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DIFFERENCES IN THE EFFECTS OF ROUNDING ERRORS IN
KRYLOV SOLVERS FOR SYMMETRIC INDEFINITE LINEAR
SYSTEMS*

GERARD L. G. SLEIJPENT, HENK A. VAN DER VORST!, AND JAN MODERSITZKI*

Abstract. The three-term Lanczos process for a symmetric matrix leads to bases for Krylov
subspaces of increasing dimension. The Lanczos basis, together with the recurrence coefficients,
can be used for the solution of symmetric indefinite linear systems, by solving a reduced system
in one way or another. This leads to well-known methods: MINRES (minimal residual), GMRES
(generalized minimal residual), and SYMMLQ (symmetric LQ). We will discuss in what way and to
what extent these approaches differ in their sensitivity to rounding errors.

In our analysis we will assume that the Lanczos basis is generated in exactly the same way for
the different methods, and we will not consider the errors in the Lanczos process itself. We will show
that the method of solution may lead, under certain circumstances, to large additional errors, which
are not corrected by continuing the iteration process.

Our findings are supported and illustrated by numerical examples.
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1. Introduction. We consider iterative methods for the construction of approx-
imations to the solution of a linear system Ax = b, where A is supposed to be a
real symmetric n by n matrix. Without loss of generality, we assume xg = 0. Let
ry = b — Axy, (in particular, ro = b) and

Ki(A;b) = Span{b, Ab, ..., A*"'b},

the k-dimensional Krylov subspace. The methods to be analyzed build the iterates
X, such that

1. x; € Kx(A;b) and |b — Axg|l2 = min  (GMRES, MINRES),

2. x € AKi(A;b) and |[A™'b — x| = min  (SYMMLQ).
With the standard three-term Lanczos process, we generate an orthonormal basis
vi, ...,V for Kp(A;b), with vy = b/||bl|2 . The three-term Lanczos process can be
recast in matrix formulation as

(1) AV/; = V/-€+1Ika

in which V; is defined as the n by j matrix with columns vi,...,v;, and T, isa k+1
by k tridiagonal matrix.

Paige [9] has shown that in finite precision arithmetic, the Lanczos process can
be implemented so that the computed Vi1 and T, satisfy

2) AV, = Vi Ty, + F,
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with, under mild conditions for k,
[Exll2 < 2VE (7| All2 +ma | |A]]2) w

(u is the machine precision, and m; denotes the maximum number of nonzeros in any
row of A). Since || |A]|2 < /m1 ||A|]2 (see Lemma A.1), we obtain the convenient
expression

3) IFxllz < 2VE (7 + muy/my) [|A]2 u.

Popular Krylov subspace methods for symmetric linear systems can be derived
with formula (1) as a starting point: MINRES, GMRES (adapted to symmetric ma-
trices; see below), and SYMMLQ. The matrix 7', can be interpreted as the restriction
of A with respect to the Krylov subspace, and the main idea behind these Krylov solu-
tion methods is that the given system Ax = b is replaced by a smaller system with T'
over the Krylov subspace. This reduced system is solved—implicitly or explicitly—in
a convenient way and the solution is transformed with V; to a solution in the original
n-dimensional space. The main computational differences between the methods are
due to a different way of solution of the reduced system and to differences in the back
transformation to an approximate solution of the original system. We will describe
these differences in relevant detail in coming sections.

Of course, these methods have been derived assuming exact arithmetic; for in-
stance, the generating formulas are all based on an exact orthogonal basis for the
Krylov subspace. In numerical reality, however, we have to compute this basis, as
well as all other quantities in the methods, and then it is of importance to know
how the generating formulas behave in finite precision arithmetic. The errors in the
underlying Lanczos process have been analyzed by Paige [9, 10]. It has been proven
by Greenbaum and Strakos [7] that rounding errors in the Lanczos process may have
a delaying effect on the convergence of iterative solvers but do not prevent eventual
convergence in general. Usually, a rigorous error analysis is on a worst case scenario,
and as a consequence, the error bounds cannot very well be used to explain differences
between these methods, as observed in practical situations.

In this paper, we propose a different way of analyzing these methods, different in
the way that we do not attempt to derive sharper upper bounds, but that we try to
derive upper bounds for relevant differences between these processes in finite precision
arithmetic. This will not help us to understand why any of these methods converges
in finite precision, but it will give us some insight in answering practical questions
such as the following.

e When and why is MINRES less accurate than SYMMLQ? This question was
already posed in the original publication [11], but the answer in [11, p. 625] is largely
speculative.

e Is MINRES suspect for ill-conditioned systems, because of the minimal residual
approach (see [11, p. 619])? Hints are given for the explanation of the observation
that MINRES may be more inaccurate than SYMMLQ [11, p. 625]. We will further
substantiate this. In [2, p. 43] an explicit relation is suggested between MINRES
and working with A%, and it is argued that its sensitivity to rounding errors of the
solution depends on k2(A)2. (It is even stated: ‘the squared condition number of A%,
implying k2(A%)? = ky(A)?, which seems to be an unlucky formulation.)

e Why and when does SYMMLQ converge slower than, for instance, MINRES or
GMRES?
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Choose xo
X=Xg, r=b—Ax, p=|r|, v=r/p
8=0, B=0, c=—1, s=0
Voua =0, w=0, ;;v:v
while [p| > tol do
;*AV—ﬂVold
a—vVvV, vev—av
B—Ivll, voa =v, v—v/B
Kp—soz—cg, lo—sf

E<——5E— ca, E<—CB

lo—r/a2 + B2, c—a/lly, s—PB/l

Wew —{ w, Wev—low
w—w/lo
X —x+(pc)w, p—sp

end while

Fic. 1. The MINRES algorithm.

e Why does MINRES sometimes lead to rather large residuals, whereas the error

in the approximation is significantly smaller? See, for instance, observations on this
made in [11, p. 626]. Most important, understanding the differences between these
methods will help us in making a choice.

We will now briefly characterize the different methods in our investigation.

1. MINRES (see [11]): Determine x; = Viyk, yr € R¥, such that ||b — Axy]|2

is minimal. This minimization leads to a small system with T',, and the
tridiagonal structure of 7', is exploited to get a short recurrence relation for
Xi. The advantage of this is that only three vectors from the Krylov subspace
have to be saved (in fact, MINRES works with transformed basis vectors; this
will be explained in section 2.3). For the implementation of MINRES that
we have used, see Figure 1.

. GMRES (see [13]): This method also minimizes, for yx € R, the residual

[lb—Axy||2. GMRES was designed for unsymmetric matrices for which the or-
thogonalization of the Krylov basis is done with Arnoldi’s method. This leads
to a small upper Hessenberg system that has to be solved. However, when
A is symmetric, then, in exact arithmetic, the Arnoldi method is equivalent
to the Lanczos method (see also [6, p. 41]). Although GMRES is commonly
presented with an Arnoldi basis, there are various implementations of it that
differ in finite precision, for instance, with modified Gram—Schmidt, classical
Gram—Schmidt, Householder, and other variants. We view Lanczos as one
way to obtain an orthogonal basis, and therefore, we stick to the name GM-
RES. However, in order to stress the fact that our version of GMRES relies
on Lanczos, we will use the notation GMRES*.

