ON THE ADMISSIBLE CONVERGENCE CURVES FOR RESTARTED GMRES

JURJEN DUINTJER TEBBENS* AND GERARD MEURANTY

Abstract. This paper studies admissible convergence curves for restarted GMRES and their relation to the
curves for full GMRES. It shows that stagnation at the end of a restart cycle is mirrored at the beginning of the
next cycle. Otherwise, any non-increasing convergence curve is possible and pairs {A, b} are constructed such that
when restarted GMRES is applied to Az = b, prescribed residual norms and Ritz values for the individual cycles
are generated. Additionally, A can have any spectrum. The constructed systems lead to full GMRES processes
that can be generated with short recurrences and offer some insight into the phenomenon of larger restart lengths
being able to result in slower convergence.
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1. Introduction. Krylov subspace methods are popular for the solution of linear systems

Az =b, AeC™" beC" (1.1)

with non-singular, sparse and possibly very large matrices A. If A is non-Hermitian, one can use
methods like Bi-CG [16], QMR [17] or Bi-CGSTAB [31] based on short recurrences to build the
underlying Krylov subspaces. They require limited storage and computational costs per iteration,
but convergence curves for the residual norms can oscillate and the methods can break down before
the solution has been found (in exact arithmetics). In the GMRES method [27], the kth iterate xy,
minimizes the norm of the residual vector ry = b— Axy, over all vectors in the kth Krylov subspace
span{rg, Arg, ..., A¥"1ry}, leading to non-increasing residual norms. The minimization property
can also be formulated as

7%l = min [|p(A)roll, (1.2)
PETY

where 7y, is the set of polynomials of degree k& with the value one at the origin; || - || denotes
the Euclidean norm for vectors and the induced norm for matrices. The employed basis for the
kth Krylov subspace being orthogonal in GMRES, it must be generated with long recurrences.
Storage and computational costs to find the solution of the minimization problem (1.2) therefore
grow with the iteration number k. As a consequence, the GMRES method in practice almost
always needs to be restarted: After a small number of m iterations, the current approximation .,
is used as the initial approximation for a new series of m GMRES iterations and this process is
repeated. We will denote it by GMRES(m) and will call the non-restarted process full GMRES.
GMRES(m) produces non-increasing residual norms just as full GMRES, but there is no guarantee
that the solution of (1.1) has been found by the nth iteration. In fact, there is no guarantee that
the solution will be found at all, as iterates may stagnate. In that case, GMRES(m) produces
identical approximations during an entire cycle of m iterations and consequently, all subsequent
cycles behave the same way.
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2 ADMISSIBLE BEHAVIOR OF RESTARTED GMRES

Part of the available convergence results for GMRES(m) consider non-stagnation conditions
(see, e.g., [11, 26, 35, 30, 36]) and a large number of techniques has been proposed to reduce the
risk of stagnation. Especially strategies using approximate eigenspaces to deflate the matrix or
augment the Krylov subspaces have been succesful (see, e.g., [10], [26], [4], [19]). In this paper
we do not consider such strategies but restrict to the analysis of the restarted GMRES process
described in the previous paragraph, which is already complicated by itself. Some results of
convergence analysis for full GMRES (which is not straightforward either) can be inherited, but
other issues are specific for restarting. For example, linear systems have been encountered where
the speed of convergence seems to be inversely proportional to the restart length, i.e. a larger
m yields slower convergence of GMRES(m), see, e.g. [12], [10]. A sound explanation for this
phenomenom is missing. Detailed investigations of the restart mechanism and its consequences
for convergence behavior can be found, among others, in [5],[29], [34] and [32].

One approach to convergence analysis is to study the form of the matrices (and right-hand
sides) that generate a particular convergence curve, see e.g. [1] and [22, Section 5.7.4] for full GM-
RES. A classical theorem by Greenbaum, Ptdk and Strakos is that any non-increasing convergence
curve can be generated by full GMRES with matrices having prescribed (nonzero) eigenvalues [21],
[20], [22]. This shows that eigenvalues alone are in general not sufficient to describe convergence
behavior (see also [23]).

The same approach to convergence analysis was applied to GMRES(m) by Vecharynski and
Langou [33] and Schweitzer [28] considers the restarted FOM method. This paper can be seen as
an extension of the results in [33], which focus on so-called cycle-convergence. More precisely, [33]
prescribes the residual norms for the last (mth) iterate of every restart cycle. We will concentrate
on the residual norms inside cycles through the construction of linear systems that generate in
every cycle Hessenberg matrices with prescribed entries. As a by-product, we can prescribe the
Ritz values of restart cycles. In [33] it is assumed that at the end of every cycle, there is a strict
decrease of the residual norm for the mth iterate in comparison with the previous iteration. We
will show that the case where stagnation is allowed at the end of a cycle has consequences for
the behavior in the next cycle and that it leads to an interesting characterization of inadmissible
convergence curves for GMRES(m). We also address the relation of the possible convergence
curves with the residual norms that can be generated by full GMRES applied to the same system.
Finally, we offer some insight into how it is possible that the speed of convergence can be inversely
proportional to the restart length.

