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Abstract

The Generalized Minimal Residual method (GMRES) is often used to solve a non-
symmetric linear system Ax = b. But its convergence analysis is a rather difficult task in
general. A commonly used approach is to diagonalize A = XA X! and then separate the
study of GMRES convergence behavior into optimizing the condition number of X and
a polynomial minimization problem over A’s spectrum. This artificial separation could
greatly overestimate GMRES residuals and likely yields error bounds that are too far
from the actual ones. On the other hand, considering the effects of both A’s spectrum
and the conditioning of X at the same time poses a difficult challenge, perhaps impossible
to deal with in general but only possible for certain particular linear systems. This paper
will do so for a (nonsymmetric) tridiagonal Toeplitz system. Sharp error bounds on and
sometimes exact expressions for residuals are obtained. These expressions and/or bounds
are in terms of the three parameters that define A and Chebyshev polynomials of the
first kind.

1 Introduction

The Generalized Minimal Residual method (GMRES) is often used to solve a nonsymmetric
linear system Ax = b. The basic idea is to seek approximate solutions, optimal in certain
sense, from the so-called Krylov subspaces. Specifically, the kth approximation xj is sought
so that the kth residual ry, = b— Axy, satisfies [20] (without loss of generality, we take initially
xo = 0 and thus rg = b.)

Irillz = noin b — Ayll,

where the kth Krylov subspace Ky = Ki(A,b) of A on b is defined as
Ki = Kr(A,b) def span{b, Ab, ..., A¥"1p}, (1.1)

and generic norm || - ||2 is the usual ¢ norm of a vector or the spectral norm of a matrix.
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This paper is concerned with the convergence analysis of GMRES on linear system Az = b
whose coefficient matrix A is a (nonsymmetric) tridiagonal Toeplitz coefficient matrix:

where A, u, v are assumed nonzero and possibly complex. Linear systems as such have been
studied quite extensively in the past. For the nonsymmetric case, i.e., p # v as we are
interested here, most update-to-date and detailed studies are due to Ernst [9] and Liesen
and Strakos [17]. Both papers, motivated to better understand the convergence behavior of
GMRES on a convection-diffusion model problem [18], established various bounds on residual
ratios. Ernst’s bounds to which we shall return are comparable to ours, while most results in
Liesen and Strakos [17] are of qualitative nature, intended to explain GMRES convergence
behaviors for such linear systems. In particular, Liesen and Strakos showed that GMRES for
tiny |u| behaves much like GMRES after setting p to 0.

Throughout this paper, exact arithmetic is assumed, A is N-by-N, and k is GMRES
iteration index. Since in exact arithmetic GMRES computes the exact solution in at most
N steps, ry = 0. For this reason, we restrict £ < N at all times. This restriction is needed
to interpret our later results concerning (worst) asymptotic speed in terms of certain limits
of ||r||V/* as k — oo.

Our first main contribution in this paper is the following error bound (Theorem 2.1)

~1/2
& /

7k |l2 <VEk+1 ZCZj \Tj(7)|2 7 (1.2)

[I7oll2 =

where Tj(t) is the jth Chebyshev polynomial of the first kind, and

=Y oo 2 = minflel )
v 2/ v

We will also prove that this upper bound is nearly achieved by b = e; (the first column of
the identity matrix) when || < 1 or by b = ey (the last column of the identity matrix) when
|¢] > 1. By “nearly achieved”, we mean it is within a factor about at most (k 4+ 1)3/2 of the
exact residual ratios.

Our second main contribution is about the worst asymptotic speed of ||rg||2 among all
possible r¢. It is proven that (Theorem 2.2)

1/k

. r . —

kli)m [sup Hr’;”j = min {((p) L 1}, (1.3)
oo | ro

where p = max{}T +Vr2 1|, |t = V12— 1‘} Technically speaking, [sup,, HrngHrng]l/k
is not a sequence because of the freedom in N (except N > k), namely for each N > k it
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renders a number. Nonetheless, the limit in (1.3) can be meaningfully interpreted as follows:
for any given € > 0, there exists a positive integer K such that

1/k
Hsup ’;:kHZ} —min{((p)_l,l} <e forallN>k>K.
T0 0l|12

This interpretation will be adopted to understand similar limits later in this paper. In the
case when rq is given, sup,, will be dropped. A related work that also studied asymptotic
speed of convergence but for the conjugate gradient method (CG) and special right-hand
sides and A = 2 and u = v = —1 is [2], where that N/k remains constant is required as
k — oo.

A by-product of (1.3) is that the worst asymptotic speed can be separated into the factor
¢~! > 1 contributed by A’s departure from normality and the factor p~! contributed by
A’s eigenvalue distribution. Take, for example, A = 0.5, © = —0.3, and v = 0.7 which was
used in [4, p.562] to explain the effect of nonnormality on GMRES convergence. We have
(Cp)~t = 0.90672, whereas in [4, p.562] it is implied ||rx|l2/]lroll2 < (0.913)% for N = 50,
which is rather good, considering that N = 50 is rather small.

Ernst [9], in our notation, obtained the following inequality: if A’s field of values does
not contain the origin, then

~k

7k ]l2 ( k —k P
< + ) , 14

-1
where p = max{‘?—k VT2 = 1,|T = V72— 1‘} and T = [cos NLH} 7. Our bound (1.2)
is comparable to Ernst’s bound for large N. This can be seen by noting that for N large
enough, 7 ~ 7 and p = p, and that T;(7) ~ 3p/ when p > 1 and |[¢|7% < |¢]F +]¢|7F < 2i¢|7*.