Due to the way of solution in GMRES* (and in GMRES), all the basis
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Choose X

X=Xg, r=b—Ax, p=|r|, v=r/p

B=0, 8=0, c=—1, s=0

Voa =0, V=1], 2=[], k=0

while p > tol do
V —[V,v],

;‘—AV—ﬂVold

k—k+1

a—v'v, v—v-—av
— ||;H7 Vold < V, V(—f\\li/ﬁ
Zleach, lo — s

Eh—sg—ca, E<—CB

by — /a2 + 32, ce—afly, s— B/l
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Choose Xg
x=x0, r=b—Ax, p=|r|l, v=r/p
B=0, f=0, c=—1, s=0, k=p

Voa =0, w=v, g=0, g=p
while Kk > tol do
V—AvV— Vo
a— VvV, vev—av
B vll,

eleach, lo+—sf

Vold & V, V <—;/ﬁ

if k=1 aHfsﬁfca, chﬂ
¢=[], R=[lo] Lo—r/a2 + B2, c—a/ly, s—pB/lo
else =

g—g—Lt1g, g——L2g, g—g/to

rl - -
R(_|:5:|’€(_[Z’K1’ZO] x—x+(ge)w+(gs)v

RH[RviT]: ZH[G‘:EZ] W< SW —CV, m<—\/
end if end while
z—[2T,cp]T, pe=sp

end while

x=x+V(R™12)

Fic. 2. The GMRES* algorithm. The vec- Fic. 3. The SYMMLQ algorithm.

tor O for the expansion of the upper triangular
matriz R is a row vector of zeros of appropriate
size (different size at different occurrences).

vectors v; have to be stored. For our implementation of GMRES*, see Fig-
ure 2.

3. SYMMLQ (see [11]): Determine x; = AViyi, yx € R, such that the error
x—x, has minimal Euclidean length. It may come as a surprise that ||x —xg||2
can be minimized without knowing x, but this can be accomplished by re-
stricting the choice of xj to AK,(A;b). Conjugate gradient approximations
can, if they exist, be computed with little effort from the SYMMLQ infor-
mation. In the SYMMLQ implementation suggested in [11] this is used to
terminate iterations either at a SYMMLQ iterate or a conjugate gradient it-
erate, depending on which one is best. For the implementation of SYMMLQ
that we have used, see Figure 3.

Note that these methods can be carried out with exactly the same basis vectors
v; and tridiagonal matrices T';.

Notations. Quantities associated with n dimensional spaces will be represented
in boldface, like A and v;. Vectors and matrices on low dimensional subspaces are
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denoted in normal mode: T', y. Constants will be denoted by lowercase Greek symbols,
with the exception that we will use u to denote the relative machine precision. The
absolute value of a matrix refers to elementwise absolute values, that is, |A| = (|as;|)
for A= (aij).

Most of our bounds on perturbations in the solutions at the kth iteration step will
be expressed as bounds for corresponding perturbations to the residual in the kth step,
relative to the norm of an initial residual. Since all these iteration methods construct
their search spaces from residual vector information (that is, they all start with ro =
b), and since we make at least errors in the order of u|/b||2 in the computation of
the residuals, we may not expect perturbations of order less than ury(A)|b|2 in
the iteratively computed solutions. So, our bounds can only be expected to show
up in the computed residuals, if the errors are larger than the error induced by the
computation of the residuals itself.

2. Differences in round-off errors for MINRES and GMRES*.

2.1. The basic formulas for GMRES* and MINRES in exact arithmetic.
We will first describe the generic formulas for the iterative methods MINRES and
GMRES*, and we will assume ezxact arithmetic in the derivation of these formulas.
The aim is to minimize ||b — Ax||2 over the Krylov subspace, and since

b — Axil2 = [[b — AVi yrll
= [Ib = Vi1 T wkll2
(4) =T yx — [[bllz exll2,

we see that a minimizer y, must be the linear least squares solution of the k + 1 by
k overdetermined system

T, yr = ||b]l2e1.

This system is solved with Givens rotations, which leads to an upper triangular re-
duction of T',

(5) Ik :QkRkv

in which Ry is k by k upper triangular with bandwidth 3 and Qk isak+1byk
matrix with orthonormal columns. Using (5), yx can be solved from

Reyr =z = |bl2Q e,
and since x; = Viyi, we obtain
(6) xi = ViR 'Q[ [bllaer = Vi Ry 2.

The GMRES method, proposed for unsymmetric A in [13], can be characterized
by the specific order of computation in the above derivation, indicated by adding
parentheses:

(7) xp = Vi(R, Q[ [bllaer) = Vi (R, ' 21).

When A is symmetric, then Arnoldi’s method is equivalent to Lanczos’s method, so
that (7) describes GMRES for symmetric A (further referred to as GMRES*). The
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well-known disadvantage of this approach is that we have to store all columns of Vi
for the computation of x.

MINRES follows essentially the same approach as GMRES for the minimization
of the residual, but it exploits the banded structure of Ry in order to get short
recurrences for x; and in order to save on memory storage.

Indeed, the computations in the generating formula (6) can be grouped as

(8) X = (\/}CRIZI) 2 = Wg 2g.

For the computation of Wy = V}CR;l, it is easy to see that the last column of Wy, is
obtained from the last two columns of Wy,_; and v;. This makes it possible to update
Xr_1 = Wg_1 251 to X3 with a short recurrence, since zj, follows from the kth Givens
rotation applied to the vector (z;_;,0)”. This interpretation leads to MINRES.

We see that MINRES and GMRES* both use Vg, Ry, T, Qk, and zi for the
computation of xi. Of course, we are not forced to compute these quantities in
exactly the same way for the two methods, but there is no reason to compute them
differently. Therefore, we will compare implementations of GMRES* and MINRES
that are based on exactly the same quantities in floating point finite arithmetic.

From now on we will study in what way MINRES and GMRES* differ in finite
precision arithmetic, given exactly the same set Vi, Ry, T, @ B and z; (all computed
in finite precision, too) for the two different methods. Hence, the differences in finite
precision between GMRES* and MINRES are only caused by a different order of
computation of the formula x; = V}QRlzlzk, namely,

(9) for GMRES*:  xj, = Vi (R}, '2k) ,
(10) for MINRES: x; = (ViR;") 2.

In finite precision, the relation (5) will not be satisfied exactly. Instead, we have
that [8, Theorem 18.4]

(11) Ik:QkRk+Qk7 where HQ;@”F§6k2u||zk||F+O(u2)v

with ¢ a modest constant. The matrix @, is orthogonal; it is the product of the exact
Givens rotations involved in the elimination of subdiagonal elements in the actually
computed reductions of T, .

2.2. Error analysis for GMRES*. In order to understand the difference be-
tween GMRES* and MINRES, we will study in this section the computational errors
in Vg (R;lzk), with respect to the exactly evaluated VkRglzk (given the computed
Vi, R, and z). We will indicate actual computation in floating point finite precision
arithmetic by fI, and the result will be denoted by a ™. Then, according to [4, p. 89],
in floating point arithmetic the computed solution ¥, = ﬂ(R;lzk) satisfies

(12) (Ry + AR)Jr = 21, with |Agp| < 3u|Rg| + O(u?).

This implies that g, = (I + RI;IA R)_lRlzlzk, so that, apart from second order terms
in u, the error A; in the computation of y; is

AL =0, —yr = —RyPApRy 2.