The paper is organized as follows. In the remainder of this section we introduce some notation
and recall relevant results related to full GMRES. The second section describes inadmissible
convergence curves for GMRES(m) and the next section constructs linear systems generating any
admissible curve with prescribed spectrum for the system matrix and prescribed Ritz values in
the individual restart cycles. Section 4 shows that the constructed systems allow the full GMRES
process to be carried out with short recurrences and that they lead to the counterintuitive situation
described above where with m’ > m, GMRES(m') yields slower convergence than GMRES(m).
Further comments and conclusions are given in Section 5. Throughout the paper we assume exact
arithmetics and we assume that the initial guess xq in (restarted) GMRES processes is zero. With
“the subdiagonal” and “subdiagonal entries” we will mean the (entries on the) first diagonal under
the main diagonal. We will denote by e; the jth column of the identity matrix of appropriate
order.

1.1. Notation and preliminaries. We consider in total not more than N — 1 restarts
where Nm < n. In words, the total number of GMRES iterations inside all cycles (including
the initial cycle) is smaller than the system size. This does not represent a restriction for most
practical situations. We will attempt to construct matrices A and right-hand sides b such that if
GMRES(m) is applied, it exhibits some prescribed behavior for the residual norms and possibly
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the Ritz values. A and b are always constructed as
A=VHV*, b/||b|| = Ve, (1.3)

for an upper Hessenberg matrix H and a unitary matrix V. For the purposes of this paper it suffices
to restrict to unreduced Hessenberg matrices H. Note that (1.3) does not in general represent the
Arnoldi decomposition resulting from applying the Arnoldi orthogonalization process to A and b,
because we do not require the subdiagonal entries of H to be real positive.

GMRES residual norms are unitarily invariant, i.e. GMRES applied to B and c gives the same
residual norms as GMRES applied to WBW™* and W for any unitary matrix W. With respect to
(1.3) this means that it suffices to study GMRES for H with right-hand side e;. The same holds
for the Ritz values obtained from the Arnoldi process. To construct matrices and right-hand sides
yielding prescribed residual norms and Ritz values, we will therefore concentrate in (1.3) on the
choice of H and consider V a free parameter matrix.

Any product of the form UCU ™! where U is nonsingular upper triangular and C is a com-
panion matrix yields an unreduced upper Hessenberg matrix. Reversely, any unreduced upper
Hessenberg matrix H can be decomposed as

H=UcU !, (1.4)

where U is nonsingular upper triangular and C'is the companion matrix for the polynomial whose
roots are the eigenvalues of H. To find U, it suffices to equate consecutively the columns 1 till n—1
of the equation HU = UC starting with Ue; being a nonzero multiple of e;. The decomposition
(1.4) is useful for creating Hessenberg matrices with a given spectrum yielding prescribed residual
norms and Ritz values when GMRES is applied with right-hand side e;. The next theorem shows
that in full GMRES, the choice of the first row of U ! can force prescribed residual norms and the
columns of U~! determine Ritz values. It is a slight modification of [8, Theorem 1], formulated
in terms of the Hessenberg matrix that is actually generated by GMRES.

THEOREM 1.1. Consider a set of tuples of complex numbers

R = {pgl)v

2 2
(02, py,

n—1 n—1
(pg )7"'7pn71 ))7

CYUTT )}

such that (A1, ..., \n) contains no zero number and consider n positive numbers
f0)>f1)>-->f(n—1)>0,

such that fori=1,...,n—1, f(i—1) = f(i) if and only if (pgl), ceey pgz)) contains a zero number.
If A is a matriz of order n and b a nonzero n-dimensional vector, then the following assertions
are equivalent:
1. The GMRES method applied to A and right-hand side b with zero initial guess yields
residual vectors ri, i =0,...,n—1 such that

HTZH:f(Z)v 7;:05"'777’_15
A has eigenvalues A1, ..., \, and pgi), . ,pgi) are the eigenvalues of the ith leading princi-
pal submatriz of the generated Hessenberg matriz (the Ritz values) for alli=1,...,n—1.
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2. The GMRES method applied to A and right-hand side b with zero initial guess generates
an upper Hessenberg matriz of the form

T 11 T
_ X ny| X
S NI

where C™) is the companion matriz of the polynomial with roots A1, ..., An,

1 1 1 o .
Xo—m7 |Xi|_\/f(i)2_f(i—1)2’ i=1,..., 1

and the entries of the nonsingular upper triangular matriz ¥ of size n — 1 satisfy

i l_ 1 i ‘
H(p—p§-))=— XH—g g |, oii €R, 055 >0, 1=1,...,n—L
i, :
s j=1

j=1

Proof. 1t is easily seen from equating consecutively the columns 1 till n — 1 of the equation
HU = UC that H has real positive subdiagonal if and only if U ! has real positive main diagonal.
Thus the matrix H in the second assertion has real positive subdiagonal and can be generated by
an Arnoldi process performed in GMRES. Assume the second assertion of [8, Theorem 1] holds
for K = n. One can always find a unitary diagonal scaling matrix D; such that the main diagonal

of
T
g
Lo P

is real positive. Then the unitary matrix V can be replaced with the unitary matrix V. D7. If the
second assertion of the present theorem holds, then one can find a unitary diagonal scaling matrix
D5 such that XTD2 is real positive. O

Because the matrix U~! in the decomposition (1.4) of a generated upper Hessenberg matrix
determines both residual norms and Ritz values, it would be nice to have a formula to compute
U~! directly from H, without knowing U.