Ernst’s bound also leads to

. Irell2 ] _ it o)t
limsup |sup <min {(¢{p)~",1}. (1.5)
k—o00 o ||7”()”2

In differentiating our contributions here from Ernst’s, we use a different technique to arrive
at (1.2) and (1.3). While our approach is not as elegant as Ernst’s which was based on A’s
field of values (see also [5]), it allows us to establish both lower and upper bounds on relative
residuals for special right-hand sides to conclude that our bound is nearly achieved. Also
(1.3) is an equality while only an inequality (1.5) can be deduced from Ernst’s bound and
approach.

We also obtain residual bounds and exact expressions especially for right-hand sides b =
e; and b = ey (Theorems 2.3 and 2.4). They suggest, besides the sharpness of (1.2), an
interesting GMRES convergence behavior. For b = e, that [{] > 1 speeds up GMRES
convergence, and in fact |;||2 is roughly proportional to |¢€|7%. So the bigger the [¢] is,
the faster the convergence will be. Note as |{| gets bigger, A gets further away from a
normal matrix. Thus, loosely speaking, the nonnormality contributes to the convergence
rate in the positive way. Nonetheless this does not contradict our usual perception that high
nonnormality is bad for GMRES if the worst behavior of GMRES among all b is considered.
This mystery can be best explained by looking at the extreme case: |[¢| = oo, i.e., v = 0,



for which b = e; is an eigenvector (and convergence occurs in just one step). In general for
v # 0, as |£| gets bigger and bigger, roughly speaking b = e; comes closer and closer to A’s
invariant subspaces of lower dimensions and consequently speedier convergence is witnessed.
Similar comments apply to the case when b = ey.

The rest of this paper is organized as follows. We state our main results in Section 2.
Tedious proofs that rely on residual reformulation involving rectangular Vandermonde matri-
ces and complicated analysis will be presented separately in Section 3. Exact residual norm
formulas for two special right-hand sides b = e; and ey are established in Section 4. Finally
in Section 5 we present our concluding remarks.

Notation. Throughout this paper, K™*™ is the set of all n x m matrices with entries in
K, where K is C (the set of complex numbers) or R (the set of real numbers), K* = K"*!,
and K = K!. I, (or simply I if its dimension is clear from the context) is the n x n identity
matrix, and e; is its jth column. The superscript “*” takes conjugate transpose while «T»
takes transpose only. omin(X) denotes the smallest singular value of X.

We shall also adopt MATLAB-like convention to access the entries of vectors and matrices.
The set of integers from 7 to j inclusive is ¢ : j. For vector u and matrix X, u;) is u’s jth
entry, X(; jy is X's (i,j)th entry, diag(u) is the diagonal matrix with (diag(u))(; ;) = u();
X’s submatrices X (.0:.5), X(k:¢,:), and X(.;.;) consists of intersections of row k to row ¢ and
column % to column j, row k to row £ and all columns, and all rows and column ¢ to column
J, respectively. Finally || -], (1 < p < 00) is the £, norm of a vector or the ¢, operator norm
of a matrix, defined as

1/p

lullp = { D lugyP )] o 1Xp = max || Xullp.

llullp=1

|a] be the largest integer that is no bigger than «, and [«] the smallest integer that is no
less than .

2 Main Results
An N x N tridiagonal Toeplitz A takes this form
Ap
A=Y - e CVxN, (2.1)
. -
VoA

Throughout the rest of this paper, v, A, and p are reserved as the defining parameters of A

n (2.1), and set
=Y Lo 2 <=min{|£! i (2:2)

v 2\//ﬁ’
— /72 ‘} (2.3)




Any branch of /uv, once picked and fixed, is a valid choice in this paper. Note p > 1 always
because (7 + V72 —1)(7 — v/72 —1) = 1. In particular if A € R, 4 < 0 and v > 0, then

p=Irl++/IT]2+ 1.

Recall Chebyshev polynomials of the first kind:
Tn(t) = cos(marccost) for |t| <1, (2.4)

1 m 1 m
- §(t+\/t2—1> +§<t— t2—1) for ¢ > 1, (2.5)

and define

k

e (r,e) ST g Ty, (2.6)
7=0
k

B (r,6) ST eV Ty, @.7)
7=0
k

Dpa(r,€) LS L) = min{ol]) (r.0), 0 ()} (2.8)
=0

where Z; means the first term is halved.

2.1 General Right-hand Sides

Our first main result is given in Theorem 2.1 whose proof, along with the proofs of other
results in the section, involve complicated computations and will be postponed to Section 3.

Theorem 2.1 For Ax = b, where A is tridiagonal Toeplitz as in (2.1) with nonzero (real or
complex) parameters v, X\, and p. Then the kth GMRES residual ry, satisfies for 1 <k < N

I e
e o iy [ +<1>k+1<n§>] | (2.9)

[70l|2

Figure 2.1 plots residual histories for several examples of GMRES with each of b’s entries
being uniformly random in [—1, 1]. In each of the plots in Figure 2.1, as well as in Figures 2.2
and 2.3 below, we fix |7| and [£[, take A = 1 always, and then take

i 1

ul=or= p==Epl, and v=|v|=5—1.
2|7| 2|r¢]

Thus p, v € R, and in fact v > 0 always. When p > 0, { = —/p/v < 0and 7 = 1/(2\/av) >
0, but when p < 0, both £ = —i+/|p/v| and 7 = —1/(24/|uv|) are imaginary, where « = /=1
is the imaginary unit. Figure 2.1 indicates that GMRES converges much faster for p < 0
than for g > 0 in each of the plots. There is a simple explanation for this: the eigenvalues of
A (see (3.11) below) are further away from the origin for a pure imaginary 7 than for a real
7 for any fixed |7|.

Our next main result given in Theorem 2.2 tells the worst asymptotic speed for ||rg||2.

Theorem 2.2 Under the conditions of Theorem 2.1,

i Irll2] ™" _ Irlle]™* _ et
im |sup = khm max = min{(¢{p)” ", 1}. (2.10)
) —00

k—oo [7ol|2 roc{en,en} [[Toll2
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Figure 2.1: GMRES residuals for random b uniformly in [—1,1], and their upper bounds (dashed
lines) by (2.9). All indicate that our upper bounds are tight, except for the last few steps. Upper
bounds for the case x> 0 in the top and bottom two plots are visually indistinguishable from the
horizonal line 10°, suggesting slow convergence.