Here y, = R;lzk: yr is the exact value based on the computed Ry and zx. Then we
also make errors in the computation of xj, that is, we compute X, = fi(Viyx). With
the error bounds for the matrix vector product [8, p. 76], we obtain

(13) Re = Vil + Ao, with  |As] < ku Vi Jye| + O(u?).
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Hence, the error Axy = X — X (where x; = WR;lzk), which can be attributed to
the evaluation of the generating formula (9) for GMRES*, has two components:

(14) Axp = VLA + Ay,

This error leads to a contribution Ary to the residual, that is, Ar is that part of ry
that can be attributed to errors in the evaluation of (9) (ignoring O(u?) terms):

Ary =7, -1, = —AAx,

—A\/;CAl — AAQT

AV, R 'ARR 2y — AN
Vi1 T, Ry ' ArRy Lz — AN
w+1QkARR,glzk — AA,.

(15)

Note that in finite precision we have that AV, = Vii1T'),, + Fy, and that, because
of (3), the term Fy, leads to an additional contribution of O(u?) in Ary. This is also
the case in forthcoming situations where we replace AVy by Vi 11T, in the derivation
of upper bounds for error contributions. In a similar way, the error term Qlezl in
the formula for IkRgl (see (11)) leads to a O(u?) term.

Using the bound in (12) and the bound for Ay, we get (skipping higher order
terms in u)

|Arg|2 Vit Q, ll2 3w [[ [ Rl Iz 1By, 2l + K w Al || TVil [l2lly 2

<
< 3VBu|Virallz | Bullz 1By 2ill2 + kvEw | All2 | Ry 212
< 3V3ul[Visallz ma(Be) [bll2 + kvVE u | All2 [ Ry ]2 [[b]l2.

Here we have used that || |Rg||l2 < v/3||Rx||2 (which follows from [15, Theorem 4.2];
see Lemma A.1 for details) and || |Vi||l2 < [|[Villr < Vk. The factor ko denotes the
condition number with respect to the Euclidean norm.

Note that we could bound || V;41]|2 by

Vitalla < VE+1,

which is, because of the local orthogonality of the v;, a crude overestimate. According
to [12, p. 267 (bottom)], it may be more realistic to replace this factor vk + 1 by a
factor y/m, where m denotes the maximum number of times that a Ritz value of T
has converged to any eigenvalue of A. When solving a linear system, this value of m
is usually small, e.g., 2 or 3.

We would like to replace Ry in the error bounds by something that can directly
be related to A. Therefore, we note that

RkTRk = IkTIka

ignoring errors in the order of u.

It has been shown in [5, 7] that the matrix T, that has been obtained in finite
precision arithmetic may be interpreted as the exact Lanczos matrix obtained from
a matrix A in which eigenvalues of A are replaced by multiplets. Each multiplet
contains eigenvalues that differ by (’)(u%) from an original eigenvalue of A.! With

1
IThis order of difference is pessimistic; factors proportional to u?, or even u, are more likely but
have not been proved [6, section 4.4.2].
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\71C we denote the orthogonal matrix that generates T',, in exact arithmetic, from A.
Hence,

AT ~T ~ ~
T!T, =V,A AV,
so that
Jmin(R]?Rk:) > O'min(:&T-g-) and Umax(Rng) < O'max(;&T-:&)?

which implies (ignoring errors proportional to mild orders of u)

(16) IiQ(Rk) S KJQ(A) = KQ(A).

This finally results in an upper bound for the error in the residual for GMRES*,
which can be attributed to the evaluation of the generating formula (9):

[[Ar |2
b2

(17) < (3V3 [ Vit 12 + kVE) ura(A).

Note that, even if there were only rounding errors in the representation of A or
b, then we may expect a perturbation Ax to A~ 'b that is (in norm) up to the order
of u||A™Y|2 ||b||2. This corresponds to an error —AAx in the residual, for which the
norm is up to the order of uka(A)|/b|l2. In this sense the stability of GMRES* is
optimal.

Our analysis for GMRES* has been restricted to certain parts of the algorithm.
For an analysis of all errors in the original GMRES, including those in the Arnoldi
process and the Givens rotations, for unsymmetric A, see [3].

2.3. Error analysis for MINRES. For MINRES we have to study the errors
in the evaluation in finite precision of (Vi R} ') 2.

We will first analyze the floating point errors introduced by the computation of
the columns of Wj, = VkR;l. The jth row w; . of Wy, satisfies

wj: R = vj,:,

which means that in floating point finite precision arithmetic we obtain the solution
wj,. of a perturbed system:

(18) w;.(Re + Ar;) = vj,.,

with

(19) AR, | < 3u|Ry| +O(u?).

Note that the perturbation term A, depends on j. This gives W;. Ry = vj.—w;.Ar;,
and when we combine the relations for j = 1,..., k, we obtain

(20) Wi = (Vi + Aw) R,

with

(21) Aw| < 3u | Wi [Rel + O(?).

We may replace W, by Wy, = ViR, ! in (21), because this leads only to O(u?) errors.
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We also expect errors in the evaluation of X, = fi((Vi R, ')2x) because of finite
precision errors in the multiplication of Wy with z:

(22) Rp = Wiz + As,  with |Ag] < ku Wi | |z| + O(u?).

The errors in V/\\’k and the error term As describe the errors that are due to the
evaluation of the generating formula for MINRES. Added together, they lead to
Axy = X — xp (with x; = Vi, R; ' 2;) related to MINRES

(23) Axp = Aw Ry 'z, + As,
and this leads to the following contribution to the MINRES residual:
(24) Ark = i‘\k — T = —AAXk = —AAlezlzk — AAg

If we use the bound (21) for Ay, and use for other quantities bounds similar to
those for GMRES, then we obtain (again, ignoring O(u?) terms)
1Are]2 < 3wl Al | ViR Iz Rl |2 1Ry 2ellz + ka | Allz | ViR Iz 122
< 3V3ullAll2 Vil B 2 IRz [R5 12 [l
+hu Al [Villr B2 b2
< 3V3u Vel p 52(A)? [[bll2 + kura(A) [ Vil 7 [[b]]2-

Here we have also used the fact that
(25) ViR 2 < (Ve R Hle < (IVelle 1Ry 2,

and, with || Vi||z < VE, the expression can be further bounded.
This results in the following upper bound for the error contribution in the residual
for MINRES, due to the computational errors in the generating formula (10):

HAI'IC||2

bl < 3V3kura(A)? 4+ kvVEkury(A).
2

(26)

We see that the generating formula for MINRES leads to an upper bound for the
norm of the relative error in the residual that is proportional to the squared condition
number of A, whereas for GMRES* this led to an upper bound for the relative error
in norm proportional to the condition number only; see (17). This means that if we
plot the norms of the residuals for MINRES and GMRES*, then the upper bounds
suggest that we may expect to see differences.

More specifically, they suggest that the difference between the norms of the com-
puted residuals for the two methods may be expected to be up to the order of the
square of the condition number. As soon as the norm of the computed residual of
GMRES* (involving all errors made in the process) gets below ux2(A)? ||bl|2, then
this difference may be visible. Indeed, our experiments display a clear difference
between the residual norms for MINRES and GMRES*, in the order of our upper
bounds.

2.4. Discussion. In Figure 4, we have plotted the residuals obtained for GMRES*
and MINRES. Our analysis suggests that there may be a difference between both up
to the order of the square of the condition number times machine precision relative
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to ||b||2. Of course, the computed residuals reflect all errors made in both processes,
and if all these errors together lead to perturbations in the same order for MINRES
and GMRES*, then we will not see much difference in the norms of the residuals.
However, as we see, all the errors in GMRES* lead to something proportional to the
condition number, and now the effect of the square of the condition number is clearly
visible in the error in the residual for MINRES.

Our analysis implies that one has to be careful with MINRES when solving linear
systems with an ill-conditioned matrix A, especially when eigenvector components in
the solution, corresponding to small eigenvalues, are important.

