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Abstract.

We study the convergence of GMRES [14] for linear algebraic systems with normal
matrices. In particular, we explore the standard bound based on a min-max approxi-
mation problem on the discrete set of the matrix eigenvalues. This bound is sharp, i.e.
it is attainable by the GMRES residual norm [4, 8]. The question is how to evaluate or
estimate the standard bound, and if it is possible to characterize the GMRES-related
quantities for which this bound is attained (worst-case GMRES). In this paper we
completely characterize the worst-case GMRES-related quantities in the next-to-last
iteration step and evaluate the standard bound in terms of explicit polynomials involv-
ing the matrix eigenvalues. For a general iteration step, we develop a computable lower
and upper bound on the standard bound. Our bounds allow to study the worst-case
GMRES residual norm in dependence of the eigenvalue distribution. For hermitian
matrices the lower bound is equal to the worst-case residual norm. In addition, numer-
ical experiments show that the lower bound is generally very tight, and support our
conjecture that it is to within a factor of 4/7 of the actual worst-case residual norm.
Since the worst-case residual norm in each step is to within a factor of the square root
of the matrix size to what is considered an “average” residual norm, our results are of
relevance beyond the worst case.
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min-max problem
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1 Introduction

Convergence analysis of GMRES [14] has been an active area of research since
the algorithm’s introduction, and numerous papers have been devoted to this
subject, see e.g. [3, Chapter 3] and [10, Section 5.2] for surveys of results. When
the system matrix is normal, the earliest upper bound on the GMRES residual
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norms (henceforth called the “standard bound”) represents a certain min-max
approximation problem on the set of the matrix eigenvalues [14, Proposition 4].
Being independent of the initial residual, the standard bound is in fact a bound
on the “worst-case” GMRES residual norms for the given system matrix. For
normal matrices the standard bound has been shown to be sharp in the sense
that for each GMRES iteration step there exists an initial residual (depending
on the matrix and the iteration step) for which the bound is attained [4, 8]. In
addition, for normal matrices the worst-case GMRES and the “average” GMRES
behavior agree to within a factor of n'/2 (n = matrix size). By average behavior
we here mean that GMRES is started with an initial residual having components
in the matrix eigenvectors of approximately equal size (see Section 5 for details).

The sharpness of the standard bound and its closeness to the average case
sometimes lead to the impression that the GMRES convergence behavior for
normal matrices is fully understood. However, two major problems still remain
open. First, the solution of the min-max approximation is unknown (except for
special cases), and its known estimates based on only a few properties of the
matrix (such as the condition number) are often misleading. Second, in many
practical applications the initial residual is not “average”, and a systematic study
of the consequences for the GMRES convergence needs yet to be performed.

This paper is devoted to the first of the two problems, as its solution appears
to be a prerequisite for studying the second. To this end it is of great interest
to characterize the min-max approximation problem in terms of easily compre-
hensible expressions involving the matrix eigenvalues as well as to determine the
initial residuals for which the standard bound is attained. Several results in this
direction have been previously obtained in the literature. For (real) symmetric
positive definite matrices, the initial residuals leading to the worst-case residual
norm are completely characterized in [2, Section 2]. The analysis in [2] is based
on classical results of approximation theory. In particular, in case of a symmetric
positive definite matrix, the polynomial that solves the approximation problem
on the matrix eigenvalues (i.e. the one for which the standard bound is attained)
is the well-known min-max polynomial on a discrete set of real points (here the
matrix eigenvalues). The result of [2] is derived in the context of the conjugate
gradient method and can be applied in the GMRES context and to all com-
plex hermitian matrices. A special case of this result (which in particular also
assumes that the eigenvalues are real) is proved in [17] by solving a constraint
optimization problem using Lagrange multipliers. The related paper [18] gives
necessary and sufficient conditions on the eigenvalues of normal matrices so that
there exists an initial residual for which GMRES stagnates throughout the itera-
tion (called “complete stagnation” of GMRES). For any normal matrix satisfying
these conditions the authors give formulas based on the matrix eigenvalues for
all initial residuals that lead to complete stagnation [18, Theorem 3.1]. The
complete stagnation obviously represents a special case of worst-case GMRES
convergence behavior.