2.2 Special Right-hand Sides

We now consider three special right-hand sides: b = €1 or ey or b1)e1+bvyen. In particular
they show that the upper bound in Theorem 2.1 is within a factor about at most (k + 1)3/2

of the true residual for b = e; or ey, depending on whether |{| <1 or [{| > 1.

Theorem 2.3 In Theorem 2.1, if b = ey, then the kth GMRES residual ri, satisfies for
1<k<N

-1
-1

1 2 +) 11772 o
B Z [ ‘I)k+1(7,§)—1 < <

= = Alrollz —

~1/2
(e ol me - 5]

N

(2.11)
In particular,

1 q)(-l-)( 5)_1 _1/2< HrkHQ < <I>(+)( 5)_1 e f ‘ <1 (2.12)
T | T P orle st (2

Theorem 2.4 In Theorem 2.1, if b = ey, then the kth GMRES residual ry satisfies for
1<k<N

-1

e ll2 <
[[roll2

A

Bl
1 [H=1-1 4 - 11-1/2
3| X | ek -]

1:| -1/2
j=0

1+ oo - 3

N

(2.13)
In particular,

1 (-) 1172 |l ) 17712
2[5 a3 s [ -] for gz 1. @14

2

The upper bound and the lower bound in (2.12) and these in (2.14) differ by a factor
roughly (k + 1), and thus they are rather sharp; so are the bounds in (2.11) for || < 1 and
these in (2.13) for |{| > 1. Comparing them to (2.9), we conclude that the upper bound by
(2.9) is fairly sharp for worst possible b.

But the bounds in (2.11) differ by a factor O(|¢[¥+1|) for |¢| > 1, and thus at least one
of them (upper or lower bound) is bad. Similar comments apply to the bounds in (2.13) for
|€] < 1. Our numerical examples indicate that the upper bounds are rather good regardless
of the magnitude of |¢| for both cases b = e; and b = ey. See Figure 2.2, where only the case
b = ey is presented, since the case b = ey is similar.

Given Theorems 2.3 and 2.4, it would not be unreasonable to expect that the upper bound
in Theorem 2.1 would be sharp for very large or tiny |£| within a factor possibly about at
most (k + 1)3/2 for right-hand side b with b(;) = 0 for 2 < i < N — 1 and |by)| = [b| > 0.
The following theorem indeed confirms this but only for £ < N/2. Our numerical examples
even support that the lower bounds by (2.15) would be good for k > N/2 (see Figure 2.3),
too, but we do not have a way to mathematically justify it yet.
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Figure 2.2: GMRES residuals for b = e;, sandwiched by their lower and upper bounds by (2.11). All
lower and upper bounds are very good for || < 1 as expected, but only upper bounds are good when
|€] > 1. We also ran GMRES for b = e and obtained residual history that is very much the same as
for b = e; with || replaced by [£] 7.
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Figure 2.3: GMRES residuals for b = e; + ey, sandwiched by their lower and upper bounds by (2.15)
and (2.16). Strictly speaking, (2.15) is only proved for £ < N/2, but it seems to be very good even
for k > N/2 as well. We also ran GMRES for b = e; — ey and obtained residual history that is very
much the same.



Theorem 2.5 In Theorem 2.1, if by =0 for 2 <i < N —1, then the kth GMRES residual
T satisfies

HrkHQ 261?111117} ’b(l)‘ 1 71/2
’ ) 7,8 — = or1<k<N/2, 2.15
Irole = “2xiroll [ 1(7) 4} f / (2.15)
752 1 kA
< Vi[j+tatme| (2.16)
lI7oll2 2
where
b ales k1
= < | Z—=
l<x= jzo ¢ [ 5 -‘

Figures 2.2 and 2.3 plot residual histories for several examples of GMRES with b = ¢;
and b = e; + ep, respectively. Finally we have the following theorem about the asymptotic
speeds of ||rg||2 for b =e; and b = ey.

Theorem 2.6 Assume the conditions of Theorem 2.1 hold.
1. Letb=-e1. If p > 1, then

nf(lel? 1 Iril2 ) e [712] 7 et
min{([€%) ", (o), 1} < liminf < lim sup < min{(J¢lp) 1, 1}.
[I7oll2 k—oo  LlIToll2
(2.17)
If p =1 (which happens when and only when T € [—1,1]), then
1 el ] s [7el2]
min{|¢|7, 1} xn < hml f < lim sup <n, (2.18)
[I7oll2 k—oo  LlToll2
) . —~1/(2k)
where n = lim supy,_, o, [1/4 + i1 €| (cosj@)ﬂ and § = arccosT. Regardless
ofp>1orp=1,
o [ Irelle] 11 <1 2.19
ki{{olo HTOHQ _mln{(’ﬂp) ) } fOT’ |§‘ — = ( : )

2. Letb=en. If p > 1, then

1/k 1/k
win{( %), (6174) 1) < timint [17402] < im0 < min(le] 1)1 1)
k—o0

I7ol[2 7ol
(2.20)
If p =1 (which happens when and only when T € [—1,1]), then
Irall2] Irall2] "
min{|{], 1} x n < hm1 f < lim sup <, (2.21)
I7oll2 k—oo LlToll2
) K Y o]~ 1/(2F)
where n = lim supy,_, o, [1/4 + 2 j=1 1§17 (cos jO) } and § = arccos 7. Regardless
ofp>1orp=1,
el 7"
i 22| i) for e > 1 (222)
k—oo | [Iroll2
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REMARK 2.1 As we commented before, our numerical examples indicate that the upper
bounds in Theorems 2.3 and 2.4 are rather accurate regardless of the magnitude of || for
both cases b = e; and b = en (see Figure 2.2) and the lower bound in Theorem 2.5 is also
accurate regardless of whether & < N/2 or not (see Figure 2.3). This leads us to conjecture
that the following equations would hold.

tim [y = min{(glo) 1} forb=ey, (2.23)
tim [rfly" = min{(g] o)1} for b= e, (2.24)

where no constraint is assumed between k£ and N, except k£ < N as usual.