PROPOSITION 1.2. Let H =UCU™" be the decomposition (1.4) and let v; ; be the entries of
U~t. Then

V1it1 0 U hy
1 V1,
= . - ) Z:L 7n_15 (15)
hit1,
Vit1,i+1 Visi 0
where h;y = [hy4, - ,hm-]T and where U; is the leading principal submatriz of size © of U.

Proof. See [24, Section 4]. O

This gives a recursive formula for the entries of the first row of U ™!, which determine the
generated GMRES residual norms.

LEMMA 1.3. Let GMRES generate the Hessenberg matrix H and consider the recursion

ha,i
1 -1 '

X0 = 7 Xi:—[XOw--infl]T : ’ Z:1,2,,TL—1 (16)
[I7oll hita.i .

)
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Then X = [X0,- -, Xn_1]T is the first row of U~ in the decomposition (1.4) of H (with Ue; =
lrolle1), and the ith residual norm satisfies

-1

Irall>= (> ;] . i=12...,n-1 (1.7)
=0

Proof. The fact that the first row of U ! satisfies the recursion follows from equating the first
row in (1.5). Because of Theorem 1.1, the residual norms satisfy

1 1 1
T = |Xol; - — =l i=1,...,n—1.
[[7oll [rall® lrizal? '
Equality (1.7) follows from a straightforward induction argument applied to HT1'||2 — IIT-711||2 =

Ixi|>,i=1,...,n—1.0

Formula (1.7) is most probably not as stable as the usual way to compute GMRES residual
norms based on a QR-decomposition of the generated Hessenberg matrix, but it will prove to be
useful in Section 4.

As mentioned before, all relevant values in GMRES are obtained from the Hessenberg matrix
and this clearly also holds for the size (m + 1) x m upper Hessenberg matrix generated in some
cycle of GMRES(m). In the whole paper we will therefore focus on the choices of the small
Hessenberg matrices of the individual restart cycles. In fact, we will attempt to prescribe all their
entries. Because of its importance for the further development, we give the formula for creating
the desired small Hessenberg matrices explicitly in a new corollary (though it is a straightforward
consequence of Theorem 1.1).

COROLLARY 1.4. Consider a set of tuples of complex numbers

R = {pgl)v
(0, p8),
(" ey
(p(m) e , P

and m + 1 positive numbers
f0)=fA) == f(m—1) = f(m) >0,

such that for i =1,....,m, f(i — 1) = f(i) if and only if (pgl), cey pgz)) contains a zero number.
Consider GMRES applied to a non-singular matriz of size n and an n-dimensional vector, where
n > m. The following assertions are equivalent:

1. The residual vectors generated by m iterations of GMRES satisfy

Irill = f(@), i=0,....m

and the generated Ritz values are (pgi), ceey pgi)) after the ith iteration for alli=1,...,m.
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2. The Hessenberg matriz generated after m iterations is of the form

-1
5 | Xo oo Xm 0 X0 - Xm-—1 (m+1)xm
e[ IO [ oy e "
where
1 1 1
- = - . i=1,...,m. 1.9
=g \/f@)? 17 (19)

and ¥, s a nonsingular upper triangular matrix of size m with leading principal submatriz
Yim—1 of size m — 1 whose entries satisfy

3 3
H(p—py)): U:.l‘ Xi+ZO'j7ipJ s O'iinR, O'M>O, i1=1,...,m.
j=1 o j=1

2. Inadmissible convergence curves. In this section we investigate whether, as is the case
for full GMRES, any non-increasing convergence curve is possible for restarted GMRES. We will
see that the answer is negative and describe some inadmissible convergence curves. To this end,
we study the restrictions that the Hessenberg matrix from a given cycle puts on the Hessenberg
matrix for the next restart cycle. For ease of exposition, we will start by comparing the initial cycle
with the second cycle (the first restart cycle) and then generalize for the other cycles (without
proof if the generalization is straightforward).

Let the residual vectors generated in the first two cycles of GMRES(m) be denoted as
(1) r((f) = r,(,p,rg?), e ,7"7(3).

Tél) = b,rgl),..., s
We wish to construct A and b of the form (1.3) such that in the m iterations of the initial cycle

the generated Arnoldi decomposition is

m

AV =v D aO - where VIV =L, v e = b/ (2.1)

Here the upper Hessenberg matrix f[ﬁ) of size (m + 1) x m is a given matrix whose entries have
been chosen such that prescribed residual norms and Ritz values are obtained. This can be done
with Corollary 1.4. Vn(11421 is an arbitrary matrix of size n x (m + 1) with orthonormal columns.
Because no restart took place in the initial cycle, it is trivial that we can choose the first m
columns of H and the first m + 1 columns vy, ..., vpm4+1 of Vin (1.3) as

1, (1) I,
H{ 0 }—[Hgl }, V{ OH}—[Ul,---,vmﬂ]—vn(@lll- (2.2)

At the beginning of the restart, the new initial Arnoldi vector is the normalized last residual vector
of the previous (first) cycle and can be written as a linear combination of the Arnoldi vectors of
the previous (first) cycle. It is not difficult to see that the coefficients of this linear combination
are given by the entries of the normalized vector e; — ﬁr(nl ) (ﬁ,(nl ))Tel, where BT denotes the Moore-
Penrose pseudoinverse of a matrix B. What is more interesting is that these entries are given by
the numbers xo, .. ., Xm which depend only on the residual norms of the initial cycle (except for
the phase angles), see (1.9).