General bounds on the GMRES residual norms for normal matrices that de-
pend on the matrix eigenvalues and the initial residual are derived in [7]. The



THE WORST-CASE GMRES FOR NORMAL MATRICES 3

main tool in this analysis is a factorization of the Krylov matrix. Using a sim-
ilar starting point as in [7] we characterize the quantities in the next-to-last
GMRES iteration step for normal matrices ((n — 1)st step in case of an n by n
matrix having n distinct eigenvalues) in terms of the initial residual and explicit
polynomials involving the matrix eigenvalues. We give numerical illustrations of
our analytic formulas that show how GMRES behaves for different eigenvalue
distributions. Based on these results we completely characterize the worst-case
GMRES quantities in the next-to-last iteration step. Then we analyze the worst-
case GMRES residual norm in a general iteration step and develop a lower bound
on this quantity. In case of hermitian matrices our results are the same as in [2,
Section 2], but with a different proof. For the general (normal) case our results
complement the existing literature. We prove that our lower bound is to within
a factor of (at most) the order n to the actual worst-case residual norm. Fur-
thermore, we conjecture that this bound is much more tight (namely to within
a constant factor), and give supporting numerical evidence.

The paper is organized as follows. In Section 2 we develop the basic tools
needed for our general analysis in Section 3. Numerical examples studying the
closeness of the lower bound to the standard bound are given in Section 4, and
a concluding discussion in Section 5 closes the paper.

Throughout the paper we assume exact arithmetic.

2 Basic concepts

In this section we define and develop the basic tools needed for our analysis.
Let a linear system

(2.1) Az = b,

with a nonsingular and normal matrix A € C"*™ and b € C" be given. Fur-
thermore, let A = QAQY be the eigendecomposition of A, where Q#Q = I,
A = diag(A1,...,An), and let L = {\1,..., A} denote the set of all eigenvalues
of A. To avoid unnecessary technical complications we will assume throughout
this paper that all eigenvalues of A are distinct.

Suppose that we solve (2.1) with GMRES [14]. Starting from an initial guess
Zg, this method computes the initial residual rg = b — Axy and a sequence of

iterates x1,xa,..., so that the ith residual r; = b — Ax; satisfies
(22) [rill = llpi(A) roll = min [[p(A)roll,
pPET;
where 7; denotes the set of polynomials of degree at most 7 and with value one
at the origin, and || - || denotes the 2-norm. We parameterize the initial residual
o by
(23) ro = Q[Q17~~-59n]T7
so that

(2.4) ri = pi(A)ro = Qpi(M)or,--,pi(An)en]”
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and (2.2) can be written in the form
1/2

(25) Il = min {37 IOy i
j=1

It is well-known that for each GMRES iteration step 7 and each initial residual

ro with at least 7 4+ 1 nonzero coordinates g;, there exists a unique polynomial

p; € m; that solves (2.5). This p;(A) is called the ith GMRES polynomial.
Similar to [7, 17, 18], we start with a factorization of the Krylov matrix,

(2.6) Ki1 = [ro, Arg, ..., Alrg]

for some ¢, 0 <i <n —1. We denote D = diag(o1,...,0n), and
1 A - )\i

(2.7) Vier = | 1 :
1 A, - P\

Then K;11 = QDV;11, and the Moore-Penrose generalized inverse of K,y is
given by K| = (DViy1)"Q¥. If rank(D) > i + 1, then K, has full column
rank, and GMRES does not terminate before the step 7 + 1. In this case, as
shown in [7, Theorem 2.1], see also [11, Theorem 2.1], the ith GMRES residual

satisfies

Irill® (K )™ e
H
||7“i|\2Q [(DVz‘+1)+] €1,

where e; = [1,0,...,0]”. Comparing (2.4) and (2.8) shows that

Ti

(2.8)

H .
(2.9) piA) e = lIrill® [(DVie)* ]S, 7 = 1.,

where [(D‘/;Jrl)*]fl denotes the jth entry in the first column of [(DViH)ﬂH.
Note that (2.9) gives the complete correspondence between the ith GMRES poly-
nomial, the ith GMRES residual norm, the coordinates of 7y in the eigenvectors
of A, and the eigenvalues of A. To understand fully the behavior of GMRES for
normal matrices it would be desirable to have a general formula for the entries
in the first column of [(DVj41)*]”. However, such a formula is for a general
value of ¢ unknown. In the following subsection we will study the special case
i =mn — 1, in which (2.8)—(2.9) can be significantly simplified.

2.1 The (n—1)st GMRES step

Without loss of generality we restrict our analysis in this subsection to vectors
ro with nonzero coordinates g;, j = 1,...,n. In case d > 1 coordinates o, are
zero, the corresponding eigencomponents do not play any role for GMRES, and
hence the formulas for s = n — 1 derived below will hold for ¢ = n —d — 1. Since
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0; # 0 for all j, GMRES terminates, i.e. computes the solution z, exactly in
step n, and its residual norms satisfy

(2.10) [roll = llrall = ... = llra—all >[Il = 0.

In the step i = n — 1, the Vandermonde matrix V,, is square and invertible (all
eigenvalues are distinct). Then [(DV,,)*]# = D=HV ~H and (2.8) is equivalent
to

(2.11) a1 = |lrna]?QD™HV, Hey .

