3862. Hence the second function
is approximately zero at some points in [—,7w]. Table 4.4 shows that the K, o
preconditioners still perform better than Strang’s and T. Chan’s preconditioners.

To further illustrate Theorems 4.9 and 4.10, we give in Figures 4.2 and 4.3
the spectra of the preconditioned matrices for all five preconditioners for f(z) = 22
and z* when n = 128. We see that the spectra of the preconditioned matrices for
K., 6 and K, g are in a small interval around 1, except for one to two large outliers,
and that all the eigenvalues are well separated away from 0. We note that Strang’s
preconditioned matrices in both cases have negative eigenvalues and they are not
depicted in the figures. Finally, we would like to mention that the general case
where f has more than one zero is done in [26].

7

6 K., 5 Jackson Preconditioner T +
Sr Km 5 Jackson Preconditioner T T
4+ Km4 Jackson Preconditioner +H il +
3r T. Chan Preconditioner + + o+ + E
21 Strang Preconditioner (has negative eigenvalues) +  H# 1
1 + + B S B A e o R A RA R AL AR IR R IC A R o g

No Preconditioner

0 L PR | L | L PR | L N L PR | L L
107 107° 107 107 10° 10’ 10°

Figure 4.2. Spectra of preconditioned matrices for f(x) = x? when n = 128.
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i Km 8 Jackson Preconditioner + + + ]

B K., ¢ Jackson Preconditioner B + + 7

B K., , Jackson Preconditioner ot o + 7

- + + - + .
T. Chan Preconditioner

- + + .

Strang Preconditioner (has negative eigenvalues)
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Figure 4.3. Spectra of preconditioned matrices for f(z) = x* when n = 128.



Chapter 5
Block Toeplitz systems

The m-by-m block Toeplitz matrix with n-by-n Toeplitz blocks is defined as follows:

Ty Ti-y - Te-m Ta-m
T Ty Ti—y - Te-m
Tinn = T(l) T(O) - ) (51)
Tz - T
Tim-1) Tm-2) - Ty T(o)

where the blocks T, for |I| < m — 1, are themselves Toeplitz matrices of order n.
Matrices of the form (5.1) are called BTTB matrices. We are interested in solving
the BTTB system

Tmnu=Dhb

by the PCG method. BTTB systems arise in a variety of applications in numerical
differential equations [7, 19, 49, 55, 63], networks [36], and image processing [20,
24, 66]. In this chapter, several preconditioners that preserve the block structure of
T.nn are constructed. We show that they are good preconditioners for solving some
BTTB systems. Since the block preconditioners are defined not only for BTTB
matrices but also for general matrices, we begin with the general case.

5.1 Operators for block matrices

In the following, we call ¢y defined by (2.3) the point operator in order to distinguish
it from the block operators that we now introduce. Let us begin by considering a
general block matrix A,,, partitioned as follows:

Ain A 0 Aim
Az Ao - Ay
Am 1 Am,2 T Am m

) )

where A; ; € C"*".

67
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5.1.1 Block operator CS)

In view of the point case, a natural choice of preconditioner for A,,, given by (5.2)
is

CU(Al,l) CU(A1,2) ce CU(Al,m)
cv(A2,1) cu(A22) -+ cu(Azm)
CU(Am,l) CU(Am,Q) e CU(Amﬂn)

where the blocks cy(4; ;) are just the point approximations to A;;; see (2.3). In
the following, we first study its spectral properties.
Let 6 (A,,,) be defined by

0(A11) 0(A12) - d(A1m)
0(A21) (A2 .

Pd
Lo

»

<

S (Apn) = , (5.3)

(Ama) 3(Ams) - 6(Amm)

where each block 0(A4; ), defined as in Section 2.2, is a diagonal matrix whose
diagonal is equal to the diagonal of the matrix A; ;. The following lemma gives the
relation between the spectrum of A,,, and the spectrum of § (1)(Amn).

Lemma 5.1. For any arbitrary A, € C™™*™" partitioned as in (5.2), we have
Umax((s(l)(Amn)) S Umax(Amn)a (54)

where omax(-) denotes the largest singular value. Furthermore, when A, is Her-
mitian, we have

)\min(Amn) S )\min (6(1)(Amn>) S >\max (6(1)(Amn)) S Amax(Amn)7 (55)
where Amin(+) and Amax(+) denote the smallest and largest eigenvalues, respectively.
Proof. Let

(Amn)i ikt = (Ak.1)ij
be the (i, 7)th entry of the (k,)th block of A,,,. Let P be the permutation matrix
that satisfies
(P* Amn Pk tiij = (Amn )i jsh.1, (5.6)
for 1 <i,j<n,1<k,l<m,andlet
Bpn = P*6W (A P.

Then B,,, is of the following form:
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We know that B,,, and ¢ (1)(A7,m) have the same singular values and eigenvalues.
For each k, since By € C™*™ is a principal submatrix of the matrix A,,,, it
follows by Corollary 3.1.3 in [52, p. 149] that

Umax(Bk,k) S O—max(Amn)'

Hence we have
Omax (6(1)(Amn)) = Umax(an) = m]?X (Umax(Bk,k)) < Umax(Amn)-

When A, is Hermitian, by Cauchy’s interlace theorem, we then have

Amin(Amn) mkin (Amin(Bk,k)) = )\min (5(1)(Amn))

<
< Amax (5(1)(Amn)) = m]?X ()\max(Bk,k)) < /\max(Amn)- O

In the following, let .@T(,},)n denote the set of all matrices of the form given by
(5.3), i.e., .%Enl,)n is the set of all m-by-m block matrices with n-by-n diagonal blocks,
and let

mn mn m,n

AP = {(1® UY'AD (ToU) | AD). € o) } ,

where [ is the m-by-m identity matrix, U is any given n-by-n unitary matrix, and
the symbol “®” denotes the tensor product (Kronecker product). We recall that
the tensor product of A = (a;;) € CP*? and B € C™** is defined as follows:

anB a12B cee aqu

ang (IQQB cee (IQqB
A® B= ) . . )

aplB apr aqu

which is a pr-by-gs matrix. The basic properties of the tensor product can be found
in [41, 55].

Similarly to the definition of the operator ¢y, we now define an operator cg})
that maps every A,,, € C™*™" to the minimizer of |W,,,, — Amnlls over all

Winn € ///él). Some properties of cg) are given in the following theorem.

Theorem 5.2. For any arbitrary Apy, € C™"X™" partitioned as in (5.2), let
cg)(Amn) be the minimizer of |Win — Amnllz over all W, € %Igl). Then the

following hold:

(i) 08)(Amn) is uniquely determined by Ay, and is given by

S (Apn) = T UV [(I @ U)Apn (I 2 U) (IR U). (5.7)
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(ii) C[(})(Amn) is also given by

cuv(A11)  cu(4q, cu(A1m)
D (A) = CU(%z,l) cu(Az,2) cu(Az2,m) | 58)
cv(Am1) cv(Ama) - cu(Amm)
where cy is the point operator defined by (2.3).
(iii) We have
max (€ (Amn)) < Tmax(Amn)- (5.9)

(iv) If Apn is Hermitian, then 08)(Amn) is also Hermitian and
AIni1(1(147nn) S Arﬂin (CS)(A’rnn)) S /\max (CS)(A’mn)) S )\max(Amn)-
In particular, if Ay 18 positive definite, then so is cg)(Amn).