LEMMA 2.1. Let GMRES generate in its mth iteration Arnoldi vectors vy,...,Umy1 and an
upper Hessenberg matriz ﬁr(r}) with decomposition (1.8), i.e.

Ll L1l =1
— , — e ils 1 = ,...,m.
Iroll ~ X° a2~ Trea? ™
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If

Xo
YW = | et (2.3)

Xm
where @ denotes the complex conjugate of a complexr number c, then
YOy HD e =0, j=1,...,m (2.4)

and
ey .
H )H [vlv"'vvarl] FY( ) (25)
T'm
Proof. Because Y has the form (1.8), we have
() HG =
-1
@y, | Xo -+ Xm X0 - Xm 0 X0 -+ Xm—1 o
||rm ||€1 |: 0 Em :| |: 0 Em :| |: Im :| |: O Emfl :| =0 617

which proves (2.4). After m iterations of GMRES we have

)

rD =y, (llf“ | er — ffﬁ)ym) . Ym = argminHllrél)ll er — HVy

and with y,, = ||r(1 |(Hm )Tel we have
= e o] (T = AP WD) e

Taking norms on both sides gives

ol

[
oy = | (s = ERED e (26)
To
Thus
iy (Im+1 - gr(g)(g@))f) ‘L
eOn =[v1,... s Umt1le, c= W0 (2.7)
I3l | (s = HD () e
Furthermore,

(s~ AP«
(T = B () e
where we used (2.7), (2.6) and (2.3). Tt is easily checked from (1.9), that |[y)| = 1. By the

Cauchy-Schwarz inequality 1 = (y)*c < [y ||| = 1, with equality if and only if ¥(!) and ¢
are collinear. O

1
= |V Ir§V) =1,

('7(1))*0 = ('7(1))* H e (1 I
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We wish to define further columns of H in (1.3) such that, for a given Hessenberg matrix
ﬁr(nz ), the Arnoldi decomposition build in the m iterations of the second cycle is

AVD =v® A where VEVE =1, Ve =V 4O, (2.8)

The Hessenberg matrix ]?I,(Tf ) is chosen such that it yields predefined residual norms and Ritz values
for the second cycle (which can be achieved using Corollary 1.4); Vrfi)rl is an arbitrary matrix of
size n x (m + 1) with orthonormal columns.

The following lemma describes a relation between the Hessenberg matrices of the first two
cycles H(l)7 2 and the Hessenberg matrix H in (1.3).

LEMMA 2.2. Let GMRES applied to A and b of the form A = VHV*, b/|b|| = Ve, and
satisfying (2.2), be restarted after m iterations with initial Arnoldi vector [vy, ..., vmi1] v, The
restart cycle generates the Arnoldi decomposition (2.8) if and only if m iterations of the Arnoldi

process with input matric H and initial vector [ (”y(l))T 0 ]T generate the decomposition

. ¥
HZpy = Zpm 1 HP,  where Z . Zmi1 = L1, Zmﬂel_{”yo ] (2.9)

Proof. It suffices to use A = VHV™ and to define Z,,11 = V*Vg_&l. O
7 (2)

Lemma 2.2 says that the Hessenberg matrix Hy,’ generated during the restart is fully deter-
mined by the vector v(1) and by the Hessenberg matrix H in (1.3). Because the first m columns of
H contain the Hessenberg matrix flr(nl ) generated during the initial cycle, ]?I,(f ) may be determined
by ﬁ,(nl), at least partially. This will depend upon the zeros in v(V): if most of the trailing entries
in (1) are zero, then most of the Arnoldi decomposition (2.9) lives on the first m columns of H
and most of Hm) is determined by H (1)

LEMMA 2.3. Let j > 0 be a nonnegative integer smaller than or equal to m. The j trailing
entries of YV are zero (i.e. 6?7(1) #0,i=1,...,m+1—j, 6?7(1) =0,i=m+2—j,...,m+1)
if and only if the last j iterations of the initial cycle stagnate, i.e.

1 1
ol > I > - 2 > S = = (D).

Proof. This follows immediately from the definition of the entries of y(1), see (2.3) and (1.9).

We see that it is crucial for the ability to prescribe entries of ﬁr(nz ) whether there is stagnation

at the end of the initial cycle. Only if there is no stagnation, we have a chance that all entries of

an) can be prescribed; otherwise, some entries are predetermined by Hy, N ™ fact, it is the first

columns that will be determined by an1 ).