Formulas for the entries of an inverse Vandermonde matrix are well known, see
e.g. [6, Chapter 21.1.]. In general, the jth entry in the mth column of the matrix
V=T is the coefficient of the jth Lagrange polynomial,

(2.12) L =] Ak _A_

k=1 Ak = Aj
oy
corresponding to A™~ m = 1,...,n. Hence the first column of V7 is given

by the complex conjugates of the constant terms of the I;(\), i.e.

H
(213) Vifey = [1(0),...,1,(0)]" = f[ e ﬁ Ak
n ) ? - )\k _ )\17 7k:1 )\k _ )\n
k#1 k#n

The following theorem explains how the (n —1)st GMRES residual and iteration
polynomial depend on the eigenvalue distribution of A (represented by the values
1;(0)) and how on the initial residual r¢ (represented by the coordinates g;).

THEOREM 2.1. Suppose that GMRES is applied to the system (2.1) with the
normal matrix A € C™*" having n distinct eigenvalues, and that ro is param-
eterized by (2.3) with o; # 0 for all j. Then the norm of (n — 1)st GMRES
residual 7,1 satisfies

—1/2
n

(2.14) Iracall = | 32

j=1

L) [

Qj

and the (n — 1)st GMRES polynomial pp,—_1(\) has the form

1;(0)
o I

(2.15) Poo1(N) = Jraal? D
i=1

PROOF. Inserting (2.13) into (2.11) yields

(2.16) ract = rac1l?Q [L(0)er - 1a(0)05 "]
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from which (2.14) follows immediately by taking norms. Next, using the property
1;(Ak) = d;k, the polynomial p,,_1(A) can be written as a linear combination of
the Lagrange polynomials,

(2.17) Pn-1(A) = an_1(/\j)lj(/\)-

Equating (2.4) for ¢ = n — 1 with (2.16) shows that

0
>’

Nl

7

(2.18) Pro1(Nj) = lra—al®
lo;

i=1...,n,

which, inserted into (2.17), shows (2.15). O

Theorem 2.1 gives formulas for the (n —1)st GMRES residual and polynomial
in terms of the eigenvalues of A and the coordinates of ry in the eigenvectors
of A. The influences of both quantities are well separated in (2.14) and (2.15),
so that these formulas answer all questions about the (n — 1)st step of GMRES
applied to normal matrices.

Note that the relation (2.14) implies the upper bound

9j
1;(0)

The same upper bound follows from [7, Theorem 4.1] with i =n — 1.

. _ <
(2.19) lrn—all < min,

EXAMPLE 2.1. For numerical illustration we compute the values |1;(0)| for
four different real eigenvalue distributions. Each dot in Figure 2.1 represents a
data point (A;,]1;(0)]).

For the top left figure we use uniformly distributed eigenvalues in the inter-
val [1/20, 1], i.e. A; = j/20, for j = 1,...,20. We see that [l19(0)| ~ 10° is
the largest of the values |1;(0)|. Then (2.19) implies that for any normal matrix
having such eigenvalues, the GMRES residual norm in the next-to-last step will
be of order 107° or smaller (note that 0 < |g;| < 1 by assumption).

For the top right figure we use the eigenvalues of the 20 by 20 prolate matrix
generated by the MATLAB command A=gallery(’prolate’,20). Prolate ma-
trices arise in signal processing. They are symmetric, extremely ill conditioned
(here: A\; ~ 1.76 % 1071*, A\g9 = 1 — \;, condition number ~ 5.69 x 10'3), and
their eigenvalues form two clusters that are symmetric about a certain point
(here: symmetric about 0.5); see [16] for more information. In our example the
cluster close to zero causes severe trouble for GMRES. None of the values |/;(0)|
is larger than one, which typically (i.e., unless a very peculiar distribution of
the coefficients g; is constructed) will lead to almost complete stagnation until
the very last step, cf. (2.14). This represents a counterexample for the frequent
assertion that in case of k (here: k = 2) eigenvalue clusters GMRES will essen-
tially need only k steps for a significant reduction of the residual norm. In fact,
the location of the clusters relative to the origin and relative to each other is
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Figure 2.1: The values |I;(0)| for example eigenvalue distributions.

of great importance for the GMRES performance. This is also demonstrated in
the two further examples.