(v) D s a linear projection operator with the operator norms

cu
1 1
e lz= sup el (Amn)ll2 = 1
”AmnH2:1
d
o M. = g (D4 _
Iz = s ety ()l = 1.
mn || F—
Proof.

(i) Let Wi, € %1(11) be given by
Won = (I @ U)* AL (T2 U),

where ALY, € @},11,)”. Since the Frobenius norm is unitary invariant,

Win — Amnlle = [T QU ASLIT @U) — Apnll#
IS — (1 ® U) Ay (I @ U)* .

Thus, the minimizing problem ||Wy,, — Apn |2 over ///[(Jl) is equivalent to the

minimizing problem
1A, = (I @ U)Apn (I @ U)*| 2
over @ﬁ,?n Note that A%Zl can affect only the diagonal of each block of

I@U)Apn(I@U)".
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Therefore, the solution for the latter problem is
AQ) =6V [(IT@U)An.(I@U)"].
Hence
S (Apn) = T U SO [(I @ U)Apn(I 0 U)* (I @ U)
is the minimizer of ||W,u, — Apn|l#. Obviously, c%})(Amn) is uniquely deter-
mined by A,n.

(ii) Just note that

V(I @ U)Apn(I @ U)*]
S(UAL U*)  S(UAU*) - §(UALU)
(5(UA2,1U*) 5(UA2’2U*) 6(UA2,mU*)
S(UAWm U*) S(UAm2U*) o §(UApmU*)

(iii) For any A,,, € C™™*™" we have by (5.4) and (5.7),

Tmax (€ (Amn)) = Omax [0 (I @ U) A (I @ U)*)]
S Omax [(I & U)Amn(l ® U)*} - Umax(Amn)~
(iv) If A, is Hermitian, then it is clear that e )(Amn) is also Hermitian. More-
over, by (5.5) and (5 7), we have
Amin (Amn) = Amin [(I ® U)Amn (I & U)*]

< Amin[0D(T @ U) A (I @ U)*)]

= Nuin () (Amn)) < Amax (€ (Amn)

= Anax [0V (T @U)Apn(I @ U))]

< dmax [ @ U) A (I @ U)*] = Amax(Amn)-

(v) By (5.9), we have
||CS) (Amn)”Z = Umax(cg) (Amn)) < Umax(Amn) = ||Amn||2
However, for the identity matrix I,,,, we have
1
ety (L) ll2 = IMmallz = 1.
Hence HCS)”Q = 1. For the Frobenius norm, since

[ [(I © U)Apn(I @ U)* ]| #

e (Amn) |7 =
< NI @U) Amn(I @ U)* |5 = | Amnl»

and

m(_L g | = L s =1
|<6 (m ), JmmImnll

it follows that ||C§]1)||g =1 O
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5.1.2 Block operator ES)

For matrices A,,, partitioned as in (5.2), we can define another block approximation
for them. Let 6 (A,,,,) be defined by

A, 0O 0
- 0 A 0
6D (Apn) = , (5.10)
0 0 A

In the following, we use %Pn to denote the set of all matrices of the form given

by (5.10); i.e., @,(,3)” is the set of all m-by-m block diagonal matrices with n-by-n
blocks. Let

M = {(vm)*mw@l) | A € %,3)”}7

where V is any given m-by-m unitary matrix and I is the n-by-n identity matrix.
We define an operator E&} ) that maps every A, € C™"*™" o the minimizer

of [Win — Amnlle over all Wy, € f//‘(/l). Similar to Theorem 5.2, we have the
following theorem.

Theorem 5.3. For any arbitrary A, € C™*™" partitioned as in (5.2), let
6$)(Amn) be the minimizer of ||Win — Amnllez over all W, € f/l‘(,l). Then the
following hold:

(1) Eg/l)(Amn) is uniquely determined by Ay, and is given by

& (Amn) = (V@ I)SO[(V @ D Amn(V @ D)V & 1), (5.11)

(ii) We have

Tmax (@) (Amn)) < Tmax(Amn)-
(i) If Ay is Hermitian, then 63)(Amn) is also Hermitian and
Ain (Arn) < Main (8 (An)) < Amax (80 (Amn)) < Anax(Amin).
(iv) &9) is a linear projection operator with the operator norms
212 = 11215 = 1.

We omit the proof of Theorem 5.3 since it is quite similar to that of Theo-
rem 5.2. The following theorem gives the relationship between cg) and 68).
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Theorem 5.4. Let U be any given unitary matriz and P be the permutation matriz
defined as in (5.6). For any arbitrary matrizc Ay, € C™™X™" partitioned as in (5.2),
we have

6 (Apn) = POV (P* A, P)P*

and
D (Apn) = P& (P* Ay P)P*.

Proof. To prove the first equality, by the definition of 61 and (5.6), we notice
that

5(1)(p* (P APy, =1,
O (P* Apin P)) k10, {07 i # 7,
- (Amn)ijsk 15 i =7
0, i F
Hence
~ . N ~ « Amn 7,75 ) i = "
PR A PPl = B0 (P A Py = { okt 420

which by definition is equal to [§(") (Amn)li k1. To prove the second equality, since
(I®U)P = P(U ®I) for any matrix U, we have by (5.11) and (5.7),

PEY (P Ay P)P* = P(U @ I)*3W[(U @ I)P* A P(U @ I)*|(U ® I)P*
(I@U)*PSOP*(I@U)Apn(I@U)*PIP*I2U)

(IToU)*sMWI@U)An(IoU) |(I2U)

P Apn). O

5.1.3 Operator cg’)U

It is natural to consider the operator

2) _ ~(1 1
oy = o),

where “o” denotes the composite of operators. The following lemma is useful in

deriving the properties of the operator cg,% )U in Theorem 5.6.

(Cmn Xxmn

Lemma 5.5. For any arbitrary matriz A,,, € partitioned as in (5.2), we

have

I RU) 0N (Amn) T QU) =6V [(I @ U)* Apn(I @ U)] (5.12)
and

(VDY (A (VeI =YV o)A (Ve (5.13)
Furthermore,

5™ 0 6M (Apmn) = 6(Amn) = 60 0 60 (Ann). (5.14)
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The proof of Lemma 5.5 is straightforward; we therefore omit it. Let
My ={(VOU) Apn(VRU) | Apy, is any mn-by-mn diagonal matrix},

where V' is any given m-by-m unitary matrix and U is any given n-by-n unitary
matrix. We have the following theorem, which states that the operator c( )
a special case of the point operator.

is just

Theorem 5.6. For any arbitrary matriz Ay, € C™"™" partitioned as in (5.2),
let cvgu (Amn) be the minimizer of ||Winn — Amn||# over all W, € Myvgu, where
cveu 18 the point operator defined by (2.3). Then the following hold:

(i) We have
0 (Amn) = cveu (Amn).

(ii) We have
) (Apn)) < A
O'max(CV,U( mn)) = Umax( mn)~
(iii) If Ay is Hermitian, then cg)U (Apnn) is also Hermitian and
Amin (Amn) < Amin (€2 (Amn)) < Amas (62 (Amn)) < Amas (Amn)
min\4imn) > Amin CV,U mn)) = A\max CV,U mn)) > Amax\‘imn)-
(iv) The operator C§/2)U has the operator norms
2 2
I llz = lleyll> = 1.