The residual norm reduction |[rg||2/|[bl|2 for the exact (but unknown) MINRES
residual can be expressed as the product pr = |s1-.. .- sg| of the sines sy, of the Givens
rotations; see [13, Proposition 1]. (See also (57) and its subsequent discussion). This
is the last ((k + 1)th) coordinate of the vector that is obtained by applying the &
Givens rotations (used for the annihilation of the subdiagonal elements of T',) to
the vector ey (of length k + 1). In GMRES the computed value pg, computed with
the Sy, is often used for monitoring the reduction of the residual norm. In practical
computations, a residual norm is not often computed explicitly at each iteration step
as ||b — AXgl||2, with X; the kth floating point approximate solution, because this
would require an extra matrix-vector product.

In Figure 4, we have also plotted the computed residual reduction factors py for
MINRES and GMRES*, as dotted curves. We see that the py are only close to the
actual residual reductions (the drawn curves) until where these stagnate: for MINRES
this happens at a level proportional to r2(A)?u, and for GMRES* this happens at a
level proportional to xo(A)u.

We do not know whether the p; are always close to the actual residual reduction
factors before the latter ones stagnate because of errors due to the evaluation of the
generating formulas; this might be not the case if there is a severe loss of orthogonality
among the columns of V; in an earlier phase of the iteration history.

We have not considered the question of how close to orthogonal V;; should be,
but we have seen that the generating formula (10) for MINRES may lead to errors that
are in norm proportional to xo(A)?u. Because the pj cannot reflect computational
errors in the solution of the reduced system (in fact, the derivation of the pj; assumes
exact solution of the reduced system), we should expect at least a deviation by that
order of magnitude in py with respect to ||AX; — bll2/||b||2- This suggests that the
computed reduction factor may be very unreliable for ill-conditioned matrices A.

The situation for GMRES* is much better: the errors introduced by the evaluation
of the generating formula (9) have the same order of magnitude as the errors that we
should expect from a small relative perturbation (of order O(u)) of the given system.

2.5. Diagonal matrices. Numerical analysts often carry out experiments for
(unpreconditioned) iterative solvers for symmetric systems with diagonal matrices,
because, at least in exact arithmetic, the convergence behavior depends on the dis-
tribution of the eigenvalues and the structure of the matrix plays no role in Krylov
solvers. However, the behavior of these methods for diagonal systems may be quite
different in finite precision, as we will now show, and, in particular for MINRES,
experiments with diagonal matrices may give a too optimistic view on the behavior
of the method.

Rotating the matrix from diagonal to nondiagonal (i.e., A = Q"DQ, with D
diagonal and Q orthogonal, instead of A = D) has hardly any influence on the errors
in the GMRES* residuals (no results shown here). This is not the case for MINRES:
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FiGc. 4. MINRES (top) and GMRES* (bottom): solid line (—) logo of ||b — AXy|l2/|bll2;
dotted line (---) logyy of the estimated residual norm reduction py. The pictures show the results
for a positive definite system (the left pictures) and for an indefinite system (the right pictures).
For both examples ko2(A) = 3-108. To be more specific, at the left A = GDG' with D diagonal,
D = diag(1078,2-1078,2: h : 3), h = 1/789, and G the Givens rotation in the (1,30)-plane over an
angle of 45°; at the right A = GDG’ with D diagonal D = diag(—1078,1078,2: h: 3), h = 1/389,
and G the same Givens rotation as for the left example; in both ezamples (and others to come) b is
the vector with all coordinates equal to 1, xg = 0, and the relative machine precision u = 1.1-10~16,

experimental results (cf. Figure 5) indicate that the errors in the MINRES residuals for
diagonal matrices are of order uk2(A), similar to GMRES*. This can be understood
as follows.

If we neglect O(u?) terms, then, according to (18), the error, due to the inversion
of Ry, in the jth coordinate of the MINRES-xy,, due to the evaluation of the generating
formula, is given by

(Axp); = (@ — wy) 2k + (A3); = —vj. Ry, ' Ag, Ry 2 + (As);,

where (A3); is the jth coordinate of Ag (see (22)).
When A is diagonal with (j,j)-entry A;, the error in the jth coordinate of the
MINRES residual is equal to (use (1) and (5))

(Ark)j = )\j’l)j,; R;lARjRIZIZk — )\j(Ag)j
(27) = eJAVIR AR Ry z — \j(As);
eJ’T\Ik‘HQkARJ‘ Rlzlzk —Aj (AS)j'
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Fig. 5. MINRES: solid line (—) logo of ||b — AXg|l2/||bll2; dotted line (---) log of the
estimated residual norm reduction py,. The pictures show the results for a positive definite diagonal
system (the left picture) and for an indefinite diagonal system (the right picture). Exzcept for the
Givens rotation, the matrices in these examples are equal to the matrices of the examples in Figure 4:
here G = 1.

Therefore, in view of (19), and including the error term for the multiplication with
Wi, (cf. (22)), we have for MINRES applied to a diagonal matrix

[Arg |2

||b||2 < (3\/§||W+1||2+k\/E)HH2(A),

which is the same upper bound as for the errors in the GMRES* residuals in (17).

The perturbation matrix Ag; depends on the row index j. Since, in general, Ay,
will be different for each coordinate j, (27) cannot be expected to be correct for non-
diagonal matrices. In fact, if A = Q"diag();)Q, with Q some orthogonal matrix,
then errors of order u || R, |2 k2(Ry) in the jth coordinate of x; can be transferred
by Q to an mth coordinate and may not be damped by a small value |\,,|. More
precisely, if T' is the maximum size of the off-diagonal elements of A that “couple”
small diagonal elements of A to large ones, then the error in the MINRES residual
will be of order T'u ||[Ry |2 k2(R; ") < Tu||A |2 k2(A). I T = ||Af2, we recover
essentially the bound (26).

2.6. The errors in the approximations. In exact arithmetic we have that
[xxll2 = [V Ry "2k ll2 = || Ry ' 2x]l2- We will in this section assume that, in finite pre-
cision, this also gives approximately the right order of magnitude for representations
of the solution

Xkll2 ~ 1%k ll2 = llykll2-

Then the errors (14) and (23), related to the evaluation of the generating formulas
(9) and (10), respectively, can be bounded by essentially the same upper bound:

[Ax]|2

1%k l2

(28) < (3v3 + kvVI)u [ Vella 2(Re) < (33K + kvE)uka(A).

This may come as a surprise since the bound for the error contribution to the residual
for MINRES is proportional to o (A)2.
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Based upon our observations in numerical experiments, we think that this can
be explained as follows. The error in the GMRES* approximation has its relatively
largest components mainly in the direction of the ‘small’ eigenvectors of A. These
components are relatively reduced by the multiplication with A, and then have less
effect to the norm of the residual.

On the other hand, the errors in the MINRES approximation are more or less of
the same magnitude over the spectrum of eigenvalues of A. Multiplication with A
will make error components associated with larger eigenvalues more effective in the
residual.

We will support our viewpoint by a numerical example. The results in Figure 6
are obtained with a positive definite matrix with two tiny eigenvalues. For b we took
a random perturbation of Ay in the order of 0.01: b = Ay + p, ||p|l2 < 1072. This
example mimics the situation where the right-hand-side vector is affected by errors
from measurements. The solution x of the equation Ax = b has huge components in
the direction of the two eigenvectors with smallest eigenvalue. In the other directions
x is equal to y plus a perturbation of less than one percent. The coordinates of the
vector y in our example form a parabola, which makes the effects more easily visible.