The bottom left and bottom right figures show the values [I;(0)] for the eigen-
value distributions

AP = §2/400, j§=1,...,20, and
AP = log(j)/10g(20), j=2,...,20, A" = 1/400,

having clusters close to zero and one, respectively. Each normal matrix having
either the )\;") or the )\;-1) as its eigenvalues has the (moderate) condition number
400. Nevertheless, the GMRES residual norms in the next-to-last step for the
two eigenvalue sets may differ by several orders of magnitude. While the value
of (2.14) for the eigenvalues /\;.U) is typically close to one, it is typically of order
10719 for the eigenvalues )\;1). This is a numerical illustration why the conver-
gence bounds for GMRES and other Krylov subspace methods such as CG and
MINRES that are based on the condition number only (see [3, Chapter 3.1] for
an overview), can provide misleading information about the actual convergence
behavior.
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3 Worst-case residual norm

In this section we study the worst-case GMRES residual norms for normal
matrices. By “worst-case” we mean, for a given matrix A, the maximally at-
tainable GMRES residual norm in every iteration step ¢. To make our notion
precise we introduce the following definition.

DEFINITION 3.1. An ith worst-case GMRES residual vy for A € C"*™ is a
GMRES residual that satisfies

(3.1) [lr#]l = max min ||p(A)7ro], t=1,...,n—1.
lIroll=1 p€m:

A few remarks concerning our definition are in place. First, the restriction
that ||rol| = 1 in (3.1) is made for convenience only. If we would drop this
restriction, then the right hand side of (3.1) and all subsequent formulas based
on (3.1) must be multiplied by ||rg]|.

Second, as indicated by the wording of the definition, worst-case residuals are
not unique. For example, when 7 yields a certain ith worst-case residual r}’
for a given matrix A, then for all |a| = 1, ar{ yields, for the same A, the ith
GMRES residual ary. Obviously, ||r¥|| = |lary||, so that all vectors ary are
ith worst-case residuals for A.

Third, for each normal matrix A € C**" (with n distinct eigenvalues) and each
GMRES iteration step ¢ = 1,...,n — 1, there exists an ith worst-case residual
r¥. The reasoning goes as follows. Assuming that ||| = 1, the standard
upper bound on the GMRES residual norms [14, Proposition 4] follows easily
from (2.2),

(32) Irsll < min p(4)] = minmas [p(A,)].

The quantity min,c,, |[p(A)] (called the “ideal GMRES” approximation [5]) is
independent of 7y and thus represents an upper bound on the worst-case GMRES
residual norm for the matrix A in step i. As shown independently in [4] and [8],
for each normal matrix A and each step 4, there exists an initial residual 7§ so
that equality holds in (3.2). Clearly, the ith GMRES residual corresponding to
g is an ith worst-case GMRES residual for A in the sense of Definition 3.1.

Fourth, except for special cases, there exists no single initial residual that
leads to a worst-case GMRES residual norm ||ry’|| in every step i. Typically
the convergence curve produced by the norms ||r}|| is an artifact, and does not
correspond to an actual GMRES run with a given matrix and initial residual.

Fifth, since we assume that all eigenvalues are distinct, it holds ||ry’|| > 0 for
it =0,...,n — 1. Therefore, the initial residual r{, corresponding to r;" has at
least ¢ + 1 nonzero coordinates in the eigenvector basis.

For each subset S of the eigenvalues of A, S C L, we denote

(3.3) MS

;= minmax |[p(\;)].

peET; )\jES
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The result of [4, 8], which will play an important role in our further development,
can in this notation be phrased as follows: For each normal matrix A € C"*"
(with n distinct eigenvalues) and each ¢ = 1,...,n — 1, there exists a worst-case
GMRES residual 7 with

(34) lrill = M

As outlined in the Introduction it is of great interest to find explicit formulas
for the polynomials that achieve the min-max value M}, and to identify the
properties of the initial residuals r§ that yield a worst-case GMRES residual in
step i. In the following we will address these questions. We will first consider
the iteration step i = n — 1, and then the case of a general iteration step i.

3.1 Worst case in step n — 1

The following result completely characterizes the worst-case GMRES in the
next-to-last iteration step.

THEOREM 3.1. For a given normal matriz A € C™*™ with n distinct eigen-
values the unit norm initial residual r§~" yields an (n —1)st worst-case GMRES
residual if and only if the coordinates of r§ ™' in the eigenvectors of A satisfy

1‘2 _ |lj(0)|

(3.5) 0}~ =
k; |1 (0)]

, i7=1...,n.

The norm of the (n — 1)st worst-case GMRES residual r%_, is given by

—1

and the corresponding worst-case GMRES polynomial pZ_,(\) has the form

n

3.7 w

(37) ey > O

Moreover,

(3'8) |pZ—1( )| = ||7”n 1” = M; 1 Jj=1...,n,

where L denotes the set of eigenvalues of A.