Proof. Only (i) needs to be proved, and the others can be referred to Theorem

(1)

2.7. For any given A,,,, by the definitions of ¢;;’ and Eg/l), we have

e (Amn) = &[e “)(Amn)]
=VeD Y Ve)[IeU)sW[(IeU)AwIaU)IIeD)](VeIl) HVel)
= (Ve dW{IaU)(V 1) NI @) Apn(I@U) NV D I U)HV @ I).
Hence by (5.12)-(5.14), we have

2 (Apn) = (V@ U) SV {EV[V @ U) Ayn(V @ U) T}V @ U)
= (V ® U)*(S[(V ® U)Amn(v ® U)*}(V ® U) = CV®U(Amn)~ U

We remark that intuitively Cg)(Amn) and ES)(Amn) resemble the diagonalization

of A, along one specific direction. Hence c§/2’ )U (A;nn) resembles the diagonalization
of A, along both directions.
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5.1.4 Three useful formulae

When U and V both are equal to the Fourier matrix F', we give three simple formulae
for constructing c( ) (Amn), E%l)(Amn), and cg’)F(Amn). These preconditioners will

be used later to solve block Toeplitz systems. We have by (5.8),

cr(A11) cr(A12) - cp(Aim)
cr(Az1) cr(Az2) -+ crp(Aam)

A = | L L (5.15)
CF(Am,l) CF(Am,Z) e CF(Am,m)

where each block ¢p(A4; ;) is T. Chan’s circulant preconditioner for A; ;. We remark

that c}l) (Asmn) is a block matrix with circulant blocks and is called a CB matrix [37].

Next we construct 6%1)(147%) by using Theorem 5.4. Let A,,, = P*B,,,P and

partition By, into n? blocks with each block B; ; € C™*™. Then by Theorem 5.4
and (5.15), we have

25 (Amn)ijied = [P ) (Brn) Pli it = €8 Bk sing = (er(Bi )i,

where B; ; is the (¢, j)th block of the matrix B,,,,. By (2.4), we see that the (k,[)th
entry of the circulant matrix cg(B; ;) is given by

1
(cr(Bij))k = m Z (Bij)pa-
p—q=k—1( mod m)
Since (B;,j)pg = (Ap,q)ij, we have
~ 1
R Amnligwe=— D0 (g

p—q=k—1( mod m)
for 1 <i4,j <nand1l<k,I<m. Thus, the (k,)th block of Eg)(Amn) is given by
1
— D Ay
p—q=k—I1( mod m)

Since it depends only on k — 1 modulo m, we see that Eg) (Apmn) is a block circulant
matrix and is called a BC matrix [37]. By using @ defined as in (2.5), we further
have

m—1

(1 1 ;

G Am)=— 3 (@e Y A (5.16)
=0 p—q=j( mod m)

Finally, by using (2.4), (5.16), and Theorem 5.6, one can easily obtain the
following formula:

—1n-—1

) |
(A = — 2 > e | (@ 9Q).
J

3

I
=)

k=0 \p—g¢=j( mod m)r—s=k( mod n)

(5.17)
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We remark that cg’)F(Amn) is a block circulant matrix with circulant blocks [37]
and will be called a BCCB matrix. Actually, from Theorem 5.6, we know that
cg)F(Amn) = cpgr(Amn) is the minimizer of [|[Wy, — Amnll# over all Wy, €

Mrpgr, where Mpgr is the set of all BCCB matrices [37].

5.2 Operation cost for preconditioned system

In this section, we study the cost of solving T,,,u = b by the PCG method with

preconditioners cg)(Tmn) and cg)F(Tmn), where T},,,, is a BTTB matrix of the form

given in (5.1). The analysis for 6;})(Tmn) is similar. We first recall that in each

iteration of the PCG method, we have to compute the matrix-vector multiplication
Tonnv for some vector v and the product

y = (¢ (Tr))"'d (5.18)
Y = (2 (Trn)) " 'd (5.19)

for some vector d; see Section 1.3.1 or [41, 56].

For the cost of computing T,,,v, we recall that for any Toeplitz matrix T,
the matrix-vector multiplication T,,w can be computed by FFTs by first embedding
T,w into a 2n-by-2n circulant matrix and extending w to a 2n-vector by zeros;
see (1.7). For the matrix-vector product T,,,v, we can use the same trick. We
first embed T, into a (blockwise) 2m-by-2m block circulant matrix where each
block itself is a 2n-by-2n circulant matrix. Then we extend v to a 4mn-vector by
putting zeros in the appropriate places. Using F3,, ® F5, to diagonalize the 4mn-
by-4mn BCCB matrix, T),, v can be obtained in O(mnlogmn) operations by using
2-dimensional FFTs. The MATLAB algorithm for doing this is in A.16. It requires
the vector tev formed by the eigenvalues of the 4mn-by-4mn BCCB matrix which
is generated in A.11.

5.2.1 Case of cg)(Tmn)

For cgpl)(Tmn), by (5.15), its blocks are just cg(T(x)). Hence by (2.6) and (1.5), the
diagonal 0(FT()F*) can be computed in O(nlogn) operations. Therefore, in the
initialization step, we need O(mnlogn) operations to form

A=0D((I® F)Tyn(I® F)*).

This is done in A.13, where the input t is the first column of T;,,,, generated by A.9.
Once we obtain A, we can start the PCG iterations. Note that

Tl,l o - 0
0 Ty -~ O
P*AP = ) ) )

0 o - Tn;ﬂ
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where P is defined as in (5.6) and
(Ti)ig = (S(FT; 5 F)),, = (6(F Ty F),,

for 1 < 4,7 <mand 1 < k < n. Hence the diagonal blocks T;“k are m-by-m
Toeplitz matrices. Therefore, only O(m log? m) operations are required to compute
T,;llv for any vector v; see Ammar and Gragg [2]. Thus, (5.18) can be computed

by

y = (D (T)) 'd=(I @ F)A (I ® F)d
=[(I® F*)P|(P*AP)"'[P*(I ® F)|d

in O(nmlog® m) operations; see A.15.

Recall that T, v can be obtained in O(mnlogmn) operations. Thus we con-
clude that the cost per iteration is O(nm log® m+mnlog mn). The PCG algorithm
is given in A.14. If m > n, one can use Eg)(Tmn) as a preconditioner instead. We
would like to mention that some of the block operations can be done in a parallel

way. This can further reduce the cost per iteration.

5.2.2 Case of cg}(Tmn)

We remark that cg)F(Tmn) is a BCCB matrix and that for any BCCB matrix Cp,p,
it can be defined by its first column. Like (1.5), we have the following relation
between the first column and the eigenvalues of Ci,p,:

1
vmn
where e; = (1,0,...,0)T € R™ is the first unit vector, 1,,, = (1,1,...,1)T € R™",
and A,,, is a diagonal matrix holding the eigenvalues of C,,,.

For cg)F (Tynn), by using (5.17), it is not difficult to show that the kth entry
in the jth block of the first column of the matrix is given by

j 1 i j—m . ] . j—m
o) = — |(m = j)(n = Kt + i — R + (m = )kt + ke |

mn

for0 <j<m-—1and 0 <k <n—1. Thus it requires only O(mn) operations to

compute the first column of cg)F(Tmn). Using (5.20), we can compute the eigenval-

ues of cg)F(Tmn) by using 2-dimensional FFTs in O(mnlogmn) operations. This
is done bil A.17, where t is the first column of T},,,, and ev is the vector holding the
eigenvalues.