3 Proofs

We starting by reformulating the computation of GMRES residuals into an optimization
problem involving rectangular Vandermonde matrices when A is diagonalizable but otherwise
general, i.e., not necessarily tridiagonal Toeplitz.

Recall we assumed, without loss of generality, the initial approximation x¢g = 0 and thus
the initial residual rg = b — Azg = b.

Let N-by-N matrix A have eigendecomposition

A=XAX"1 A =diag(A, Ao, ..., AN), (3.1)

and let Vi1 n be the (k4 1) x N rectangular Vandermonde matrix

1 1 - 1
DYEED VR Y
def
Viery = | . (3-2)
DLEED VI )‘I]CV
having nodes {)\j}é-v:l, and
Y = Xdiag(X'b). (3.3)
Using (b, Ab, ..., A1) = YVIZ&—LN [24, Lemma 2.1], we have for GMRES
|7kll2 = min_ ||(b, Ab,..., A¥Ib)ully = min ||V VL, yulla. (3.4)
U(l):l u<1):1 )
It can be seen that for Y as in (3.3)
il < [ X[l max [(X ™))
< [IXl2llX 012
< [IX 2l X 2llBll2, (3.5)
min [[Y Vg yulla < [[Vl2 min [V vull
w=1 wn=1
< w(X) min max|dg(A;)][|b]l2,

ér(0)=1

11



where ¢y, is a polynomial of degree no higher than k. Thus, together with (3.4), they imply

[7kll2/ll7oll2 < £(X) min max|d(Ai)]. (3.6)
$p(0)=1 1
Inequality (3.6) is often the starting point in existing quantitative analysis on GMRES con-
vergence [11, Page 54], as it seems that there is no easy way to do otherwise. It simplifies the
analysis by separating the study of GMRES convergence behavior into optimizing the con-
dition number of X and a polynomial minimization problem over A’s spectrum, but it could
potentially overestimate GMRES residuals. This is partly because, as observed by Liesen
and Strakos [17], possible cancelations of huge components in X and/or X ~! were artificially
ignored for the sake of the convergence analysis. For tridiagonal Toeplitz matrix A we are
interested in here, however, rich structure allows us to do differently, namely starting with
(3.4) directly.
Switch to tridiagonal Toeplitz matrix A as in (2.1) which is diagonalizable when p # 0
and v # 0. In fact [21, pp.113-115] (see also [9, 17]),

A=XAX"1, X=22 A=diag(\,...,\n), (3.7)

)\j:)\—Q\/,thj, tj:COSQj, ej:N]i—T-l’

[ 2 o o
Z.j) = Nl (sinjfy,...,sinjOn)7, (3.9)

2 =diag(1,¢7 ..., 6N, (3.10)

It can be verified that Z7Z = Iy; So A is normal if |¢| = 1, ie., |u| = || > 0. Set
w=—2,/pv. By (3.8), we have

)\j:u)(tj—T), 1§j§N (311)

We define the mth Translated Chebyshev Polynomial in z of degree m as

Ton(z;w,7) def Ton(z/w+T) (3.12)

= 2™+ A1 m2™ s aimZ + Qoms (3.13)

where ajn = ajm(w,7) are functions of w and 7, and upper triangular R, € C™*™, a
matrix-valued function in w and 7, too, as

Gpo apr ap2 - aAom-1
ail a2 - Aim-1
def Ce
Ry = Ry (w, ) = a22 a2m—1 , (3.14)
Am—1m—1

i.e., the jth column consists of the coefficients of Tj_1(z;w, 7). Set

To(t1) To(t2) -+ To(tw)
pe| B0 ol o
TN—‘l (t1) TN—.l(tZ) aE TN—i(tN)
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and Vy = Vi n for short. Then
ViRy =T%. (3.16)

Equation (3.16) yields Vi = T%Rg,l. Extracting the first £ + 1 columns from both sides of
VL =TL Ry yields
Vk{tl,N = T£+1,N Rl;lp (3.17)

where Ty 1 v = (TN)(1:k41,:)-

In what follows, we will prove theorems in the previous section in the order of their
appearance, except Theorem 2.2 whose proof requires Theorem 2.6 will be proved last.

We need to estimate GMRES residual

Irill2 = min [[Y Vilyy yull2
’LL(l):l ’
for Az = b here, where Y = Xdiag(X ~'b). Now notice Y = X diag(X ~'b) and X = =Z with
Z in (3.9) being real and orthogonal to get

YVkTH,N = EZdiag(ZTE_lb)(T%)(:,lszrl)Rl;il
= EM(i,lzlc—I—l)RI:il (3.18)

= EM g Err S Rty (3.19)
where Z 11 = Z(1:441,1:6+41), the (k + 1)th leading submatrix of =,
M = Z diag(ZzT="'v) TE. (3.20)
It follows from (3.4) and (3.19) that

7k |2

minu(l)zl ||Ek+1RI;-|1-1uH2

UmiH(EM(:,lszrl)E]:}_l) < < HEM(:,lslvFl)‘EI;j-lHQ' (321)

The second inequality in (3.21) is our foundation to prove Theorem 2.1. There are two
quantities to deal with
— ~1 = =1
uf(lll)llzllllﬂk+13k+1u\|2 and  [|EM(. 1.511)Z5 41 ll2- (3:22)
We shall now do so. In its present general form, the next lemma was proven in [14, 15]. It

was also implied by the proof of [13, Theorem 2.1]. See also [16].