PRrOOF. To find an (n — 1)st worst-case GMRES residual we need to maxi-
mize the GMRES residual norm given by (2.14) under the constraint that the
initial residual has unit norm. This is equivalent to solving the following con-
straint minimization problem for the coordinates of the initial residual in the
eigenvectors of A,

n n
L L e Sl <
j:l j=1

750 son
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According to Cauchy’s inequality,

2

2 2
Dol =D | ol = (Do
=Y =119 =1 j=1

with equality if and only if

1;(0 _ -
N O
9;
for all j = 1,...,n and some real £&. The number £ is determined from

n n n -1
EY O] =D g P =1 = ¢ = (Zwm) :
k=1 k=1 k=1

Hence |g}"1|2 satisfies (3.5) and the norm of the corresponding worst-case resid-
ual is given by (3.6).

Next, if we substitute |¢j'|* in the form (3.5) into (2.15) and use the fact
that [05~'[* = [1;(0)|[l7y_,]l, then we obtain the worst-case polynomial (3.7).
Finally, since [;(Ax) = d;x, the worst-case polynomial has at every eigenvalue
the same absolute value as shown in the first equality in (3.8), and the second
equality in (3.8) follows from (3.4) with i =n —1. O

REMARK 3.1. Note that the theorem gives, besides the GMRES context, the
explicit solution for a general polynomial approximation problem in the complex
plane. In particular, (3.6) can be derived with some effort from the results of
[18, Section 3]. It can be shown that (3.6) is equivalent to

| det V|

My = 19¢tVnl
3 | det V|
i=1

7

where V.9 denotes the (n — 1)-by-(n — 1) matriz resulting from deletion of the
first column and jth row of Vi,. In our notation, this corresponds to the formula
given in [18, Remark 3, p. 692]. However, we are unaware that (3.5) or (3.7)
have been found before.

REMARK 3.2. We point out that the (n — 1)st worst-case GMRES polynomial
pr_1(N) as given in (3.7) is uniquely determined, since it depends only on the
uniquely determined quantities ||ry_1|| and I;(N), j = 1,...,n. In particular,
py_1(A) is independent of the choice of the coordinates (3.5), so that all initial
residuals with coordinates (3.5) lead to the same (n — 1)st worst-case GMRES

polynomaal.

Theorem 3.1 generalizes the results of [2, Section 2] (for ¢ = n — 1) from
hermitian to all normal matrices. In addition, the theorem allows to give new
proofs for a number of known results. We present two examples:



THE WORST-CASE GMRES FOR NORMAL MATRICES 11

1. Complete stagnation of GMRES. The question we ask is whether for a
given normal matrix A there exists a unit norm vector r;~' such that
GMRES completely stagnates, i.e.

w | |

Using Theorem 3.1 and the uniqueness of the (n — 1)st worst-case GM-
RES polynomial it is easy to see that in case of complete stagnation this
polynomial is given by p¥_;(A) = 1. Then (3.7) implies

= gl = Iy

1;(0)
Pro1(Aj) = 5 =1, j=1,...,n.
)= )
In other words, complete stagnation can occur only if all 1;(0), j =1,...,n

are real and positive. Using other means this result was previously derived
in [18, Theorem 3.1].

2. Ideal GMRES approzimation. The proofs of (3.4) in [4, 8] are based on
intricate constructions. For the special case i = n—1 we now give a simple
proof of (3.4), i.e. that

[max min [p(A)roll = min [[p(A)]
holds for all normal matrices A. Asin (3.6) and (3.7), let r*_; and p¥_, ()

denote an (n — 1)st worst-case GMRES residual and polynomial for A,
respectively. Then

e
pin p(A)] = min max [p();)]

< A
< pax Ipn_l( 5)]

71l

= max min A)r
max win [p(A)r

poin [lp(4 )H

IN

so that equality must hold throughout. Note that for the last inequality
we have used the standard bound (3.2).

3.2 Worst case in a general step i

We next attempt to characterize the worst-case GMRES in a general iteration
step ¢ <n — 1. To this end we derive a lower bound on the min-max value

L
M;* = min max Ip(A)]-

We use the simple fact that

(3.9) M} > M
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holds for any set S C L. For any set S C L containing ¢ + 1 distinct elements
there exists a normal (i + 1)-by-(¢ + 1) matrix with the spectrum S. To this
matrix we can apply Theorem 3.1 which completely characterizes the worst-case
GMRES in step ¢, and in particular shows that

i+l -1
(3.10) My = (Z |zz<o>|> ,

k=1

where I (A), k =1,...,i+1, denotes the kth Lagrange polynomial corresponding
to the elements in the set S. Using (3.9) and (3.10) it is easy to see that for the
given matrix A with the spectrum L,

i1 -1
(3.11) M} > max M7 = max <E |l,§(0)> .
scr scrL
|S|=i+1 |S|=i+1 k=1

The natural question arises how close is the lower bound (3.11). In the following
we will discuss this question and distinguish between two situations: Either all
eigenvalues of A are real, or A has at least one non-real eigenvalue. The first
case covers symmetric and hermitian matrices, the second case all other normal
matrices.