LEMMA 2.4. If for a nonnegative integer j smaller than or equal to m, the residual norms in
the initial cycle satisfy

1 1 1
IO > D) > > > P = = D),

then the (j+1) X j left upper block ﬁl(?]) of the Hessenberg matrix ﬁfyf) generated during the restart

(1)

cycle is uniquely determined by the Hessenberg matriz Hy, generated during the initial cycle.
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Proof. The Hessenberg matrix I;T,(f) is the matrix generated by the Arnoldi decomposition
(2.9), see Lemma 2.2. By Lemma 2.3, if we have j stagnating iterations at the end of the first
cycle, the vector v(1) in (2.9) is zero from position m + 2 — j on. Therefore, when the Arnoldi
decomposition (2.9) is computed, every next Arnoldi vector (i.e. every new column of Z,, 1) will
have an additional position with nonzero entry beneath the nonzero entries of the previous Arnoldi
vector. The first Arnoldi vector having a nonzero entry on position m + 1 is Z,,+1e;41. Thus the

first j columns of flr(,f ) are fully determined by the first m columns of H and by v(*) which both
depend fully upon I;T,(nl) a

Thus with j stagnating iterations at the end of the first cycle, the first j columns of ]?I,(qf)
cannot be prescribed anyhow. For the first row of these columns we know the following.

LEMMA 2.5. If the residual norms in the initial cycle satisfy

1 1 1 1
e e L [ L
for a nonnegative integer j smaller than or equal to m, then the first row of IAJI(?]) s zero.
Proof. By Lemma 2.2 we have
7 (2) * ~
Hm = Zm+1HZm, Zm+1€1 = 0 5 (210)

where, as explained in the proof of Lemma 2.4, the vector Z,,e; is zero from position m + 2 — j
on and every new column of Z,, will have a new position with nonzero entry. The first Arnoldi
vector having a nonzero entry on position m + 1 is Zp,e;41. Using (2.10), this gives for the first

row of f[l(i)

eilrzmei
77 (2) . . :
e{ [ H(?)n } e = [ 7(1) 0 } HZ,e; = Fy(l) Hﬁ%) e%—j-{-izmei =1,
0

All these entries on the first row are zero because 7(1)*1‘27(71) is the zero vector, see (2.4). O

It is not difficult to see that the lemmas of this section can be formulated for any two subse-
quent restart cycles. Let us denote the residual vectors generated in the kth cycle of GMRES(m),

2 <k <N, with rék) = 7“,(7]5_1),7“9), . ,rﬁ,{f), and let us denote the Arnoldi decomposition gener-
ated during this cycle by

AVE = v g® - where VEIVE 1,0 V) ey = v 4D (211)

m—+1 m—+1Ym+1 = m

If 1?[,%71) is decomposed as

o k— -1 o k—
gen | a e X 0 X by
m 0 xnk-v 0 n*-b ’

m—1
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1
with Xékfl) = 1/||7°((Jk 2 || and |x(k 2 | = (1/”7“51671)”2 1/||7°(k 2 I )2 for i = 1,...,m, (see
Corollary 1.4), then the vector =1 is given by

—(k—1)
Xo
(k=1 — ||r(k=1)) : . (2.12)

v :
(k-1
Yo

The proof is analogous to the proof of Lemma 2.2. The other lemmas of this section are formulated
for any two subsequent restart cycles in the same way and the proofs are as for the first two cycles.
Lemma 2.5 for arbitrary subsequent restart cycles leads to the following result.

THEOREM 2.6. If the residual norms in the (k — 1)st cycle of GMRES(m), mk < n, satisfy

(k—1)

k—1 k—1 kl
I DN > 0 > > T > P = = Y

for a nonnegative integer j smaller than or equal to m, then the residual norms in the kth cycle

of GMRES(m) satisfy

0l =

k
I7s Pll=-e=

(|71

Proof. From Lemma 2.5 we know that the first j entries of the first row of I?I,(,f )

we decompose ﬁ,(,f )

are zero. If
in the form (1.8) by consecutively finding the columuns of the upper triangular
matrix (starting with first column el/Hr(()k)H) we see that [y, (k), ce Xg:ll] is zero on positions 2

till 7 + 1. With Corollary 1.4 this gives the claim. O

This is a fascinating restriction which the residual norms of one cycle put on the residual norms
in the subsequent cycle. A phase of stagnation at the end of some cycle is literally mirrored, with
the same length, at the beginning of the next cycle. Equivalently, if a zero Ritz value appears
during the last j subsequent iterations of a cycle, it must reappear in the first j iterations of the
cycle that follows. The authors are not aware of any reference to this property in the literature,
though the discussion in [29, Section 4] suggests that after stagnation in a cycle, restarting will
produce little new information to overcome slow convergence.

Summarizing, it is not possible to prescribe for GMRES(m) any non-increasing convergence
curve. As soon as we prescribe stagnation at the end of some cycle, the beginning of the next
cycle must stagnate too; otherwise, the convergence curve is inadmissible. The next section will
show that this is the only type of inadmissible convergence curve for GMRES(m).

3. Generating prescribed Hessenberg matrices. We will now assume that the very last
iteration of each cycle does not stagnate. For that case, we show how to construct matrices and
right-hand sides such that GMRES(m) generates prescribed Hessenberg matrices (and, therefore,
also residual norms) in all N cycles where Nm < n. To begin with, we again consider the first
two cycles.