The convergence histories of GMRES* and of MINRES (not shown here) for this
example with xg = 0 are comparable to the ones in the left pictures of Figure 4, but,
because of a higher condition number, the final stagnation of the residual norm in the
present example takes place on a higher level (~ 3- 1078 for GMRES* and ~ 10 for
MINRES).

Figure 6 shows the solution x; as computed at the 80th step of GMRES (top
pictures) and of MINRES (bottom pictures); the right pictures show the component of
Xy, orthogonal to the two eigenvectors with smallest eigenvalue, while the left pictures
show the complete x;. Note that ||x||2 =~ 107. The curve of the projected GMRES*
solution (top right picture) is a slightly perturbed parabola indeed (the irregularities
are due to the perturbation p). The computational errors from the GMRES* process
are not visible in this picture: these errors are mainly in the direction of the two
‘small’ eigenvectors.

In contrast, the irregularities in the MINRES curve (bottom right picture) are
almost exclusively the effect of rounding errors in the MINRES process.

3. Error analysis for SYMMLQ. In SYMMLQ we minimize the norm of
X — Xj, for x; = xg + AViyg, which means that y; is the solution of the normal
equations

V" ATAViyr = V" AT (x — x0) = V"1 = [|ro||2 €1.
This system can be further simplified by exploiting the Lanczos relations (1):
VT ATAV, = TV Vi T, =TT,

A stable way of solving this set of normal equations is based on an L decomposition

of T}/, and this is equivalent to the transpose of the QR decomposition of T', (see

(5)), which is constructed for GMRES* and MINRES:
Ty =RiQy-
This leads to

T, T, yr = R; Rpyr = |roll2 €1,
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Fic. 6. The pictures show the solution x of Ax = b, computed with 80 steps of GMRES* (top
pictures) and of MINRES (bottom pictures). The ith coordinate of X (along the vertical axis) is
plotted against - (along the horizontal axis). A = Q*DQ with D = diag(10719,2.10710,2: h : 3),

n4+1 (n+1)m
and p random, ||p|l2 < 0.01. The right pictures show the component of xj, orthogonal to the two
eigenvectors with smallest eigenvalue, while the left pictures show the complete xy.

h =1/97 and Q unitary, Q,;; = \/ =% sin Untl=d) = 100. b = Ay + p with y; = %(1 - %),

from which the basic generating formula for SYMMLQ is obtained:
X = Xqg + A%R;lR; T||I'0||2 el

Xo + Vk+1IkR;1R;THI‘0H2 e1

X0+ (1@, (Ly; 'roll2 €1),

with L, = R;. We will further assume that x; = 0 and hence ro = b. This gives the
following generating formula:

(29)

(30) xp, = (Vi Q,) (L [bllze1).
The actual implementation of SYMMLQ [11] is based on an update procedure for
V}ngk, and on a three-term recurrence relation for g = ||b||2 L,;lel.

The differences in finite precision between MINRES and GMRES* could be ana-
lyzed by studying the differences in the evaluation of the generating formula for these
methods (see (6)):

(31) x = ViR, ' Q] ||bll2e1.
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Note that, because of L, = R}, the generating formulas for the three methods
contain in principle the same computed ingredients Vi1, Qk, Ry, and b. In fact, we
see no good reason for using differently computed values for each of the algorithms.

The methods MINRES and GMRES* have been characterized by a different or-
der of evaluation of essentially the same generating formula (see (9) and (10)). For
SYMMLQ we have a completely different generating formula which even in exact
arithmetic leads to completely different results. Observed differences in the results
for SYMMLQ), compared to MINRES and GMRES*, can by no means be attributed
to computational errors. However, we have tried to make plausible that eventually
the norm of the residual for MINRES may be contaminated by a term proportional to
|b||2#2(A)?u, which may lead to a stagnation of the residual norm at a significantly
higher level than for GMRES*; see, for instance, Figure 4. Since SYMMLQ may be
considered as an alternative for MINRES (one reason is that it avoids storage of the
full V;41), it may be of interest to see whether computational errors in the generating
formula may have a similar polluting effect on the residual as for MINRES. Note that
even if we can answer this question, then this does not reveal all differences due to
rounding errors in MINRES and SYMMLQ. One reason could be that rounding errors
in 'V, manifest themselves differently (because of the right multiplication with Qk),
although this does not seem very likely to us because of the (near) orthogonality of

Q..
—F We postulate that the main factor, for ill-conditioned systems, in the upper bound
for the norm of the additional rounding errors in the residual for SYMMLQ), due to
the evaluation of the generating formula, comes from solving Ligr = ||bl|2e1 for gg.
In order to simplify our rather complicated analysis for SYMMLQ, we have chosen to
study only the effect of the errors introduced by this part of the formula.

The resulting error Axy, is written as

(32) Axp = Vir1 @, (9k — gx)  with  Lygi = [[bl2 €1,
where gi represents the exact solution and g is the value obtained in finite preci-
sion arithmetic. We write gi/||bll2 = (71,-.-,7)", and likewise the coordinates of

gr/||b||2 are denoted by 7;. These coordinates can be written as
(33) ve = ef L 'er, Ak = el (Ly + Ar) ter, with |Az]| < 3u|Ly| + O(u?).

In order to simplify our formulas, we will omit the O(u?) terms in the further analysis.
For the analysis of the residual, we will be interested in the term AVj 1 @ i Using
the relation for the finite precision Lanczos process, we have (cf. (2))

AVi1Q, = Vi T 1 Q, + Fr1 Q, .

Since Ty 3 is symmetric, we have for its submatrices that

_ T
Ty =Tyl

where [, 1 is the k + 3 by k + 1 left block of the k + 3-dimensional identity matrix.
Moreover, for the LQ decomposition in finite precision, we have (cf. (11))
I19T+2 = Lk+2QkT+2 +QkT+2'

The matrix @ o is upper Hessenberg. Hence, [ 1 Q ,, consists of the first k& columns

of Qk o and orthogonality of Qk+2 implies that

T j—
Qk+2£k+1 Qk - £k
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Hence, taking into account that Lyt = (4; ;) is lower tridiagonal (¢; ; # 0 only if
1<j<i+2),

AVin1Q, = Vi T}, Q, + Fr1 @,

= Viro Lipa L, +Vir2 Gy L, Q + Frn Q)

T

e
(34) = Vi Ly + [Viet1, V2| My [ 2;1] + Flgt,
k
where Mj, is the right 2 by 2 lower block of Lk+2£k,

M, = Fk+1,k—1 €k+1,k}
0 lryok
and
o1 = Vire Gl Ly @+ Fin Q.
Note that, on account of (3) and (11),
(35) IFhallz < ¢ K2 VEul|A]

for some modest constant ¢’.