3.2.1 All eigenvalues are real: (3.11) is an equality

When all eigenvalues forming the set L are real, then it follows from a classical
result of approximation theory that (3.11) is an equality for ¢ = 1,...,n — 1.
This means that for each i = 1,...,n—1 there exists a set S C L with |S| = i+1,

such that
. i+l -1
M} = M7 = <Z |li(0>|> )
k=1

see e.g. [1, Theorem 2.4 and Corollary 2.5]. In this case Theorem 3.1 can be
applied to the given (symmetric or hermitian) matrix A. In particular, (3.5)
shows that the coordinates of rj satisfy

s _ 50

> [1:(0)]
k=1

|0} if NeS, o =0 if A\¢S.

Since 1, has only 7 + 1 nonzero coordinates in the eigenvectors of A, GMRES
will for this initial residual have the worst-case residual norm in the step 4, but
then terminate in the subsequent step i + 1. Using a different approach, these
results have been previously derived for symmetric positive definite matrices in
the context of the conjugate gradient method [2].
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3.2.2 At least one non-real eigenvalue: (3.11) may be strict

When L contains at least one non-real eigenvalue, then (3.11) may be strict
fori=1,...,n— 2. In fact, the smallest set S C L for which M} = M? might
contain as many as 2i+1 distinct elements in the general complex case, see e.g. [1,
Corollary 2.5]. For |S| > i + 1, however, the results of Theorem 3.1 cannot be
used, and we are unable to express M’ in terms of explicit polynomials. Still, the
inequality (3.11) represents a lower bound for M}. Furthermore, we can find an
upper bound for M} using an approach similar to the proof of [7, Theorem 4.1].

THEOREM 3.2. For any set L of n distinct complex points it holds

(3.12) Mf < /(@E+1)(n—1i) max M7, i=1,....,.n—2.
SCL

|S|=i+1

ProOF. Consider any normal matrix A € C"*" having n distinct eigenvalues
forming the set L. Let r§ denote an initial residual that yields an ith worst-case
GMRES residual ry” and let ¢}, j = 1,...,n, denote the coordinates of r in the
eigenvectors of A. The min-max value M} can be written, according to (3.4)
and (2.8), in the form

ME = el = e (DiVis) T II7

?

where D; = diag(oi,...,0,). Now consider ¢ + 1 rows of D;V;y; that form a
square matrix U of order ¢ + 1 such that | det(U) | is maximal. Then, as in the
proof of [7, Theorem 4.1],

(3.13) |

< V(@i +1)(n—i) U er| 7"

The matrix U is defined by some i + 1 eigenvalues and by corresponding coordi-
nates gj. Denote the set of eigenvalues that define U by S = {A{,..., A/} and
= 1’

w
T

the corresponding (nonzero) coordinates by of, ..., 05, ;. Using (2.13), |
and Cauchy’s inequality we obtain

2

i+1 15(0) 2 i1 ZS(O) 2 in " i+l
Ueal® = > | 2= = 3|2 Do legl = (o)
=l % =l 9% j=1 j=1
i.e.
-1
i+l .
(3.14) U eyt < |15 (0)] = M;.

Il
-

J
Thus we have found a set S C L, |S| =i + 1, such that

(3.15) Iyl < V(i + 1)(n — i) M.

Substituting in (3.15) for M the maximum of M} over all subsets S C L,
|S| =i+ 1, we obtain (3.12). O
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Our numerical experiments with various spectra (see Section 4) show that the
lower bound (3.11) is very tight and that the upper bound (3.12) represents an
overestimation. In particular, we conjecture that there exists a small constant
C > 1 such that

(3.16) max M < M} < C max M7, i=1,...,n—2,
cr cr
|s~\g=7+1 \ss\£i+1

holds for all sets L containing n distinct complex numbers (for i =n — 1, (3.16)
obviously holds with C' = 1). In our numerical tests the ratio
M}
(3.17) Tnax 37
sCL

|S|=it+1
was maximal for sets L containing n numbers uniformly distributed on the unit
circle. On such sets of points, (3.17) for ¢ = n — 2 converges from below to 4/7
as n — oo. Hence C' = 4/ is the smallest constant for which (3.16) can hold for
all sets L with |L| = n, cf. the Appendix. On the other hand, we were unable
to find a set L for which the ratio (3.17) was larger than 4/m.