In each iteration of the PCG method, besides O(mnlogmn) operations to
compute T;,, Vv, we also need to compute

Y = (o (Tn)) "M = (F © FDALL (Fy © F,)d

in (5.19). This can be done in O(mnlogmn) operations by using 2-dimensional
FFTs (see A.19), where the input ev is the vector holding the eigenvalues of
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cg)F(Tmn) computed by A.17. Thus the cost per iteration of the PCG method
is O(mn log mn) operations, and it is given in A.18. Again some of the block oper-
ations can be done in a parallel way to reduce the cost.

For the implementation and cost of the PCG method for general block systems
Amnu = b, we refer readers to [21].

5.3 Convergence rate

In this section, we analyze the spectra of the preconditioned systems. Let the entries
of Ty be denoted by
(Tmn)p,q;r,s = té:f)

for 1 <p,g <nand1<rs<m. Moreover, the matrix T,,,(f) is associated with
a generating function f(z,y) as follows:

j 1 T 7 —i(jx
t;cj)(f) = 2/ flz,ye (7 +’“y)d:cdy. (5.21)

42
We have the following important properties for any m and n:

(i) When f is real-valued, then T,,,(f) are Hermitian, i.e.,
() =150,

(ii) When f is real-valued with f(x,y) = f(—z,—y), then T,,,(f) are real sym-
metric, i.e.,

£ =508,

(iii) When f is real-valued and even, i.e., f(z,y) = f(|z],|y|), then Tp,,(f) are
level-2 symmetric, i.e.,

() =1 ().

Let Caorxar denote the space of all 2r-periodic (in each direction) continuous
real-valued functions f(x,y). The following theorem gives the relation between the
values of f(z,y) and the eigenvalues of T,,,(f). Although its proof is similar to
that of Theorem 1.12, we give it here for completeness.

Theorem 5.7. Let Ty,, be a BTTB matriz with a generating function f(x,y) €
Caorxar- Let Amin(Timn) and Amax(Tmn) denote the smallest and largest eigenvalues
of Tinn, respectively. Then we have

fmin S )\min(Tmn) S )\max(Tmn) S fmaxa

where fimin and fmax denote the minimum and mazimum values of f(x,vy), respec-
tively. In particular, if fumin > 0, then T,,, is positive definite.
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Proof. Let
v = (v(()o), (0 ), e 7(10)171)(()1), e ,vém_l), e ,vfﬁf”)T e C™m,
Then we have
m 1n—1
VT nVv = o) / / Z (1) g —i(jztky) ’ fz, y)dzdy. (5.22)
—T =0 k=0

Since fmin < f(2,9) < fmax for all z and y, we have by (5.22),
fmin S V*Tmnv S fmaxa

provided that v satisfies the condition

w /. ]

Therefore, we have by the Courant—Fischer minimax theorem,

fmm < )\mm( mn) < )\max(Tmn) < fmax- O

m—1n—1 ) 2
Z U](Cj)e_i(jwrky) dxdy = 1.
§=0 k=0

Now we are going to analyze the convergence rate of the PCG method. We
consider f(z,y) in the Wiener class, i.e.,

Z Z|t ] < 0.

Jj=—00 k=—o0

We remark that the Wiener class is a proper subset of Coyxor.

5.3.1 Convergence rate of c(l)(Tmn)

Let
s(Tw)  s(Tn) - s(Ta-m)
0 s(Tw)  s(Tw) - s(Te-m)
sp’ (Tnn) = ,
$(Tm-1) $(Tm-2) -+ s(To)
where S(T(j)) is Strang’s circulant preconditioner defined as in (2.1) for T(;, |j| <

m — 1. Consider
S (Ton) = To = 9 (Ton) = 89 (Thn) + 82 (Ton) = Tom. (5.23)

By applying the technique used in the proofs of Theorem 2.2 and Lemma 2.8, for
any € > 0, one can prove that

lmp%%##@ﬂ:& (5.24)

n— oo
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where p[-] denotes the spectral radius and
59 (Tun) = Trun = Min + Loy, (5.25)
where M, and Lo(n,) are Hermitian matrices with
| M ll2 < e, rank (Lo(m)) < O(m);
see [21, 55] for details. By (5.23), (5.24), (5.25), and Weyl’s theorem, we immedi-

ately have the following theorem.

Theorem 5.8. Let T, be defined by (5.21) with a generating function f in the
Wiener class. Then for all € > 0, there exists an N > 0 such that for alln > N
and all m > 0, at most O(m) eigenvalues of cg,l)(Tmn) — T, have absolute values
larger than e.

If fmin > 0, by Theorem 5.7 and Theorem 5.2(iv), we then have
O < fmin S Amin(T’nLn) S Amin (Cg)(Tfrnn)) S /\max (Cgrl)(Tnm)) S Amax(jjmn) S fmax~
Hence || (cg)(Tmn))_lﬂz is uniformly bounded. By noting that

(e (Tonn)) ™ T = 1 = (¢’ (Ton)) ™ (€2 (Tonn) = Tun)

we have the following immediate corollary.

-1

Corollary 5.9. Let T,,, be defined by (5.21) with a positive generating function

f in the Wiener class. Then for all € > 0, there exists an N > 0 such that for all
n > N and all m > 0, at most O(m) eigenvalues of (cg)(Tmn))flen — I have

absolute values larger than e.

As a consequence, the spectrum of (cg)(Tmn))_len is clustered around 1
except for at most O(m) outlying eigenvalues which are also bounded. By Theorem
1.10 and Corollary 5.9, when the PCG method is used to solve T;,,u = b, the
convergence rate will be fast. We recall that in Section 5.2.1, the algorithm requires
O(mn log® m + mnlog n) operations in each iteration. Thus, the total complexity
of the algorithm remains O(mn log? m + mnlog n).

5.3.2 Convergence rate of cg};(Tmn)
For the convergence rate of the PCG method with cg)F(T mn), We note that
2 2 (1 (1
C(F,)F (Trn) = Ton = c;“,)F(Tmn) - C%)(Tmn) + C%)(Tmn) — Tnn
= (@ 0 ) (Tonn) = & (Toan) + & (Toun) = Tonn
= ég)(an) + Eg)(LO(m)) + Non + LO(n),
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where My, Nimn, Lo(m), and Lo(y,) are defined similarly as in (5.25) with
[ Mmnll2 <, [ Nmnll2 < €

and
rank (Lo(m)) < O(m), rank (Lo(,)) < O(n).

Note that
~(1 ~(1
1% (M) ll2 < 1827 |2l Monnllz < ([ Monnl2 < .

Also, one can easily show that
rank(ég)([/o(m))) < O(m).
We therefore have the following theorem.

Theorem 5.10. Let T}, be defined by (5.21) with a generating function f in the
Wiener class. Then for all e > 0, there exist M and N > 0 such that for allm > M
and alln > N, at most O(m)+ O(n) eigenvalues of cg)F(Tm ) — Tnn have absolute
values larger than €. 7

When f is positive, by Theorem 5.7 and Theorem 5.6(iii), we have
0 < fmin S Amln(Tmn) S )\min (C(F?,)F(Tmn)) S A1'nax (Cg)F(Tmn)) S A1rr1ax(11’mn) S frﬂax~

Hence || (cg)F(Tmn))AHg is uniformly bounded. By noting that

-1

(e ) T =1 = (2 T) ™ (e To) = )

we then have the following immediate corollary.