We will use that (Ly + Ar)™' = L' — Ly "ArLy" (neglecting O(u?) terms;
cf. (33)). Then, from (34), we find for the residual ), corresponding to the computed
approximation X = xj + Axy (see (32)),

T, =b—AX, =b—-AV,1 Q, (Lk + Ar)~Ybllzer

=b— ViLyL; '||bl2er + Vo Ly L, ' A L' |bll2e1

el _
- ([ml,vkka [ ] n Fzﬂ) (Li + A) " [bllses
k

(36)  =VeArlbll2L; 'er — |[bll2 [Vit1, Viro] T — Fioay (L + Ar)~[[bl|z2 ex,
where

N €r1 -1
(37) tr = M, 6,3 (Lk JrAL) €.
For the process where the system Lygr = ||bl|2€1 is solved exactly (Ar = 0), we have
(38) i, = b — Axy, = —||bllo [Vi1, Vo] th — Fipy Ly b2 e,
where

T

eT -1
tr = My |: k1:| Lk ey.
€k

Neglecting order u? terms (e.g., stemming from F_;Ar), we conclude that the
error in the SYMMLQ residual rg, due to the solution of Ligr = ||b|l2e1 in finite
precision, can be written as

(39) Al‘k Ei‘\k — I = ||bH2‘/kALL];1€1 — Hb”g [Vk+1,Vk+2] (?k - tk).
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Fig. 7. SYMMLQ: solid line (—) log;, of ||b — AXgl|l2/|/bll2; dotted line (---) log;, of the
estimated residual norm reduction |[ty|l2. The pictures show the results for the positive definite
system (the left picture) and for the indefinite system (the right picture) of Figure 4. Both systems
have condition number 3 - 108,

To obtain a bound for norm of this error, note that (see (16))

IViALL el < 3wl Vill2 Lkl 2 | Zkll2 < 3v3u | Vill2 m2(Li)
3vV3u [[Vill2 h2(Re) < 3v3ul[Vellz2 2(A).

Since vi4+1 and vgio are orthonormal up to machine precision, this leads to

Ar ~
(41) ”||b|]|€2”2 < 3V3|[Villauka(A) + (14 a)||tr — trl|2

for some modest constant ¢/. A straightforward estimate is

~ el _ _
(42) ||ty — trll2 = HM,{ ’g;l}LklALLklel
k

S 3\/511%2([%)2 S 3\/§um2(A)2,
2

which is much larger than the first term in (41). Experiments indicate that ||t — ||
converges towards 0 (even below the value uks(A)). Below, we will explain why this
is to be expected (cf. (60)). Figure 7 illustrates that the upper bound in (41), with
£k — trll2 &~ 0, is fairly sharp.

Accuracy. In exact arithmetic (where also Fx11 = 0 and G, ,, = 0), the norm
lri]l2 of the SYMMLQ residual is equal to ||t;]|2 (as can be seen from (38)). There-
fore, the computed residual norm reduction ||fk||2 is usually used for monitoring the
convergence in a stopping criterion. In actual computations with SYMMLQ), no resid-
ual vectors are computed. To see how close |[tx]|2 is to the reduction |[Fg||2/[|b|l2 of
the norm of the actual residual, first note that rounding errors in the multiplication
in (37) by My and in (36) by [Vigt1,Vk+2] can be bounded by some modest mul-
tiple of usg(Lg).2 These bounds will be neglected in the estimates below: since
Ko(Li) < k2(A) (see (16)), they are much smaller than the bound on |F} L} "e1 ]|
arising from (35). The rounding errors in v+ and vi42 have a similar effect: these
vectors are orthonormal up to machine precision.

2Note the contrast in the effect of errors in the multiplication by M) and in the solution of
Lygy, = e1 (cf. (42)).
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From (36), (35), and (40), neglecting relatively small terms, it follows that

= [l
[£kll2 —
bl

(43) <IVeALL; Yer]la + |[Fhsy L ter]l < ¢ k22 ura(A).

Apparently, SYMMLAQ is rather accurate since, for any method, errors in the
order uko(A) should be expected anyway.

Convergence. It is not clear yet whether the convergence of SYMMLQ is insen-
sitive to rounding errors in the assembly of x; (cf. (31)). This would follow from
(41) if both ¢; and tj, would approach 0. It is unlikely that [[z]|s will be (much)
larger than ||t |2, that is, it is unlikely that the inexact process converges faster than
the process in exact arithmetic. Therefore, when it is observed that |[#x]|2 is small
(of order uks(A)), it may be concluded that the speed of convergence has not been
affected seriously by rounding errors in the assembly of x;. In experiments, we see
that ?j, approaches zero if k increases.

For practical applications, assuming that ||tx||2 < |[tx]|2, it is useful to know that
the computable value ||#;||2 informs us on the accuracy of the computed approximate
and on a possible loss of speed of convergence. However, it is of interest to know
in advance whether the computed residual reduction will decrease to 0. Moreover,
we would like to know whether ||tx]l2 < |[tx]l2. Of course, it is impossible to prove
that SYMMLQ will converge for any symmetric problem: one can easily construct
examples for which ||rg||2 will be of order 1 for any k& < n. But, as we will analyze
in the next subsection, the interesting quantities can be bounded in terms of the
MINRES residual. That result will be used in order to show that the term ||, — tz|2
will be relatively unimportant as soon as MINRES has converged to some degree.

3.1. A relation between SYMMLQ and MINRES residual norms. In
this subsection we will assume exact arithmetic (in particular, the underlying Lanczos
process is assumed to be exact, too). The residuals r}'™ and r}'™ denote the residuals
of MINRES and SYMMLQ), respectively.

The norm of the residual b— Ax”, with x" the best approximate of x in K (A;b),
e, [|x —x"||2 < ||lx —yl2 for all y € K;(A;b), can be bounded in terms of the norm

of the MINRES residual r}™:

b — Ax"[|
(44) TR Ko(A).
This follows from the observation that rj'™ = b — Ax}'™, where x}'™ is from the same

subspace from which the best approximate x" has been selected, and furthermore,
that [[b—Ax"|ls < || A2 [|x —x"[]2 and ||x —x}"||s < [|A™!{|2 [|[r}™||2. Unfortunately,
SYMMLQ selects its approximation xj, from a different subspace, namely AK;(A;b).
This makes a comparison less straightforward.

The following lemma will be used for bounding the SYMMLQ error in terms of the
MINRES error. Its proof uses the fact that r)'™ connects Kp11(A;b) and A Kr(A;b),
that is, r}' € Kr41(A;b), ri'* L AK,(A;b), and hence Kry1(A;b) is spanned by
r¥™® and A Kr(A;b).

LEMMA 3.1. For each z € Ki1+1(A;b), we have

(x, ")

(45) e = %13 < [lx = 2l|3 + Jowe | [Ir (13, where O = g
k112
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Proof. By construction x}'® minimizes ||x —z||2 over all z in the space AKC,(A;b).
Hence x—x3'® L A Ky (A;b). Since ri'™ L AK,(A;b), it follows that (x)'", r}'™) = 0,
and therefore,

(46) ar = (x — XY e¥™) /|2 and  x — x)® — agr)™ L )™,
Since x — x)'® L AK;(A;b) and r}'™ L AK,(A;b), (46) implies that
x—xp° —aprp L Kre1(Asb).
By construction we have that x}'® — agri™ € Ki41(A;b) and, as a consequence,
(47) IIx — x}'® — apry ™2 < |[x — 2|2 forall ze€ Kri1(A;b).

From Pythagoras’s theorem, with (46), we conclude that

e = %513 = [l — x5 — ary™ 13 + o[k 3,

and (45) follows by combining this result with (47). 0O

Unfortunately, a combination of (45) with z = x}'™ and the obvious estimate
lag] e ]l2 < |Ix — x}®||2 from (46) does not lead to a useful result. An interesting
result follows from an upper bound for |ay| that can be obtained from a relation
between two consecutive MINRES residuals and a Lanczos basis vector. This result
is formulated in the next theorem.

THEOREM 3.2.
(48) It < kg1 k2 (A) e le with vy =k + %ln(k).