Based on Lemma 2.2, we wish to find H in (2.9) such that ]?I,(,f) has prescribed entries. This
is an ,,inverse” Arnoldi decomposition problem, where an input matrix has to been found to
create an Arnoldi decomposition with some given properties. The first m columns of H are fully

determined by Hﬁ ), see (2.2). Thus we must concentrate on the choice of the columns m + 1 until
2m. The probably easiest way to satisfy (2.9) with ]?I,(,f) given, is to assume that the matrix Z,,11
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with orthonormal columns has a simple form. Assume that Z,, 1 has the ,,canonical” form

~+M 0
Zmir=| 0 I, |. (3.1)
0 0

We will find the columns m + 1 until 2m of a matrix H satisfying (2.9) with this specific choice
and we will denote this particular H with H. Equating the first column of

HZp = Zp P (3.2)
gives
Bl,m-{-l

(1) . (1)
- an | CH o | o (2)
Hamer = [ 0 ] : T Y1 | Pmt2,m+1 :hl,l +h2,1em+2v

(1) 0 .

TYm

where hl(-?j) are the entries of Y. Therefore, the (m + 1)st column of H must satisfy

(1)

ﬁ1,m+1 1 . A M1 } h?i
: = higyM —aL) | ; hmtomir = == (33)
hm+l,m+1 /Ym-i-l '77(7%) ’ym—i-l
The relation for the second column in ﬁZm = ~m+1ﬁ,(,$),
Bl,m+2 7(1)
I;[ZmeQ = ﬁem+2 = - : = hf% . + hg?%em—iﬂ + hz(f%em-i-?n
hm+3,m+2 :
0 0
gives the entries of the (m + 2)nd column of H:
}Nll,m+2
2 = 2 =
=YY, Bgomir =53, hmgsmis = b, (34)
hm+1,m+2
We can continue in this manner until the 2mth column of H, yielding, for i = 3,...,m,
Hl,eri
=0V, e = b, =2, 0+ 1, (3.5)
hm+1,m+i

This choice of the first 2m columns of H guarantees that we generate the prescribed upper Hes-
senberg matrices ﬁ,(ﬁ) and ﬁ,(,f)

We summarize the above discussion in a theorem and show that it can be extended to more
than two cycles. In the statement of the next theorem we use that a non-singular m x m leading
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principal submatrix of the generated Hessenberg matrix guarantees that there is no stagnation at
the end of the corresponding GMRES(m) cycle (see, e.g., [3]).

THEOREM 3.1. Let A € C"*™ be a matriz, b € C™ be a nonzero vector and let for Nm < n,
AW, g gmtxm

be N unreduced upper Hessenberg matrices with real positive subdiagonal and with nonsingular
leading m x m principal submatriz. Then for all k < N, the kth cycle of GMRES(m) applied to

A and b generates the Hessenberg matriz H,(,’f) if the matriz A and the vector b have the following
form:

A=VHV* — b=|b|Vey, (3.6)

where V' is unitary, H is upper Hessenberg, the (m+1) xm upper left submatriz off{ equals ﬁy(nl)
and for all k, 2 < k < N, the columns (k— 1)m + 1 till km of H (i.e., those corresponding to the
kth cycle) begin with a transition column

t(k=1)
Hetympr =T .7E=2 | 0| (3.7)

(the product TMT©) being defined as I,,) and the remaining columns are of the form

o (k) 0
~ m Imfl

H [e(k—l)m+27 SR ekm] = F(l) o 'F(kil) 0 : (38)

Here t*F) = [tgk), Ltk 17 with

" Ym—+2
k k
tg : 1 (i) 7§ ) w pUe+1)
) +1)_(k o (k . 2,1
: = 7(k) hia ’Y( ) - HT(TL) : ) bmlye = 7(k) (3.9)
k m—+1 k m—+1
tgnzrl %(n)
where ¥*) is as defined in (2.12) and
(k)
r® = |7 0 Oleemn ko1 N-L (3.10)

0 Infmfl 0
Proof. A and b generate flﬁ ) in the initial cycle because the (m+ 1) x m upper left submatrix

of H equals Y. For k = 2, the transition column (3.9) corresponds to (3.3), the column m + 2,

IA{%)GQ
Hemyo = TW 0 ,
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to (3.4) and the remaining columns in (3.8) to (3.5). For k = 3, we realize that a2 is generated
if

N 0
() aY [ }
. . Hu' 42 , I
HZsm = Zam+ re 0 :

0

where we use the results proved for k = 2. By equating column m + 1 in this equation we obtain
the transition column

+(2)
Hegpy =TW | 0

and by equating columns m + 2 till 2m we obtain

Hleamya, .-, e3m] = THTR .

The cases k > 3 are obtained in the same way. O

An illustration of the previous theorem is given in the example in Section 4. The theorem
shows how to prescribe all the Hessenberg matrices generated during all the iterations of N restarts
as long as Nm < n and as long as no cycle stagnates in its last iteration. By the choice of the
entries of these Hessenberg matrices, we can prescribe the GMRES(m) residual norms during N
restart cycles, see Corollary 1.4. The same corollary shows how to additionally force the Ritz
values of the cycles to take prescribed values. We remark that other choices of the entries of the
Hessenberg matrices might prescribe other interesting values. For example, in [9, Section 6.3] it
is shown that the singular values can be prescribed. As for the spectrum of the system matrix,
we can use the following.