Lemma 3.1 If W has full column rank, then

. wrir—1  1—1/2
min [Wulls = [ef (W*W) teq] 2 (3.23)
=
In particular if W is nonsingular, min, , —1 [Wull2 = W =*eq||5 .
By this lemma, we have (note agp = 1)
1 1 1 (+) e
i (B Bhle = 1S Reaaly = [+ ofhmo| . G
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This gives the first quantity in (3.22). We now turn to the second one there. It can be seen
that EM(:71:;€+1)E,$1 = (EMEfl)(:71:k+1) since Z is diagonal. To compute ZMZE"!, we shall
investigate M in (3.20) first.

N
M = ) Zdiag(ZE 'bye) Ty
/=1
N
= ) b&' Z diag(Zey) Tk,
/=1

N
= > bp& ' Z diag(Z0) T (3.25)
/=1

In Lemma 3.2 and in the proof of Lemma 3.3 below, without causing notational conflict, we
will temporarily use k£ as a running index, as opposed to the rest of the paper where k is
reserved for GMRES step index.

Lemma 3.2 For 0; = ﬁw and integer ¢,

N N, if £ =2m(N + 1) for some integer m,
Z cosll, =« 0, if ¢ is odd, (3.26)
k=1 —1, if € is even, but £ # 2m(N + 1) for any integer m.

Proof: If £ = 2m(N + 1) for some integer m, then 0 = 2mkm and thus cos ¢y = 1. Assume
that ¢ # 2m(N + 1) for any integer m. Set ¢ = {n/(N + 1). We have [10, p.30]

N N . No¢
N+1 sin -
Zcoswk:Zcoskqﬁ:cos + ¢ x 2
k=1 k=1 2 sin 5
Now notice cos %(ﬁ = cos gﬂ' = 0 for odd £ and (—1)%? for even ¢, and sin % = sin(gw —
$) = —(—1)*/?sin ¢ for even £ to conclude the proof. |

Lemma 3.3 Let M, def Zdiag(Z(;j))T% for 1 < ¢ < N. Then the entries of My are zeros,
except at those positions (i,j), graphically forming four straight lines:

(a) i+j=0+1,
(b) i—j=t—1
(c) j—i=0+1,
d) i+j=2N+1)—C+1.

(3.27)

(
(My) 5y = 1/2 for (a) and (b), except at their intersection (¢,1) for which (M) = 1.
(Mp)¢ij) = —1/2 for (c) and (d). Notice no valid entries for (c) if £ > N — 1 and no valid
entries for (d) if £ < 2.
Proof: For 1 <i, j <N,

N
2N +1)- (M) ) = 4> sinké; sinly cos(j — 1)
k=1
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N
= 4Zsini0k sin €6, cos(j — 1)0

B
Il
—

[cos(i — £)0), — cos(i + £)0x] cos(j — 1)0y,

M= 11

[cos(i+j —€—1)0 +cos(i—j— £+ 1)

i

1
—cos(i+j+L€—1)0; —cos(i —j+ £+ 1)6].

Since all

1 = i+j5—£6-1,
o = 1—j—L0+1,
i3 = i+75+40-—1,
iy = i—j+L0+1
are either even or odd at the same time, Lemma 3.2 implies (Mg)(m-) = 0 unless one of them

takes the form 2m(N + 1) for some integer m. We now investigate all possible situations as
such, keeping in mind that 1 <14, 5, £ < N.

1. i1 =i+j—€—1=2m(N+1). This happens if and only if m = 0, and thus i+j = ¢+1.

Then
Gn = —2j + 2,03 =20, iq = —2j + 20 +2.

They are all even. i3 and i4 do not take the form 2m(N + 1) for some integers m. This
is obvious for i3, while i4 = 2m(N + 1) implies m = 0 and j = ¢+ 1, and thus ¢ = 0
which cannot happen. However if i = 2m(N + 1), then m = 0 and j = 1, and thus
1 =14
So Lemma 3.2 implies (My)(; jy = 1/2 for i + j = £+ 1 and i # £, while (My) (1) = 1.

2. ig =i—j—L¢+1=2m(N+1). This happens if and only if m = 0, and thus i —j = £—1.
Then
i1=2]—2,i3=27+20— 2,14 = 24.
They are all even. i3 and i4 do not take the form 2m(N + 1) for some integers m. This
is obvious for i4, while i3 = 2m(N + 1) implies m = 1 and j = N + 2 — ¢, and thus
i = N + 1 which cannot happen. However if i; = 2m(N + 1), then m = 0 and thus
j =1 and i = £ which has already been considered in Item 1.

So Lemma 3.2 implies (My)(; jy = 1/2 for i — j = £ — 1 and 7 # £, while (My) 1) = 1.

3.i3 =1+ j+¢—1 = 2m(N + 1). This happens if and only if m = 1, and thus
i+j=2(N+1)—¢+1. Then

i =2N+1)—20 iy =2(N+1)—2j — 2042, iy =2(N +1) —2j + 2.

They are all even. i; and iz do not take the form 2m(N + 1) for some integers m. This
is obvious for i1, while i3 = 2m(N + 1) implies m = 0 and j = N + 2 — ¢, and thus
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i = N + 1 which cannot happen. However if iy = 2m(N + 1), then m = 1 and thus
j=1andi=2(N +1) — ¢ which is bigger than N + 2 and not possible.

So Lemma 3.2 implies (M); jy = —1/2fori+j=2(N+1) — £+ 1.

4. iy =1—j+L€+1 =2m(N+1). This happens if and only if m = 0, and thus j—i = £+1.
Then
i =2 — 20— 2, iy = —20, i3 =2j — 2.