Corollary 5.11. Let T,,,, be defined by (5.21) with a positive generating function f
in the Wiener class. Then for all € > 0, there exist M and N > 0 such that for all
m > M and alln > N, at most O(m)+ O(n) eigenvalues of (Cg,)F(Tmn))_len -1

have absolute values larger than e.

As a consequence, the spectrum of (cg)F(Tmn))ilen is clustered around 1
except for at most O(m) 4+ O(n) outlying eiéenvalues which are also bounded. By
Theorem 1.10 and Corollary 5.11, when the PCG method is used to solve T,,,,u = b,
the convergence rate will be fast. We recall that in Section 5.2.2, the algorithm
requires O(mn log mn) operations in each iteration step. Thus, the total complexity
of the algorithm remains O(mnlogmn). Finally, we would like to mention that in
general, BCCB preconditioners for BTTB systems are not optimal in the sense that
the spectra of preconditioned matrices are not clustered around 1 tightly; i.e., the
number of outlying eigenvalues depends on m and n (see [73]).
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5.4 Examples

In this section, we apply the PCG method to level-2 symmetric BTTB systems
Tmnu = b with the diagonals of the blocks T(;) in T, being given by t;j ). Four

different generating sequences were tested:

: () _ 1 o .

(1) )y = T D0k 5 D=0 4 k=0,£1,42,...;

. () _ ! o .

(i) t)y) = T DLk 3 o= 4 k=0,£1,4£2,...;
) 1 .

ty) = k=0,%1,£2,...;

(111) k (‘j‘+1)11+(‘k|+1)117 7 5 ) 5 3

; 1
(v) )= jok=0,£1,42,....

(131 + 1>+ (k[ + 1>

The generating sequences (ii) and (iv) are absolutely summable, while (i) and (iii)
are not. Tables 5.1 and 5.2 show the number of iterations required for convergence.
The right-hand side vector b is chosen again to be the vector of all ones. In all
cases, we see that as m = n increases, the number of iterations remains roughly a

constant for both c(Fl)(Tmn) and cg)F(Tmn).

Table 5.1. Preconditioners used and number of iterations.

Sequence (i) Sequence (ii)
n=m | mn 1 cg) (Tonn) cg)F(Tmn) I cg) (Ton) cg)F(Tmn)
8 64 15 6 7 15 5 7
16 256 28 6 8 27 6 8
32 1024 | 37 6 8 35 6 8
64 4096 | 45 7 9 41 7 9
128 16384 | 49 7 9 46 7 9
256 65536 | 51 7 9 47 7 9
Table 5.2. Preconditioners used and number of iterations.
Sequence (iii) Sequence (iv)
n=m | mn I cg)(Tmn) cg)F(Tmn) I cg)(Tmn) cg)F(Tmn)
8 64 11 7 7 10 7 7
16 256 27 7 8 16 7 7
32 1024 43 8 8 23 8 8
64 4096 71 8 9 31 8 8
128 16384 | 104 8 9 36 8 8
256 65536 | 147 8 9 42 8 8
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The MATLAB programs generating Tables 5.1 and 5.2 are given in A.8-A.19.
To use them, one just has to run the main program A.8. It will prompt for the
input of four parameters: m and n, the size of the BT'TB matrix T,,,; pchoice, the
choice of the preconditioner (either 0 for I, 1 for c%)(Tmn)7 or 2 for cg)F(Tmn));
and fchoice, the generating sequence used with 1 for (i), etc.






Appendix A

M-files used in the book

In this appendix, Professor Fu-Rong Lin has kindly provided the MATLAB pro-
grams used for the numerical examples in this book. The interested readers could
study these codes and alter them as needed for their own purposes. For a general
guide of MATLAB implementations, we refer readers to [48].

Though the programs are explained in the main text, for readers’ convenience,
we give some brief explanations here. The programs A.1-A.7 are used for solving
Toeplitz systems in Sections 2.5, 3.5, and 4.4. To use them, one just has to run the
main program A.1. It will prompt for the input parameters to run the tests in those
sections. Program A.2 is used to generate the first column of Toeplitz matrices; and
A.3 computes the eigenvalues of circulant matrices. The code of the PCG method is
provided in A.5. In each iteration of the PCG method, we are required to solve the
preconditioned system and compute the multiplication of a Toeplitz matrix with a
vector. They are done by A.6 and A.7, respectively. Program A.4 computes the
coefficients of the generalized Jackson kernel K, o, defined in (4.2).

The programs in A.8-A.19 are used for solving BTTB systems. To use them,
run the main program A.8. The programs in A.9 and A.10 generate the first column
and/or the first row of each block of BTTB matrices. The program in A.11 computes
the eigenvalues of BCCB matrices. Programs A.12, A.14, and A.18 contain the

codes of the PCG method with no preconditioner, the CB preconditioner cg) (Tonn)s

and the BCCB preconditioner c;ﬂ%)F(Tnm)7 respectively. The programs for computing

the eigenvalues of preconditioners cg)(Tmn) and cg)F(Tmn) are in A.13 and A.17,
respectively. In each iteration of the PCG method, we use A.15 and A.19 to solve
the preconditioned system (5.18) and (5.19), respectively. Finally, A.16 multiplies
a BTTB matrix with a vector.

85
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Toeplitz Systems

A.l

% The main program for solving Toeplitz systems T\bu = {\bf b}.

clear % release all variables from the MATLAB workspace

tol = 1.0e-7; % the tolerance for the PCG method

it_max = 4000; Y% the maximum number of iterations for the PCG method

n = input(’input the size of the Toeplitz system n: ’);
disp(’choice of preconditioners: ’);
disp(’0: no preconditioner’);

disp(’1: T. Chan preconditioner’);

disp(’2: Strang preconditioner’);

disp(’3: R. Chan preconditioner’);

disp(’4: Modified Dirichlet kernel’);
disp(’5: de la Vallee Poussin kernel’);
disp(’6: von Hann kernel’);

disp(’7: Hamming kernel’);

disp(’8: Bernstein kernel’);

disp(’9: Generalized Jackson kernel, r=2’);
disp(’10: Generalized Jackson kermel, r=3’);
disp(’11: Generalized Jackson kernel, r=4’);
disp(’12: superoptimal preconditioner’);

pchoice = input(’input a preconditioner (pchoice): 0712: ’);
fprintf(’\n’);

disp(’choice of entries for Toeplitz matrices: ’);
disp(’1: for results in Table 2.17);

disp(’2: for results in Table 3.37);

disp(’3: for results in Table 3.47°);

disp(’4: for results in Table 4.1 with f(x)=x"4+1’);
disp(’5: for results in Table 4.1 with f(x)=[x|"3+0.01°);
disp(’6: for results in Table 4.2 with f(x)=x"2");

disp(’7: for results in Table 4.2 with f(x)=x"2(pi~4-x"4)’);
disp(’8: for results in Table 4.3 with f(x)=x"4");

disp(’9: for results in Table 4.3 with f(x)=x"4(pi~2-x"2)’);

disp(’10: for results in Table 4.4 with f(x)=|x["3");
disp(’11: for results in Table 4.4 with f(x)=sigma-0.3862);

fchoice = input(’input an example (fchoice): 1711: ’);

t = kern(n,fchoice); % t is the first column of the Toeplitz matrix T
ones(n,1); % the right-hand side vector b

o’
I



A2

87

[gev,ev] = genevs(t,pchoice);
ig = zeros(nm,1);

u = pcg(gev,ev,b,ig,tol, it_max);

A.2

function t = kern(n,fchoice)

% compute the eigenvalues; see
% the initial guess

% call the PCG method

% kern generates the first column of Toeplitz matrix T

% depending on fchoice.