LEMMA 3.2. Let H be an unreduced upper Hessenberg matriz of size n whose leading n — 1
columns are given and consider n complexr numbers A1, ..., \,. The last column of H can be
chosen such that H has the eigenvalues A1, ..., \,.

Proof. See [7, Theorem 2.2] or [25, Theorem 3]. O

Due to the fact that Nm < n, Theorem 3.1 does not put any conditions on the last column
of H and it can always be chosen such that H (and hence A) has a prescribed spectrum.

It is possible to formulate Theorem 3.1 where the case of stagnation at the end of cycles is
incorporated. But the resulting Hessenberg matrix H in the parametrization A = VHV* is more
difficult to describe. The main complication is that when we prescribe stagnation during the last
j iterations of some cycle, this fully determines the first j columns of the Hessenberg matrix for
the next cycle, see Lemma 2.4. To give the remaining columns some prescribed entries, it suffices
to properly define only m — j + 1 new columns of the Hessenberg matrix H, instead of m new
columns. Therefore the number of columns needed to prescribe ﬁ,(,f ) will depend on the length of
stagnation at the end of the (k — 1)st cycle. This also means that when we allow stagnation at
the end of cycles, we can prescribe non-increasing residual norms during more than n iterations
of GMRES(m) while having conditions for less than Nm, Nm < n columns of H. Again, as we
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have no conditions for the entries of the last column of H, we can exploit Lemma 3.2 to prescribe
the spectrum of A = VHV™.

We can summarize the main results proved for the possible behavior of restarted GMRES.

PROPOSITION 3.3. Let n,m be positive integers such that m < n. GMRES(m) can generate,
for a linear system of size n with a matriz having any spectrum, any non-increasing convergence
curve of the form

1 1 1 1
eSO 2> O > > S > == D) =

2 2 2 2 2
e = 1P == P > 2 2 > 1D == P =

N N N N N
S = ™M == 1 2 2 Dl > e ==

where the total number of cycles N is such that Zszl(m — jk) < n. The Ritz values generated in
the initial cycle and in iterations corresponding to the residual norms

k
> > B k=2, N

can be any compler values as long as there is a zero Ritz value in every stagnating iteration.

4. Relation with full GMRES. We start this section with an investigation of the relation
between our construction to prescribe the behavior of GMRES(m) and full GMRES. It turns out
that full GMRES applied to the linear systems constructed in Section 3 can be carried out with
short recurrences.

THEOREM 4.1. Consider the linear system (3.6) in Theorem 3.1. The residual norms gener-
ated when GMRES(m) is applied to this system are the same as when full GMRES is applied to
this system.

Proof. The first m residual norms are trivially identical. For the rest of the proof we will
compare the sizes of the values y; from Lemma 1.3; if they are equal, the residual norms are equal
as well. The first x; for the first restart are, with Lemma 1.3,

(2)7(2)
@ _ 1 (2) _ ~Xo hii (4.1)
Xoo=rep X =T e '
o h2,1
The value x,,+1 for full GMRES is
1 ﬁl,m-l—l
Xm+1 == [XOu .. 7Xm]T ) (42)
hm+2,m+1 ~
hm+1,m+1
where the entries l~117m+1 el Bm+1)m+1 are given by
Bl,mﬂ 1 7%1) h(z)
' = | B —ED | || Rseme = —2l (43)
_ (1) , (1)
Tm+1 (1) Tm+1

hm+1,m+1 Ym



ADMISSIBLE BEHAVIOR OF RESTARTED GMRES 15

see (3.7) and (3.3). If we multiply the first equality in (4.3) with [xo,...,Xm]|’ we have for

its first term [xo,. .. ,Xm]Thfi*y(l) = ng)hfi because [Xo, - -, xm] 7Y = 1/[IrS]| = XV, see
D@
Lemma 1.3. The second term is zero because of (2.4). Substituting in (4.2) gives xm+1 = XZT?“,
2,1

which equals the second expression in (4.1).
The second value y; after the first restart is, with Lemma 1.3,

h(2)
~Ix AT [ e ]
) 2.2

X
2 h(2)

For full GMRES we have
o _[XOa s 7XM]T’Y(1)hf% B Xm+1h/g?%
Xm+2 = h(2) )
3,2

see (3.4). Thus xmi2 = x§2).

norms follows by induction. O

The equality of all other x;, and therefore of all other residual

Thus the linear systems we had constructed in Theorem 3.1 to generate prescribed GMRES(m)
residual norms represent in fact the best case scenario for restarted GMRES: It converges as fast
as full GMRES. In other words, the GMRES minimization process (1.2) can for these systems be
carried out with m + 1-term recurrences. As will become clear later in this section, this surprising
property is due to the special choice (3.1) used to construct the linear systems. The choice implies
that nearly all Arnoldi vectors generated in full GMRES are orthogonal to the Arnoldi vectors in
the restart cycles (this is in fact the situation where kK(Vapm41) = 1 in [29, Corollary 6.3]). By the
Faber-Manteuffel theorem, the fact that the orthogonal bases for the Krylov subspaces associated
with the linear systems in Theorem 3.1 can be computed with m + 1-term recurrences means that
the involved matrices are normal of degree m — 1, see, e.g. [15],[22, Chapter 4],[14].