They are all even, and do not take the form 2m(N + 1) for some integers m. This is
obvious for ig. i3 = 2m(N + 1) implies m = 0 and j = ¢ + 1, and thus ¢ = 0 which
cannot happen. i3 = 2m(N +1) implies m = 0 and thus j = 1 and ¢ = —¢ which cannot
happen either.

So Lemma 3.2 implies (My)(; jy = —1/2 for j —i = £+ 1.
This completes the proof. |

Now we know M,. We still need to find out EMZE"'. Let us examine it for N = 5 in
order to get some idea about what it may look like. EMZ"! for N = 5 is

by 36 be) —3€ by + %454 b3) —é 5‘; bz + %f bay —3&° by + 3 €8 bs)
bo) 2ba)+32b@3)¢ 2b@ € —5&7ba) + 5805 —3& by

by 3b@) +3E%0w by + b &t 0 —3 &by — 5 %)
bay 30+ 50 & 3b@) 3b) — 5 b & —5 by &*

bs) 3 b 36 = 5 b(5) € 3b@) — 38w 3b() = 5 b(3) €

We observe that for N = 5, the entries of ZMZ"! are polynomials in ¢ with at most two
terms. This turns out to be true for all N.

Lemma 3.4 The following statements hold.

1. The first column of EMZ"" is b. Entries in every other columns taking one of the three
forms: (b)) §™ + bng)§™?) /2 with ny # na, by )™ /2, and 0, where 1 < nq, ng < N
and m; > 0 are nonnegative integer.

2. In each given column of ZEMZ"1, any particular entry of b appears at most twice.

As the consequence, we have HEM(:,”{;H)E;LHQ <Vk+1Jb|l2 if [£] < 1.

Proof: Notice M = Zévzl b(g)gg—lMg and consider M’s (i, j)th entry which comes from the
contributions from all M,. But not all of M, contribute as most of them are zero at the
position. Precisely, with the help of Lemma 3.3, those M, that contribute nontrivially to the
(i, j)th position are the following ones subject to satisfying the given inequalities.

(a) if 1 <i+j—1< N orequivalently i +j < N + 1, M,y gives a 1/2.
(b) if 1 <i—j+1< N or equivalently i > j, M;_;11 gives a 1/2.
(

c) if1<j—i—1< N orequivalently j > i+ 2, M;_;_; gives a —1/2.
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N/

a

(b)
(b)
(d)

Flgure 3.1: Computation of M ;). Left: Regions of entries as divided by inequalities in (a) and (d); Middle:
Regions of entries as divided by inequalities in (b) and (c); Right: Regions of entries as divided by all 1nequa11tles in

(a), (b), (c), and (d).

(d) if 1 <2(N+1)—(i+j)+1<N orequivalently i + j > N + 3, My(n41)—(i4j)+1 &ives a
~1/2.

These inequalities, effectively 4 of them, divided entries of M into nine possible regions as
detailed in Figure 3.1. We shall examine each region one by one. Recall

(EMET)g) = € M & " = &7 M,

and let
Yo = §b(z‘+j—1)€2j_2,
M= %b(i*j+l)7
Ye = —%b(j,i,l)g(i*ifl),
Va = _35(2(N+1) (7)1 eI+,

Each entry in the 9 possible regions in the rightmost plot of Figure 3.1 is as follows.

b) and i +j = N +2: (EMEY); ;) = .

c)and i+ j=N+2: (EME 1) ;5 =

1. (a) and (b): EMEY);j) =Ya + W

2. (a) and (¢): (EME) ) = va+ e

3. (b) and (d): (EMEY) ) =W+

4. (c) and (d): EME1) () = Ye + Va-

5. (a) and i —j = —1: (E E_l)(i,j) = Ya-
(
(
(

d)and i —j=—1: EMEY); ) =
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9.i—j=—-landi+j=N+2 (EME');; = 0. In this case, i = (N +1)/2 and
j = (N +3)/2. So there is only one such entry when N is odd, and none when N is
even.

With this profile on the entries of ZMZ"!, we have Item 1 of the lemma immediately. Item
2 is the consequence of M = Eévzl b(g)ééflMg and Lemma 3.3 which implies that there are
at most two nonzero entries in each column of M,.

As the consequence of Item 1 and Item 2, each column of ZMZ""1 can be expressed as
the sum of two vectors w and v such that ||wlla, ||v]l2 < ||b]|2/2 when || < 1, and thus
[(EME"1) . jll2 < |bl]2 for all 1 < j < N. Therefore

ht 1
IEM (1wt lle < | D NEME) 53 < VE+1[b]2,
j=1

as expected. |

Proof of Theorem 2.1. We shall only prove

1 —1/2
Il < IblevE+ 1[5+ 0l me)] T forlel < (3.28)

since the other case when [{] > 1 can be turned into this case as follows. Let II =
(en,...,e2,e1) € RVXN he the permutation matrix. Notice II” ATl = AT and thus Az = b is
equivalent to

ATz = (T A0 T z) = 1178, (3.29)
Note Kp(AT, TITb) = KCp (M7 AL TITb) = T K1 (A, b), and
— i b— A — i oy — Ann”
Il = min b= Ayl = i )2
= min IT17D — ATw|,.

weky, (AT TITb)

If (3.28) is proven true, then for [£] > 1 we have

1 B —-1/2
Il < bR T |5 + 0076

because the ¢ for AT is the reciprocal of the one for A.
Assume [£| < 1. Inequality (3.28) is the consequence of (3.21), (3.24), and Lemma 3.4. i

REMARK 3.1 The leftmost inequality in (3.21) gives a lower bound on ||7g]|2 in terms of
amin(EM(:71:k+1)E,;i1) which, however, is hard to bound from below because it can be as
small as zero, unless we know more about b such as b = e; or ey as in Theorems 2.3 and 2.4.