4 Numerical experiments

We now study the worst-case GMRES residual norms, our lower bound (3.11),
and our conjecture (3.16) with C = 4/w for four different eigenvalue sets L. In
the left part of Figures 4.1- 4.4 we plot the worst-case GMRES residual norms
lr]l (bold line), and the values

max M} (solid line) ,

SCL
|S|=i+1

4 max M} (dashed line) .
T  SCL
|S|=i+1

Our conjecture is that the dashed curve is an upper bound on the worst-case
GMRES residual norm in every step. The right part of each figure shows the
corresponding eigenvalue distributions. In the step i, we compute the values
M7 for all subsets S C L, |S| = i + 1, and determine our bounds from their
maximum. This computation is quite expensive, so we consider only small sets
of points (n = 18). The worst-case GMRES residual norm in every step is
computed using the function cheby0 of the semidefinite programming package
SDPT3 [15]. Although this function may fail to converge when ||| becomes
very small (see below for details), it is the most reliable function we know for this
type of computation. All experiments are performed in Matlab 6.5 Release 13 on
an AMD Athlon XP 2100+ personal computer with machine precision e ~ 10716,

Roots of unity. In the first numerical experiment we consider the eigenvalue
set L consisting of the 18th roots of unity, i.e.

s 2km

(4.1) A = e, k=1,...,18.
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Figure 4.1: Worst-case GMRES and our bounds for roots of unity.

100 -

— worst-case GMRES
—— lower bound
- — 4lmt* lower bound -1

T
5 7 9 11 13 15 17 -1

10°
1 3

Figure 4.2: Worst-case GMRES and our bounds for random eigenvalues on the

unit circle.

In this case worst-case GMRES completely stagnates, cf. [18], which is confirmed
by the bold line in Figure 4.1. The lower bound (3.11) closely approximates the
worst-case residual norm, and the lower bound multiplied by 4/7 represents
an upper bound. As shown in the Appendix, see also [12], the lower bound
approaches 7/4 from above in the step i = n — 2 (here: ¢ = 16) when n — oc.
Hence in this step the lower bound multiplied by 4/7 is proven to be a (sharp)
upper bound on the worst-case GMRES. The tightness of this bound, even for

the moderate n = 18, is clearly visible in Figure 4.1.

Random eigenvalues on the unit circle. For random eigenvalues on the unit
circle (cf. the right part of Figure 4.2), the worst-case GMRES residual norms
do not stagnate completely, but still converge very slowly (decreasing only about
one order of magnitude until the next-to-last step). The lower bound (3.11) is
very close to the worst-case residual norm, only in the iteration steps 4, 7, 11 and
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4 osl

4 061

0.4r

0.2r

107

— worst-case GMRES $
—— lower bound ot
- - 4/m* lower bound

10

1 3 5 7 9 11 13 15 17 0 0.2 0.4 0.6 0.8 1

Figure 4.3: Worst-case GMRES and our bounds for random eigenvalues in the
region [0,1] x i[0,1].

10° 101
0.8
0.6
100t 1
0.4
o2t |
1070} ] 0 !
-02f °
-0.4
107} 1 -0.6
— worst-case GMRES -0.8
—— lower bound
- — 4/m* lower bound -1
10’20 L L L L L
1 3 5 7 9 11 13 15 17 -1 -0.5 0 0.5 1

Figure 4.4: Worst-case GMRES and our bounds for the Helmert matrix.

15 they differ slightly. As above, the lower bound multiplied by 4/7 represents
an upper bound.

Random eigenvalues in the region [0,1] x 1[0, 1]. In this case the convergence
of the worst-case residual norms is moderately fast; they decrease about 4 orders
of magnitude until the next-to-last step, cf. Figure 4.3. Again the lower bound
(3.11) is a good estimate (bold and soild line almost coincide), and the dashed
line represents an upper bound.

Helmert matriz. For the last experiment we use the Helmert matrix generated
by the Matlab command gallery(’orthog’,18,4). Helmert matrices occur in
a number of practical problems, for example in applied statistics [9]. Our matrix
is orthogonal, and the eigenvalues cluster around —1, see the right part of Fig-
ure 4.4. The worst-case GMRES residual norm decreases quickly throughout the
iteration. Until the 12th step the worst-case curve and the lower bound almost
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coincide, and the lower bound multiplied by 4/7 represents an upper bound.
However, when the worst-case residual norm drops below the level of 10710 (it-
eration step 13 and beyond), the function chebyO apparently has reached its
final level of accuracy and henceforth stagnates. Such stagnation (sometimes di-
vergence) can be generally observed when the final accuracy level is reached, but
we are unaware of an analysis how this level depends on the problem parameters.

In summary, the numerical experiments demonstrate that our lower bound
(3.11) is very tight. Moreover, in all experiments the lower bound multiplied
by 4/m represents an upper bound on the worst-case GMRES residual norms,
which supports that our conjecture (3.16) with C' = 4/7 is true. Note that in
all experiments the bound (3.12), which contains a factor between n'/2 and n,
represents an overestimation.

5 Concluding discussion

We conclude the paper with a discussion of our results and starting points for
further work.