Proof. We use the relation

(49) r® = s + P,
where
™2
50 g= Ik ll2.
(50) e

and ry¢ is the kth conjugate gradient residual. The scalars s and c represent the
Givens transformation used in the kth step of MINRES. This relation is a special case
of the slightly more general relation between GMRES and FOM residuals, formulated
in [1, 16]. For symmetric A, GMRES is equivalent with MINRES, and FOM is
equivalent with CG.

Since r¢ = |[r{¢[|avis1 L 1™y € Kr(A;rg), it follows that

(51) r = I v,

where v = ¢2||r{¢||s.
MR

Since yvg41 L ™y € Ki(Asrg), it follows that ||yviyi|l2 < [[r}™|l2. Moreover,
since ri’™, L AK,_1(A;rg) and yvg1 L Ki(A;rg), we have that ri™, L x3'™, and

YVi+1 L %", Therefore, with e} = x — x}'®, relation (51) implies
" 3™ 13 it YVk+1
Il = |(x )| < . i |(x, e
g P e 13 N eyl By P

™13

IR 113

r]\/IR "}/Vk 1
x—xF kol >‘+‘<XXMR + >
( B e PN
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and hence,

le™llz Ik ="

GO o

(52) | < |

A combination of (52) and (45) with z = x}'T"; leads to

2
- Il x| o)
R = FEAN i A P B
With
5= ekl

AT eyl

and using the minimal residual property [[r)'f; [|2 < [|r}'?||2, we obtain the following
recursive upper bound from (53):

B <1+ (B +1)%.
Now, a simple induction argument, using

ME
6() = }1 ||e£IRH2 = ,11 ||X||2 é 17
[A7 2 g™z [JAT2 (bl

shows that By < vk41, and the definition of ), implies

Il
e < k2(A) B,
ERF

(54)

which completes the proof. 0

For our analysis in section 3.2 of the additional errors in SYMMLQ, we also need
a slightly more general result, formulated in the next theorem.

THEOREM 3.3. Let c = Ay for somey. Consider the best approximation y;'™ of
y in AKi(A;b) and the yi'™ € Ki(A;b) for which Ay}'™ is the best approzimation
of ¢ in AKL(A;Db).

Then, with vy as in (48), we have
 sup JE AV

Cc — A ME
w < vpt1 ko(A) pk, where pp = su

55
(55) CEE T

Proof. The proof comes along the same lines as the proof of Theorem 3.2.
MR

Replace the quantities x and x;'™ by y and y}'®. Since the y quantities fulfill the
same orthogonality relations, (45) is valid also in the y quantities. This is also the case
for the upper bound for || [[r}™ (|2 = [(y, r}'/|[r)[|2)|. Hence, with e}"* =y —y}'™,

we have

eME||2 _ yvMR |2 eME MR 2
(56) ler™ll3 < ly Yk+12_|_<|| vl ly Y ||2)

[eX™13 = [lep=13 e [l (e} ]2
If we define Bk = Bi/ 1k, we find that

1 eME
el
HollAT 7|2 o™ (l2

32;6 <1+ (qu +1)® and Bo =
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Therefore, as in the proof of Theorem 3.2, Bk < V41, which implies (55). |

For the relations between SYMMLQ and MINRES we have assumed exact arith-
metic, that is, we have assumed an exact Lanczos process as well as an exact solve of
the systems with L. However, we can exclude the influence of the Lanczos process
by applying Theorem 3.2 right away to a system with a Lanczos matrix 7, and initial
residual ||rglj2e;. In this setting, we have, for k& < m, that [13, Proposition 1]

(57) i l2 = llroll2 pr,  where pp = |s1-...-sil,

with s; the sine in the jth Givens rotation for the QR decomposition of T',; px is the
estimated reduction of the norms of the MINRES residuals. Note that (57) is also an
immediate consequence of (50).

From relation (54) in combination with the fact that ||r}®[|2 = ||ro||2 [|tx||2 (cf. (38),
where, in this setting, F},,; = 0), we conclude that

(58) HtkHQ < pk FJQ(Tm) Vi+1 with v, =k + %hl(k’),

for all m > k.

Note that inequality (58) is correct for any symmetric tridiagonal extension T
of Tji1: (58) holds with T}, instead of T},. It has been shown in [5] that there is an
extension T}, of which any eigenvalue is in a O(ui)—neighborhood of some eigenvalue

of A, and therefore, k3(T},) = k2(A) in fairly good precision. This leads to our upper
bound

(59) ||tkH2 < ppko(A)vgrr with v =k + %ln(k).
In section 3.2, we will show that
(60) [t — till2 < 5upy ra(A)? (35° + O(K*Ink)) .

The upper bound in (60) contains a square of the condition number. However, in the
interesting situation where pj, decreases towards 0, the effect of the condition number
squared will be annihilated eventually.

Remark 3.4. Except for the constants k+O(k) and §k*+O(k* In k), the estimates
(59) and (60), respectively, appear to be sharp (see Figure 8).

Although the maximal values of the ratio of ||tz — tx||2/px in Figure 8 exhibit
slowly growing behavior, the growth is not of order k3. In the proof of (60) (cf.
section 3.2), upper bounds as in (59) are used in a consecutive number of steps. In
view of the irregular convergence of SYMMLQ, the upper bound (59) will be sharp
for at most a few steps. By exploiting this observation, one can show that a growth
of order k2, or even less, will be more likely.

3.2. SYMMULAQ recurrences. In this section we derive the upper bound (60).
Suppose that the jth recurrence for the v;’s, with v; as defined in (33), is perturbed
by a relatively small 6 and all other recurrence relations are exact:

(61) 6 =1L;5; + Ljj—17j—1 + ij—2vj—2  with |8 < pullys] |-
The resulting perturbed quantities are labeled as .
Then
I 1| 71
(62) tkftk:(SMk 6,? Lk €j.
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SYMMLQ versus MINRES perturbations in SYMMLQ
T T T T T T

log10 of
-~
log10 of

0 120 120

. . . .
20 40 60 80 100
(e_k"(L+Delta)\e1)/ho_k, [Deltal<eps*|L|, eps=2.958e13

. .
20 40 60 80 100
quotient of the estimates of the residual norms: SYMMLQ / M INRES

FIG. 8. Results for the indefinite matriz with condition number 3-108 (as in the right pictures)
of Figure 4 and Figure 7. The left picture shows log,y of the ratio ||?k||2/pk of the estimated
residual norm reduction ||ty ||2 of SYMMLQ and py, for MINRES (cf. (59)). The right picture models
[Ex —txll2/pr (cf (60)) with an artificial random pertubation Ar, |ZL| > |ALl, and A as in (33):
it shows the logyy of |e (Ly + EL)’lel/pk —el (L + Ar)"Yei/pil, where \ZL| <3-10713|Ly).

For j = 1, t — t), is a multiple of the SYMMLQ residual for the T),-system
(m > k) and, as in the proof of inequality (59), Theorem 3.2 could be applied for
estimating ||ty — tx||2. For the situation where j # 1, Theorem 3.3 can be used.

To be more precise, we apply Theorem 3.3 with v; = ¢;, A = T,,, and ¢ = e;.
Then we have (in the notation as indicated in Theorem 3.3),

. el _ .
) wE=0 G<ih e - Tl = | [ nte] 2
2
and
64) Y™ =0 (k+1<3), llej—Tmmi™lo = ;1 22 < Lo (k41> ),
Pji—1 Pji—1

with ¢;_; the cosine in the (j —1)th Givens rotation. Note that ||e; — Ty, yi"™||2/pi <
1/pj—1 for all ¢ < k. Therefore, by Theorem 3.3,

< ko(Tm) Vk+1

(65) HMk [E’CT;] Li'e .
€ 9 Pj—1

k

For this specific situation, where y;'¥; = 0, the estimate for (5 in the proof of
Theorem 3;3 can be imprcived. If we take By = p;j—18k, then we now have that
ﬂg <1+ (Br_1+1)% and Bj—1 < 1. This implies that p;_16k < vg—j42. Therefore,
the vi41 in (65) can be replaced by vi—;12.