Proof of Theorem 2.3: If b = ey, then M = M is upper triangular. More specifically

1 0 —1/2
12 0 .
M =M = 1/2 ~1/2 (3.30)
0
1/2
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and, by (3.18),

= A1 = Av=—1 p-1 = -1
HkHMRkH) _ <_k+1Muk+1D X D_kHRkH) 7

YV, =
k+1,N < 0 0

where M = M:j41,1:641) and D = diag(2,1,1,...,1). Therefore

miny =1 ”YVIZH,NUHQ

amin(EkHME,;le—l) < < ||Ek+1ME,;le—1||2. (3.31)

minu(1>:1 HDE’k+1Rl;,1-1u”2

Recall [|rgllz = ming =1 |Y Vil yulla. Let Poyy = (en,e3,...,e2,e4,...) € R+ (R+1) 1t
can be seen that

- T~ _ 1 /FE;
Py (Erpt ME, D™ Pogy = 2 ( E2> ’

where E € Rf%Vf%L Ey € RL%JXL%J’ and

1 _52 1 62 L. 52(m—1)

E; = ! ) El_l = !
_52 62
1 1

Hence ||Eill2 < /|| Eill1]|Eillco = 1 + \5\2 Therefore

o~ 1 1
IEks1 ME £ D7 |2 = o max{|| Enflz, [ B2ll2} < (1 + €1%).

Similarly use || 5 [l2 < /1B, ]I o to get

e Coe
[Pz P N A Vo PR N T
=0 =0
Therefore
- Tre1 e T .
O'min(:ik—l—lM:']Hl_lD 1) = 5 mln{amin(E1)7 Jmin(EQ)}

1 . - 1y
= §m1n{”E11||21a||E21||21}

—1
k
[E11-1

> | > g

J=0

DO =

Finally, by Lemma 3.1, we have

171-1/2
: — -1 — sk — * — +
min D2l = 10750 Bl = |20 - 5|
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This, together with (3.31), lead to (2.11).

As in the proof of Theorem 2.1, by applying Theorem 2.3 to the permuted system (3.29),

we get Theorem 2.4 for b = ey.

Proof of Theorem 2.5: Now b = b(jye1 + bvyen. Notice the form of M in (3.30),
and that M N is M; after its rows reordered from the last to the first. For the case M =
by My +eN- b( M N, and also Lemma 3.4 implies that only positive powers of £ appear in

the entries of HM =7". Therefore when [£| <1,

IEM( ki) Ziallz < IEMET|s
< byl 1M1l ll2 + (bl I MN] 2
< byl V372 + by V/3/2
< V3|2,

where | M| takes entrywise absolute value, and we have used

Myl = (M 2 < VMl [ Moo = v/3/2.

(3.32)

Inequality (2.16) for || < 1 is the consequence of (3.21), (3.24), and (3.32). Inequality (2.16)

for [£] > 1 follows from itself for |{] < 1 applied to the permuted system (3.29).

To prove (2.15), we use the lines of arguments in the proof for Theorem 2.3 and notice

that for 1 <k < N/2

k

k Wh
YVipin= ~v-2e| O
k Wo

It can be seen from the proof for Theorem 2.3 that

-1

by | ref1-1 11-1/2

. 1 j

o, [Wiullz > (2) > g |:(I)I(CJ—F&-)1(T’§) - 4] ’
=0
. -1

. b |2, () 17

ur(?)lillHWQUHQ z —5 Z [3 (I)k—f—l(T’f)_Z :

=0

Finally use

mln Y Virr vull2 > max{ min_[|[Wiul|2, min ||W2u|]2}
w1)= wn=1 wn=1

to complete the proof.

Proof of Theorem 2.6: We note that

. Irill2] Irill2]
lim sup <1, limsup Sup <1
k—oo  LIITol2 ko0 [70ll2

for any b because ||7x||2 is nonincreasing.
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Suppose b = e;. Consider first p > 1. Then |T;(7)| ~ 2p7, and thus
k

1 o 2(k+1) _ 1
oo -~ g Ll = 5 P (3.39)
j:O

If |¢]p > 1, then (3.33) and Theorem 2.3 imply

. 1 1/k 1/k —1/(2k)

. r . 1 1

imsup (1702 < [ Ja+1eP)] el 5] (3.34)

— (e,
—1/k
a1k [#5-1 ~1/(2k)
.. T 1 . 1

lm inf Hr’g,;j > hm ]2 [@21(7 6) - } (3.35)

L - j:0

(I€lp)~t,  for €] <1,
(1€]?p)~t, for €] > 1.

They together give (2.17) for the case [£]p > 1. If |{]p < 1, then must [{] < 1 and
min{(|¢|p)~*,1} = 1, min{(|¢[*0) ", (I€]p) ™", 1} =1, and

lre]l2 1M
lim inf [ } >1
k—oo | ||I7o]l2

by (3.35) because <I>k+1(7 €) — 4 is approximately bounded by (k+1)/4 by (3.33). So (2.17)

holds for the case |£|]p < 1, too. Now consider p = 1. Then 7 + V72 —1 = ¢ for some
0 <60 <7, where « = /—1 is the imaginary unit. Thus 7 € [—1,1] and in fact

7 = (4 VD) 4 (r /D) = 20080, T(r) = cos b

Therefore @21)1 (1,8 — 3~ 1+ Z§=1 |€]% (cos j6)? which implies

—1/(2k)
i

. 1
i [0 - 5

Inequalities (3.34) and (3.35) remain valid and yield (2.18). Finally regardless of p > 1 or
p=1,if || <1, then all leftmost sides and rightmost sides in (2.17) and (2.18) are equal to
min{(|¢|p)~!,1}. This proves (2.19). The proof for the case b = e; is done.