% n: the size of the Toeplitz matrix T;

% fchoice = 1:
% fchoice
% fchoice =

4 to 9:

example for Chapter 2;
2 and 3: examples for Chapter 3;
examples for Chapter 4;

% t: the first column of the Toeplitz matrix.

t = zeros(1,n);

=2;

if fchoice
t(1)

t(2:n) = (1+sqrt(-1))./((2:n)."1.1);

elseif fchoic

i = sqrt(-1);
t(1) = 4.2;
k = 1:n-1;
t(2:n) = (exp(ix*k.*log(k)))./k;
elseif fchoice ==
i = sqrt(-1);
t(1) = 6.5;
k = 1:n-1;
t(2:n) = (exp(ixk.*log(k)))./sqrt(k);
elseif fchoice == % f(x) = x"4+1;
pi2 = pixpi;
k = (1:n-1).72;
t(1) = pi2*pi2/5 + 1;
t(2:n) = (4%pi2-24./k)./k;
t(2:2:n) = -t(2:2:n);
elseif fchoice == % £(x) = |x|°3+0.01;
k = (1:n-1).72;
tpl = ones(1,n-1); tp1(1:2:n-1) = -1;
tp2 = zeros(1,n-1); tp2(1:2:n-1) = 12;
t(1) = 1/4*pi~3+0.01;
t(2:n) = ((3*pi)*tpl)./k+(tp2/pi)./(k."2);
t(2:n) = (3*pixtpl+(tp2/pi)./k)./k;

A.3
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elseif fchoice == % £f(x) = x72;
t(1) = pi*pi/3;
t(2:n) = 2./((1:n-1).72);
t(2:2:n) = -t(2:2:n);
elseif fchoice == % £(x) = x"2(pi~4-x74);
pi2 = pixpi; pi4 = pi2xpi2;
tp = 194.8181820680048-6%*pi4;
k = (1:n-1)."2;
t(1) = -1/7*pi2*pi4+32.46969701133414%pi2;
t(2:n) = ((-720./k+pi2%120)./k+tp)./k;
t(2:2:n) = -t(2:2:n);
elseif fchoice == % £f(x) = x74;
pi2 = pix*pi;
k = (1:n-1).72;
t(1) = pi2*pi2/5;
t(2:n) = (4*%pi2-24./k)./k;
t(2:2:n) = -t(2:2:n);
elseif fchoice == % £(x) = x"4(pi~2-x72);
pi2 = pixpi; pi4 = pi2*pi2;
k = (1:n-1).72;
t(1) = (-1/7*pi2+1.97392088021787) *pi4d;
cl = 39.47841760435743*pi2-6%pi4;
c2 = 120*pi2-236.8705056261446;
t(2:n) = ((-720./k+c2)./k+cl)./k;
t(2:2:n) = -t(2:2:n);
elseif fchoice == 10 ¥ f(x) = [x["3;
k = (1:n-1).72;
tpl = ones(1,n-1); tp1(1:2:n-1) = -1;
tp2 = zeros(1,n-1); tp2(1:2:n-1) = 12;
t(1) = 1/4%pi~3;

t(2:n) = ((3*pi)*tpl)./k+(tp2/pi)./(k."2);
£(2:n) = (3*pixtpl+(tp2/pi)./k)./k;
elseif fchoice == 11 ¥ f(x) = sigma-0.3862;

t(1) = 0.6138;
m = min(n,1024);
t(2:m) = 1./(1+(1:m-1));
end
A.3

function [gev,ev] = genevs(t,pchoice)

% genevs computes the eigenvalues of the circulant matrix in which T
% is embedded and the eigenvalues of circulant preconditioner C.
% t: the first column of the Toeplitz matrix T;

% pchoice: choice of preconditioner;
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% gev:
A

% ev:

n
t1
gev

if pchoice

the eigenvalues of the circulant matrix in which
the Toeplitz matrix T is embedded;
the eigenvalues of the circulant preconditioner C.

length(t);
conj(t(n:-1:2)); % last column of T
real (fft([t O t1].7));

== % T. Chan’s preconditioner

coef = 1/n:1/n:1-1/n;

ev = fft ([t (1) (1-coef).*t(2:n)+coef.*t1])’;
elseif pchoice == % Strang’s preconditioner.

ev = fft([t(1:n/2) 0 conj(t(n/2:-1:2))1.°);
elseif pchoice == 3 % R. Chan’s preconditioner

ev = fft([t(1) t(2:n)+t1].7);
elseif pchoice == % Modified Dirichlet kernel

c = [t(1) t(2:n)+t1].7;

c(2) = c(2)-0.5%t1(1);

c(n) = c(n)-0.5%xt(n);

ev = fft(c);
elseif pchoice == % de la Vallee Poussin kernel

c = zeros(1,n);

c(D) = t(1);

m = floor(n/2);

c(2:m+1) = (1:m).*conj(t(2#m:-1:m+1))/m+t(2:m+1);

c(m+2:2*m) = (m-1:-1:1).*%t(m+2:2%m)/m+conj(t(m:-1:2));

ev = fft(c)’;
elseif pchoice == 6 ¥ von Hann kernel
tp = pi/(2*n);
coef = (cos(tp:tp:(n-1)*tp))."2;
c = [t (1) coef.*t(2:n)+(1-coef) .*t1];
ev = fft(c)’;
elseif pchoice == 7 7} Hamming kernel
tp = pi/(2*n);
coef = (cos(tp:tp: (n-1)*tp))."2;
c = [t(1) 0.46*(coef.*t(2:n)+(1-coef) .*t1)+0.54x(t(2:n)+t1)];
ev = fft(c)’;
elseif pchoice == % Bernstein kernel
tp = pi/n;
coef = 0.5*%(1+exp((tp:tp: (n-1)*tp)*1i));
c = [t(1) coef.*t(2:n)+(1-coef).*tl1];
ev = fft(c)’;
elseif pchoice == % Generalized Jackson kernel: r = 2
coef = convol(n,?2);
c = [t(1)*coef (1) coef(2:n).*t(2:n)+coef(n:-1:2) .*t1];
ev = fft(c)’;
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elseif pchoice == 10 ¥ Generalized Jackson kernel: r = 3
coef = convol(n,3);
c = [t(1)*coef (1) coef(2:n).*t(2:n)+coef(n:-1:2) .*t1];
ev = fft(c)’;
elseif pchoice == 11 Y% Generalized Jackson kernel: r = 4
coef = convol(n,4);
c = [t(1)*coef (1) coef(2:n).*t(2:n)+coef(n:-1:2).%t1];
ev = fft(c)’;
elseif pchoice == 12 ¥ Superoptimal preconditioner
h = zeros(n,1); % h: first column of the circulant part
s = zeros(n,1); % s: first column of the skew-circulant part
h(1) = 0.5%xt(1);
s(1) = h(1);
t =t.7;
t1 =t1.’;
h(2:n) = 0.5%(t(2:n) + t1);

s(2:n)

t(2:n)-h(2:n);

evl = fft(h);

coef = (1:-2/n:2/n-1)7;

c = coef.*s;

% first column of T. Chan’s preconditioner
% for the skew-circulant part

ev2 = fft(c);

d = (exp((0:1/n:1-1/n)*pi*i)).’;

s = s.*xd;

sev = fft(s); J eigenvalues of the skew-circulant part
sev = sev.*conj(sev);

s = ifft(s);

s = conj(d).x*s;

h = coef.*s;

evd = fft(h);

ev = (abs(evl). 2 + 2%evl.*ev2+ev3)./evl;
elseif pchoice ==

ev = ones(n,1);
end
ev = real(ev);

A4

function coef = convol(n,r)
% convol computes the coefficients for the generalized Jackson kernel.
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% K_{m,2r}, see (4.2).