A combination of (62) with (65) gives (cf. (58) and following discussion)

~ ) 6
©6) i —tall < 2L g ko (T v sin S O pra(A) e
Pi—1 Pj—1

Using the definition of M; and the recurrence relations for the y;, we can express ¢;_1
as

_ %’—2] _ { —Lj;; ]
tiq1=M,_ = .
i 7 {’Yj—l Cit1j-17—1
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Therefore, from (59), we have that

; ti_
(67) 2 bl < =11 < Kk2(A) ;.
Pj—1 Pj—1

Hence (cf. (61))
9]

L < pura(A)p,
Pji—1

and, with (66), this gives
(68) [Ex — trlla < papr w2(A)? vy v jpa.

Because the recurrences are linear, the effect of a number of perturbations is
the cumulation of the effects of single perturbations. If each recurrence relation is
perturbed as in (61), then the estimate (60) appears as a cumulation of bounds as in
(68). The vector 1), in (60) represents the result of these successive perturbations due
to finite precision arithmetic.

Finally, we will explain that the effect of rounding errors in solving L~'e; can be
described as the result of successively perturbed recurrence relations (61), with g = 5.
First we note that the 7;’s resulting from the perturbation

iy + Lj—1v—1(L+ p&) + 4jj—27j—2 =0 with [{|<u
are the same as those resulting from the perturbation

U171 (L + &) +4j_1j—2vj—2 +Lj—1j-37j—3 =0,

which means that a perturbation to the second term in the jth recurrence relation
can also be interpreted as a similar perturbation to the first term in the (j — 1)th
recurrence relation.

Now we consider perturbations that are introduced in each recurrence relation
due to finite precision arithmetic errors. Let 7, represent the actually computed 7;,
then

5 = Lij—19—1 (L + &) + 4j5-07;-2(1 + &)

_ . with  [¢],[¢],1¢"] < u,
; e €l I, le”)

and this can be rewritten, with different £ and &', as
G (L +38) + €171 (1 +28) + 45272 =0, with [¢],[¢'| <u.

Since the perturbation to the second term in this jth recurrence relation can be
interpreted as a similar perturbation to the first term in the (j — 1)th recurrence
relation (which was already perturbed with a factor (1 + 3¢£)), we have that the
computed 7, can be interpreted as the result of perturbing each leading term with a
factor (1 + 5¢).

4. Discussion and conclusions. In Krylov subspace methods there are two
main effects of floating point finite precision arithmetic errors. One effect is that the
generated basis for the Krylov subspace deviates from the exact one. This may lead
to a loss of orthogonality of the Lanczos basis vectors, but the main effect on the
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iterative solution process is a delay in convergence rather than misconvergence. In
fact, what happens is that we try to find an approximated solution in a subspace that
is not as optimal, with respect to its dimension, as it could have been.

The other effect is that the determination of the approximation itself is perturbed
with rounding errors, and this is, in our view, a serious point of concern; it has been
the main theme of this study. In our study we have restricted ourselves to symmetric
indefinite linear systems Ax = b. Before we review our main results, it should be
noted that we should expect upper bounds for relative errors in approximations for x
that contain at least the condition number of A, simply because we can in general not
compute Ax; exactly. We have studied the effects of perturbations to the computed
solution through their effect on the residual, because the residual (or its norm) is
often the only information that we get from the process. This residual information is
often obtained in a cheap way from some update procedure, and it is not uncommon
that the updated residual may take values far smaller than machine precision (relative
to the initial residual). Our analysis shows that there are limits on the reduction of
the true residual because of errors in the approximated solution. For GMRES, this
observation has also been made in [3].

In view of the fact that we may expect at least a linear factor k2(A), when
working with Euclidean norms, GMRES* (section 2.2) and SYMMLQ (section 3)
lead to acceptable approximate solutions. When these methods converge, then the
relative error in the approximate solution is, apart from modest factors, bounded
by uxs(A). SYMMLQ is attractive since it minimizes the norm of the error, but
it does so with respect to A times the Krylov subspace, which may lead to a delay
in convergence with respect to GMRES* (or MINRES), by a number of iterations
that is necessary to gain a reduction by k2(A) in the residual; see Theorem 3.2 (also
Figure 8). For ill-conditioned systems, this may be considerable.

As has been pointed out in [11], the conjugate gradient iterates can be constructed
with little effort from SYMMLQ information if they exist. For indefinite systems the
conjugate gradient iterates are well defined for at least every other iteration step,
and they can be used to terminate the iteration if this is advantageous. However,
the conjugate gradient process features no minimization property (in contrast to the
positive definite case) when the matrix is indefinite, and so there is no guarantee that
any of these iterates will be sufficiently close to the desired solution before SYMMLQ
converges.

For indefinite symmetric systems we see that MINRES may lead to large pertur-
bation errors: for MINRES the upper bound contains a factor k2(A)? (section 2.3).
This means that if the condition number is large, then the methods of choice are GM-
RES or SYMMLQ. Note that for the symmetric case, GMRES can be based on the
three-term recurrence relation, which means that the only drawback is the necessity
to store all the Lanczos vectors. If storage is at a premium, then SYMMLQ is the
method of choice.

If the given system is well conditioned, and if we are not interested in very accurate
solutions, then MINRES may be an attractive choice.

Of course, one may combine any of the discussed methods with a variation on iter-
ative refinement: after stopping the iteration at some approximation xj, we compute
the residual r(xj) = b — Axy, if possible in higher precision, and we continue to solve
Az = r(xy). The solution z; of this system is used to correct Xx: X,,p. = X, +2;. The
procedure could be repeated, and eventually this leads to approximations for x so that
the relative error in the residual is in the order of machine precision (for more details
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on this, see [14]). However, if we would use MINRES, then, after restart, we have to
carry out at least a number of iterations for the reduction by a factor equal to the
condition number, in order to arrive at something of the same quality as GMRES*,
which may make the method much less effective than GMRES*. For situations where
ko(A) > 1/4/u, MINRES may even be incapable of getting at a sufficient reduction
for the iterative refinement procedure to converge.

It is common practice among numerical analysts to test the convergence behavior
of Krylov subspace solvers for symmetric systems with well-chosen diagonal matrices.
This often gives quite a good impression of what to expect for nondiagonal matrices
with the same spectrum. However, as we have shown in our section 2.5, for MINRES
this may lead to a too optimistic picture, since floating point error perturbations with
MINRES for a diagonal matrix lead to errors in the residual (and the approximated
solution) that are a factor xo(A) smaller than for nondiagonal matrices.

Appendix.
LEMMA A.1. If, for a matriz C, nc = min(n,., n,.) with n. the mazimum number
of nonzeros per column and n, the mazimum number of nonzeros per row, then

(69) [Cl2 < vnc [C|2.

Proof. We prove the lemma with respect to columns; the row variant follows from
the fact that [|[B|2 = ||B||2 for any matrix B.
Since || |C| |13 < ne max; (3, |ij]?) (see [15, Theorem 4.2]), we have

HCII3 < ne max ICe)ll3 < nclICl3. O
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