The case for b = ey can be dealt with by applied the results for b = e; to the permuted
system (3.29). [

Proof of Theorem 2.2: Note again that limsup,,_,, (sup,, Hrng/Hrng)I/k <1.
First we prove

Irell2] " Irell2] " 1
lim sup [ max ] < limsup [sup ] < min{({p)~ ", 1}. (3.36)
k—oo Lro€ferent} [[Toll2 k—o0 [I7oll2
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The first inequality is obvious because {e;,en} € {ro}. We now prove the second one.
If p = 1, then min{(¢p)~%,1} = 1 because (! > 1; no proof is needed. If p > 1,
then |T;(7)| ~ 3p7, and thus (3.33). Now if (p > 1, then (3.33) and Theorem 2.1 im-
ply limsupy_., (sup,, ||rk||2/||r0||2)1/k < (¢p)~! which also holds if (p < 1 because then

o)t = 1.
Next we prove

T2 —
imin max > min{({p)~ ", 1}. (3.37)

k—oo |ro€{ei,en} ”TOHQ

If || <1, then ¢ = [£] and thus

- Irill2] " ) e
liminf | max > lim inf =min{({p) ", 1}

k—oo |roe{eren’ ||70ll2 koo |ro—er I70ll2

by (2.19) in Theorem 2.6. This is (3.37) for |{| < 1. For the case || > 1, we also have (3.37)
similarly by (2.22). The proof is completed by combining (3.36) and (3.37). n

4 Exact Residual Norms for b = ¢; and ey

In this section we present two theorems in which exact formulas for [|rg||2 for b = e; and
b = ey are established. Let = and Zj1 have their assignments as in Section 3.

Theorem 4.1 In Theorem 2.1, if b = ey, then the kth GMRES residual ri satisfies for
1<k<N

Irll2 = 1255wl (4.1)

where y € C2IN/21 is defined as

J J
Yej—n =Y Taia(7), ZTZ \(7) forj=1,2,...,[N/2],

i=1
and T;(T) is the complex conjugate of Tj(T).
Ze 1 MR
0

the proof of Theorem 2.3. Let D = diag(2,1,1,...,1). Noticing _k+1MRk+1 = EkHMD’l X
DRQ1 is nonsingular, we have by Lemma 3.1

Proof: We still have (3.30), and Y V11 v = < k“), where M = M(1:k41,1:k41) @8 in

min |[Y Viivullz = llwly?,
u(=

where w = E,;:l(MD_l)_TD_TR,’;Hel, or equivalently (M D~ )25 yw=D"TR;, e1. We
shall now solve it for w. Let Pyy1 = (e1,es,...,e,e4,...) € REFDXEFD Tt can be verified
that

—~ G
PLy(MD )Py = 2( ! G2>,
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where G € R[%V(%l Gy € RL%JXL%J, and

1 -1 11 1
G, = ! Gl = 1

-1 o1

1 1

Solve (PL ,MD™'Py1)TPL 5, ,w = Pl \D"TR; e = P for w to get

Gt T
oo —* 1
w =227 Pit1 ( T) Ppiz,
G,

where z = (3T(7), T1(7), To(7), . .., Tx(7))*. Finally notice w = 22,7 1Y(1:k+1) to complete

the proof. |
Apply Theorem 4.1 to the permuted system (3.29) to get

Theorem 4.2 In Theorem 2.1, if b = ey, then the kth GMRES residual 1y, satisfies for

1<k<N
Irelle = 1285 1y Iz (4.2)

where y € C2IN/21 s the same as the one in Theorem 4.1.

5 Concluding Remarks

There are a few GMRES error bounds with simplicity comparable to the well-known bound
for the conjugate gradient method [3, 11, 19, 23]. In [6, Section 6], Eiermann and Ernst
proved

T < 1= )2 ] (5.1)
Toll2

where v(A) = inf{|z*Az| : ||z||]2 = 1} is the distance from the origin to A’s field of values.
When A’s Hermitian part, H = (A+ A*)/2, is positive definite, it yields a bound by Elman [8]

(see also [7])
7% |2 <l1- < 11 )2
I7oll2 [H=Hl2[[All2

As observed in [1], this bound of Elman can be easily extended to cover the case when only
7(A4) >0

. (5.2)

Irell2 _ (o vk 7(4)
< (sin#)®, @ = arccos . 5.3
frollz = O 4T >3

Recently Beckermann, Goreinov, and Tyrtyshnikov [1] improved (5.3) to

I7k]|2

ol < (242/V3)(2+6)6*, §=2sin
012

0
yp e (5.4)

All three bounds (5.1), (5.3), and (5.4) yield meaningful estimates only when y(A) > 0, i.e.,
A’s field of values does not contain the origin.
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However in general, there is not much concrete quantitative results for the convergence
rate of GMRES, based on limited information on A and/or b. In part, it is a very diffi-
cult problem, and such a result most likely does not exist, thanks to the negative result of
Greenbaum, Ptak, and Strakos [12] which says that “Any Nonincreasing Convergence Curve
is Possible for GMRES’. A commonly used approach, as a step towards getting a feel of how
fast GMRES may be, is through assuming that A is diagonalizable to arrive at (3.6):

Irkll2/lroll2 < £(X) min max [¢r(Ai)l, (5.5)

¢p(0)=1 1

and then putting aside the effect of k(X) to study only the effect in the factor of the associated
minimization problem. This approach does not always yield satisfactory results, especially
when £(X) > 1 which occurs when A is highly nonnormal. Getting a fairly accurate quan-
titative estimate for the convergence rate of GMRES for a highly nonnormal case is likely to
be very difficult. Trefethen [22] established residual bounds based on pseudospectra, which
sometimes is more realistic than (5.5) but is very expensive to compute. In [4], Driscoll, Toh,
and Trefethen provided an nice explanation on this matter.

Our analysis here on tridiagonal Toeplitz A represents one of few diagonalizable cases
where one can analyze 7y directly to arrive at simple quantitative results such as (5.1) — (5.4).
Previous other results except those in Ernst [9], while helpful in explaining and understanding
various convergence behaviors, are more qualitative than quantitative.

Two conjectures are made in Remark 2.1.
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