% n: the size of the Toeplitz matrix T;

% r: 2, 3, or 4;

% coef: the coefficients {b_k~(m,r):|k|l<=r(m-1)} of
% the generalized Jackson kernel K_{m,2r}.

m = floor(n/r);
a 1:-1/m:1/m;

r0 = 1;
coef = [a(m:-1:2) al;
while rO < r
M = (2%r0+3)*m;
bl = zeros(M,1);
c = zeros(M,1);
c(1:m) = a;
c(M:-1:M-m+2) = a(2:m);
bl(m:m+2*xr0*x(m-1)) = coef;
tp = ifft(£ft(b1).*fft(c));
coef = real(tp(1:2%(r0+1)*(m-1)+1));
r0 = r0+1;
end
M = rx(m-1)+1;
coef [coef(M:-1:1)’ zeros(1l,n-M)]’;
coef coef’;

A.5

function u = pcg(gev,ev,b,ig,tol,it_max)
% pcg uses PCG to solve the Toeplitz system Tx=b with circulant
% preconditioner C.

% gev: the eigenvalues of the circulant matrix in which
% the Toeplitz matrix T is embedded, see A.3;

% ev: the eigenvalues of the circulant preconditioner C
% which depend on the choice of preconditioner, see A.3;
% b: the right-hand side vector b;

% ig: the initial guess;

% tol: the tolerance;

% it_max: the maximal number of iteratiomns;

% u: the output solution.

r = b-tx(ig,gev);

u = ig;

aa = norm(r);

t1 =1;
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d = zeros(length(b),1);
iter = 1;
e(1) = aa;

fprintf (’\n at step %1.0f, residual=Ye’, iter-1, e(iter));

while iter < it_max & e(iter)/e(1) > tol,

z = cinvx(r,ev);
tlold = ti1;

t1 = z'%r;

beta = t1/t1o0ld;
d = z+betaxd;
s = tx(d,gev);
suma = d’*s;

tau = t1/suma;

u = uttauxd;

r = r-taux*s;
iter = iter+i;

e(iter) = sqrt(r’*r);
fprintf (’\n at step %1.0f, relative residual = %e’,...
iter-1,e(iter)/e(1));

end
if (iter == it_max),

fprintf (’\n Maximum iterations reached’);
end

A.6

function y = cinvx(d,ev)

% cinvx solves the preconditioning (circulant) system Cy=d.
% d: the right-hand side vector;

% ev: the eigenvalues of the circulant matrix C;

% y: the output vector.

y = ifft(££t(d)./ev);

if norm(imag(y)) < 1.0e-14 % check if v is real
y = real(y);

end

A7

function y = tx(v,gev)

% tx multiplies the Toeplitz matrix T with a vector v.
% ov: the vector to be applied;

% gev: the eigenvalues of the circulant matrix

% in which T is embedded, see A.3;
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% y: the result of the multiplication.

n = length(v);

y = zeros(2*n,1);

y(1l:n) = v;

y = ifft(£ft(y) .*gev);

y = y(1:n);

if norm(imag(y)) < 1.0e-14 ¥ check if y is real
y = real(y);

end

BTTB Systems

A.8

% The main program for solving BTTB systems T_{mn}u = b.
clear % release all variables from the MATLAB workspace
m = input(’input the number of blocks m: ’);

n = input(’input the size of each block n: ’);

disp(’choice of preconditioners: ’)
disp(’0: No preconditioner’);
disp(’1: CB preconditioner’);
disp(’2: BCCB preconditioner’);

pchoice = input(’input a preconditioner (pchoice): 0, 1, 2: ’);

fprintf (’\n’);
disp(’choice of sequences: ’);

disp(’1: Sequence (i) in Table 5.1°);
disp(’2: Sequence (ii) in Table 5.17°);
disp(’3: Sequence (iii) in Table 5.27);
disp(’4: Sequence (iv) in Table 5.27);

fchoice = input(’choice an example (fchoice): 174: ’);

ig = zeros(m*n,1); % the initial guess
b = ones(m*n,1); % the right-hand side vector
t = fcolrow(m,n,fchoice); % the first columns and first rows
% of each block of T_{mn}; see A.9.
tev = gentev(t); % the eigenvalues of the BCCB matrix

% in which T_{mn} is embedded; see A.11
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tol = 1.e-7;
if pchoice ==

% call CG method without any preconditioner
u = cg(b,ig,tev,tol);

end

if pchoice ==

ev = genllev(t);

% call PCG method with the CB preconditioner
u = pcgli(b,ig,tev,ev,tol);

end

if pchoice ==

ev = genl2ev(t);

% call PCG method with the BCCB preconditioner
u = pcgl2(b,ig,tev,ev,tol);

end

A9

function t = fcolrow(m,n,fchoice)

% fcolrow generates the first columns and first rows of each block of
% the BTTB matrices T_{mn}. This program can also be used for

% nonsymmetric BTTB matrices.

% m: the number of blocks;

% n: the size of each block;

% fchoice: the choice of generating function;

% t: (2n)-by-(2m) matrix consists of first columns and first rows

% of the blocks of the BTTB matrix. Each column of t contains
YA the first column and first row of a Toeplitz block.
ml = 2*m; nl = 2x%n;

t

zeros(mi,nl1)

for i = O0:m-1,
for j = 0:n-1,
t(i+1,j+1)
end
end

for i = m+1:mi1-1,
for j = O0:n-1,
t(i+1,j+1)
end
end

>

kern(-i,-j,fchoice);

kern(ml-i,-j,fchoice);
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for i = 0:m-1,
for j = n+l:nl1-1,
t(i+1,j+1) = kern(-i,nl-j,fchoice);
end
end

for i = m+1:mi1-1,
for j = n+l:nl1-1,
t(i+1,j+1) = kern(ml-i,nl-j,fchoice);
end
end

A.10

function y = kern(k,j,fchoice)

% kern computes the (j,1) entry of the (k,1) block of the
% BTTB matrix T_{mn}.