1. Interpretation of the lower bound (3.11). Recall that the worst-case GMRES
residual norm in step ¢ is equal to the min-max value M;. This value represents
the solution of an ith degree polynomial approximation problem on n distinct
eigenvalues forming the set L. We bound this value from below by the same
approximation problem, but on subsets of L containing exactly i+ 1 eigenvalues.
The solution of each “reduced”problem (polynomial of degree i on ¢+ 1 distinct
points) is given in Theorem 3.1.

For illustration of this process we consider the set L consisting of the nth roots
of unity, cf. Figure 4.1 for n = 18. As shown in [18, Theorem 3.4], worst-case
GMRES completely stagnates in this case, i.e. M}_; = 1. Intuitively, for each
i < n—1 there exists a subset S C L, |§| = i+ 1, that closely resembles the
(i + 1)st roots of unity. For such a set the min-max value M is close to one
(in orders of magnitude), which is why the lower bound (3.11) is very tight. In
particular, whenever n mod (i + 1) = 0, there exists a set SclL consisting of
exactly the (i+1)st roots of unity. For all such iteration steps 4, the lower bound
(3.11) is an equality, cf. i =1,2,5,8 for n = 18 in Figure 4.1.

Note that here, and for general sets L, M/ is close to M} only for special
sets S C L with |S| =i+ 1. Analyzing the structure of these sets based on the
eigenvalue distribution of A is a topic we plan to pursue in our future work.

2. Worst case vs. average (unbiased) case. Due to orthogonality of the eigen-
vectors of A, initial residuals with (approximately) equal components in all eigen-
vectors are often considered the “average” case, see e.g. [5, Section 7]. We prefer
to call them “unbiased” since they are not biased towards a certain eigenvector
direction. For simplicity, consider any unbiased unit norm initial residual 7§ with
eigenvector components of equal size, i.e. |o}| = n~1/2 j=1,...,n. Then (2.5)
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and (3.4) show that the ith GMRES residual 7} corresponding to 7y satisfies

—1/2

n

Il = gl = n7Y2 min [ > [p(\)P?
PET; ot

j=

> n Y2 mi Aj
> n lgggilrgjagnlp( i)l

Since the unbiased (average) and the worst case GMRES residual norms agree
up to a factor of n'/2, our results are relevant beyond the specific analysis of the
worst-case GMRES.

In practical applications the initial residual may, for example, be biased to-
wards the eigenvalue distribution of A. Often such biased initial residuals result
from choosing a nonzero initial guess xo. The biased case depends strongly on
the specific application, and a general analysis is beyond the scope of this paper.

= 2y
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Appendix
PROPOSITION A.1l. The smallest constant C' for which (3.16) can hold for all

sets L containing n distinct complex numbers is C =4 /.
Proor. We will show that for the set L = {\1,..., A, } defined by

s 2k

(A1) A = ¢€en, k=1,...,n,

the ratio (3.17) for ¢ = n — 2 converges from below to C'=4/m as n — oc.
Note that all sets S C L with |S| =n — 1 can be obtained by rotation of the
set L —{\1}. Therefore

-1

n n
S _ L—{x} __ |AJ|
max My = M = |3 1=y
|S|=n—1 k=2 j—2 7 k
j#k

Substituting |A\;| =1 for all j, and

2jm ke j—k
[Aj — | = |e‘2]T—e‘2i | = 2sin <M> ,

n
shows that
-1
—1 n—1
i (kT
e P B sin (£2)
L—{X\1} __ _ on—-2 k=1
Mn—2 - n—2 : T =2 n—1
o2 sin () [T sin ()
J#k n
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Figure A.1: The approximation of the integral for n even (left part) and n odd
(right part).

Using the standard formula

n—1 .

. Vi n
if o (2) - 5
7j=1

we obtain

n—1 -1
(A.2) ME-P = Ez:sin ke -
n—2 n n 2

k=1

-1
el <k7r>‘|

— Z sin | — .

et n

Note that the expression on the right hand side of (A.2) is an approximation of
an integral,

n—1 n—1
k T k
T sin (W) < / sin (z)dx = 2, lim [W E sin <W>] = 2,
n — n 0 n—oo | n n

k=1

see Figure A.1 for a numerical illustration. Therefore,

L—{r1} ™ . L—{ay _ T
Mn72 ! > Z, nll)ﬂ;o M’an 1 = Z .
As shown in [18], complete stagnation of GMRES can occur for normal matri-
ces having the spectrum L, and hence M} =1 for ¢ =1,...,n — 1. Therefore,
ME , < 4 max M} lim 4 max M?| = MF!
n—2 - l fgL 70 n—oo | I *‘SQL i n—2»
S|l=n—-1 S|l=n—-1

which completes the proof. A similar result can be shown for other i; see [12]
for more details. 0O
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