% fchoice: the choice of generating function;

% y: the output entry.

j = abs(j); k = abs(k); % for double symmetric BTTB matrix

if fchoice == 1, % Sequence (i)
y = 1./((G+1)*(k+1) " (1.1+0.1%3));
elseif fchoice == 2, % Sequence (ii)
v o= 1. /(G "1 1% (k+1) " (1.140.1%5)) ;
elseif fchoice == 3, ¥ Sequence (iii)
y =1./((G+1)"1.1+(k+1)"1.1);
elseif fchoice == 4, % Sequence (iv)
y = 1./((G+1)"2.1+(k+1)"2.1);
end

A.11

function tev = gentev(t)

% gentev computes eigenvalues of the BCCB matrix in which
% the BTTB matrix T_{mn} is embedded;

% t: the matrix generated by fcolrow.m, see A.9;

% tev: the output eigenvalues of the BCCB matrix.

tev = £fft2(t);
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A

12

function u = cg(b,ig,tev,tol)

b
)
A
b

cg uses the CG method for solving T_{mn}u=b without any preconditioner.
b: the right-hand side vector;

ig: the initial guess for the CG method;

tev: the eigenvalues generated by gentev.m, see A.11;

tol: the tolerance;

u: the output solution.

mmax = 1000; 7% the maximal number of iterations

u = ig;
r = b-tx(tev,u);
e(1) = norm(r);
fprintf (°’\n Initial residual = Y%e’,e(1));
iter = 1;
t1 =1.0;
d = zeros(length(ig),1);
while iter < mmax & e(iter)/e(1l) > tol,
z =r;
tlold = t1;
t1 = z’%r;
beta = t1/t1o0ld;
d = z+betaxd;
s = tx(tev,d);
suma = d’*s;
tau = t1/suma;
u = ut+tauxd;
r = r-tau*s,;
iter = iter+i;

e(iter) = norm(r);
fprintf (°’\n at step %1.0f, relative residual = %e’,...
iter-1,e(iter)/e(1));

end

if

(iter == mmax),
fprintf (’\n Maximum iterations reached’);

end

A.13

function ev = genllev(t)

A
b
b

ev computes eigenvalues of circulant blocks of the CB preconditiomer.
t: the matrix generated by fcolrow.m, see A.9;
ev: n-by-(2m) matrix, each column consists of eigenvalues of a
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% circulant block.
[n,m] = size(t);

n =n/2;

ev = zeros(n,m);
v = zeros(n,m);

v(l,:) = t(1,:);
for i = 2:n,
v(i,:) = ((-GE-1))*t(1,:)+(@A-D*t(n+i,:))/n;
end
ev = fft(v);

A.14

function u = pcgli(b,ig,tev,ev,tol)

% pcgll uses the PCG method for solving T_{mn}u=b with the
% CB preconditioner.

% b: the right-hand side vector;

% ig: the initial guess;

% tev: the matrix generated by gentev.m, see A.11;

% ev: the matrix generated by genllev.m, see A.13;

% tol: the tolerance;

% u:  the output solution.

mmax = 1000; 7% the maximal number of iterations
u = ig;

r = b-tx(tev,u);
e(1) = norm(r);
fprintf(’\n Initial residual = %e’,e(1));

iter = 1;
t1 = 1.0;
d = zeros(length(ig),1);

while iter < mmax & e(iter)/e(1) > tol,

z = licinvx(ev,r);
tlold = t1;

t1 = z’%r;

beta = t1/t10ld;

d = z+betaxd;

s = tx(tev,d);
suma = d’*s;

tau = t1/suma;

u = u+tauxd;

r = r-tau*s;
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iter = iter+i;

e(iter) = norm(r);

fprintf(’\n at step %1.0f, relative residual = %e’,...
iter-1,e(iter)/e(1));

end
if (iter == mmax),

fprintf (’\n Maximum iterations reached’);
end

A.15

function y = licinvx(ev,d)

% llcinvx solves the preconditioning system Cy=d with
% CB preconditioner.

% ev: the matrix generated by genllev.m, see A.13;

% d: the right-hand side vector;

% y: the output solution.

[n,m] = size(ev);

m =m/2;

rex = reshape(d,n,m);
rex = fft(rex);

for i = 1:n,
A = toeplitz(ev(i,1:m),[ev(i,1),ev(i,2*m:-1:m+2)]);
rex(i,:) = (A\((rex(i,:))’))’;
% We may solve the Toeplitz systems by the PCG methods or
% by fast direct methods

end
rex = ifft(rex);
y = reshape(rex,m*n,1);

A.16

function y = tx(tev,v)

% tx multiplies the BTTB matrix T_{mn} with vector v.
% tev: the matrix generated by gentev.m, see A.11;

% y:  the output vector.

[n1,m1] = size(tev);
m = ml/2;

n = nl/2;
v = reshape(v,n,m);
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ev = zeros(nl,ml);
ev(l:n,1:m) = v;

= fft2(ev);

= tev.xy;

ifft2(y);

= y(1l:n,1:m);

= reshape(y,m*n,1);

WY« <
]

A.17

function ev = genl2ev(t)

% genl2ev computes eigenvalues of the BCCB preconditioner.
% t: the matrix generated by fcolrow.m, see A.9;

% ev: all eigenvalues of the BCCB preconditioner.

[n,m] = size(t);
n =n/2;
v = zeros(n,m);

v(l,:) = t(1,:);
for i = 2:n
1) =

v(i, ((n-(G1-1)*t(i,:)+(G-1)*t(n+i,:))/n;

v = fft(v); % CB eigenvalues.

J .

v =v.’;
m = m/2;
ev(l,:) (13:);

=v
for i = 2:m

ev(i,:) = ((@-(GA-1))*v(i,:)+(@-D*v(m+i,:))/m;
end

if min(n,m) >= 2
ev = fft(ev);

end

ev = ev.’;

A.18

function u = pcgl2(b,ig,tev,ev,tol)

% pcgl2 uses PCG method for solving T_{mn}u=b with the
% BCCB preconditioner.

% b: the right-hand side vector;

% ig: the initial guess;



100 Appendix A. M-files used in the book

% tev: the matrix generated by gentev.m, see A.11;
% ev: the matrix generated by genl2ev.m, see A.17;
% tol: the tolerance;

% u:  the output solution.
mmax = 1000; % the maximal number of iterations.
u = ig;
r = b-tx(tev,u);
e(1) = norm(x);
fprintf (°’\n Initial residual = %e’,e(1));
iter = 1;
t1 =1.0;
d = zeros(length(ig),1);
while iter < mmax & e(iter)/e(1) > tol,
z = 12cinvx(ev,r);
tlold = t1;
t1 = z'%r;
beta = t1/tlold;
d = z+betaxd;
s = tx(tev,d);
suma = d’*s;
tau = t1/suma;
u = uttauxd;
r = r-taux*s;
iter = iter+i;

e(iter) = norm(r);

fprintf (’\n at step %1.0f, relative residual = %e’,...

iter-1,e(iter)/e(1));
end

if (iter == mmax),
fprintf (’\n Maximum iterations reached’);
end

A.19

function y = 12cinvx(ev,d)

% 12cinvx solves the preconditioning system Cy=d for the
% BCCB preconditioner.

% ev: the matrix generated by genl2ev.m, see A.17;

% d: the right-hand side vector;

% y: the output solution.
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[n,m] = size(ev);

rex = reshape(d,n,m);
rex = fft2(rex);

rex = rex./ev;

rex = ifft2(rex);

y = reshape(rex,n*m,1);
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superlinear, 10

superoptimal circulant preconditioner,
26

superoptimal preconditioner, 24

symmetric matrix, 4

tensor product, 69
theorem
Cauchy’s interlace, 5, 69
Courant—Fischer minimax, 4, 14,
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Grenander—Szegd, 13, 24, 27, 36,
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singular value decomposition, 5
spectral, 4, 8
Weierstrass approximation, 35
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Toeplitz matrix (system), 1
transform
fast cosine, 29
fast Fourier, 11-12, 32, 48, 76
fast Hartley, 29
fast sine, 29

unitary matrix, 4
von Hann (kernel), 40, 42

Weierstrass approximation theorem,
35

well-conditioned, 7

Weyl’s theorem, 5, 10, 19, 20, 36, 60,
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Wiener class, 17, 79