An interesting consequence of the optimality property for GMRES(m) applied to the systems
constructed in Theorem 3.1 is that no other restart length than m can give faster convergence (as
no restart length converges faster than full GMRES). In particular, not even larger restart lengths
produce convergence faster than GMRES(m) for the systems constructed in Theorem 3.1. Thus we
have found a class of systems exhibiting the very counterintuitive behavior encountered sometimes
in practice, where a larger restart parameter slows down convergence speed (see also [12], [10]).

We give an example for illustration. Suppose we wish to construct a linear system Az = b
with A € RY6x16 p ¢ R16 such that the residual norm history for GMRES(5) is

621 10 ISP = 11,0.7,0.4,0.1,0.07,0.04],
[Hrff)H, 172, .. ||7°§—)2)||} — [0.04,0.01,0.007,0.004, 0.001, 7- 10~4], (4.4)
U2, 0] = 17107441074, 1074, 74107, 41077, 107,

The residual norms for the three restart cycles can be obtained by defining three appropriate
Hessenberg matrices of size 6 x 5 using Corollary 1.4. In the product (1.8) the values x; are
determined by the prescribed residual norms except for the phase angles. We will choose all
these values to be positive and we will choose all three matrices Y5 in (1.8) to be the upper
triangular matrix of ones (we are not interested in forcing specific Ritz values here). The resulting

Hessenberg matrices ﬂél), ﬂéz), ﬁég) will be generated by GMRES(5) if we use the construction
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10

10 F

10°F =3

107k =~

107F

10

Fic. 4.1. GMRES residual norm curves for GMRES(5) (solid, crosses indicate restart), GMRES(6) (dash-
dotted, circles indicate restart), GMRES(7) (dotted, triangles indicate restart) and GMRES(8) (dashed, squares
indicate restart).

of Theorem 3.1. In our example we use V' = I (though any other unitary V would give the same
behavior reported below).

GMRES(5) applied to the linear systems constructed in this way produces the solid conver-
gence curve in Figure 4.1. Of course, it corresponds with the residual norm history given in (4.4).
Our experiment also confirms that full GMRES applied to the system yields the same solid curve.
The other curves represent residual norms generated with larger restart lengths (6, 7 and 8). As
explained, they do not reflect better convergence behavior than GMRES(5).

So far, we have constructed linear systems of the form (1.3) by finding conditions for the
columns of H, based on the assumption that Z,,1; in (2.9) has the ,,canonical” form (3.1).
Clearly, other forms may be possible and give additional ways to prescribe the Hessenberg matrices
of the individual cycles. But they may lead to different (faster) convergence of full GMRES
and of restarted GMRES with other restart lengths. Alternative ways to prescribe the first two
Hessenberg matrices are given below.

LEMMA 4.2. Let GMRES(m) be applied to a system of the form (1.3) where H is an
unreduced upper Hessenberg matrix with real positive subdiagonal and let IAﬂ(r%) e Clmthxm gng
flr(,f ) € Clm+Dxm pe giwen unreduced upper Hessenberg matrices with real positive subdiagonal and
nonsingular leading m x m principal submatriz. The first two restart cycles generate, subsequenlty,
ﬁﬁ) e Clm+hxm gnq H,(,f) e CmHDXm i and only if the left upper block Hy,, € Cm+1)x2m of
H is of the form

H _ Im+1 ﬁv(é)sm _1H Im+1 Hﬁ)smfl (4 5)
2m 0 Rm 2m 0 Rm—l ’ .

where Hy,, € CEmHUX2m s the left upper block of the Hessenberg matriz H defined in Theo-
rem 3.1, R, € C"™*™ is a nonsingular upper triangular matrixz with leading principal submatrix
Ryp_1 € Cn=Dx(m=1) gy ch that R} R — Ly, is positive semidefinite and Sy, € C™*™ s a square
matriz with first m — 1 columns denoted by Sy,—1 € C™*"=1) such that

(HD ) HY S = Ry R — . (4.6)
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_ Proof. Any unreduced upper Hessenberg matrix Hy,, € CEmALX2m cap he transformed into
H,,, with a nonsingular upper triangular matrix. To see this, let us decompose Hs,, and Ha,, as

- - . B 0
Hop = Usim41CoUs,y,  Ham = Usmy1CoUs, L, Co = { I } (4.7)

(with Usmm, resp. Uspm being the leading principal submatrix of size 2m of UQerl resp. UQerl) by
equating consecutively the columns 1 till 2m of the equations Hszgm = Usgn+1Cop and Hgngm =
U2m+1CO with Ugmel Ugmel = €1. Then

Hy,, = X2;7}L+1f{2mX2m; Xomy1 = ﬁ2m+1U;77}L+1; Xom = UspnUs, . (4.8)

GMRES(m) applied to the system (1.3) generates in the initial cycle the Hessenberg matrix ]?I,(nl )
if and only if

[zmﬂo}mm[*’g ] _AD o [.rmﬂo]xzmﬂﬁz,mx%g[fg } _ A,

Using the facts that the leading (m 4 1) x m submatrix of Hy,, is equal to Y and that Xom+1
is upper triangular, we obtain the equivalent condition that the leading principal submatrix of
Xom+1 of size m + 1 must be the identity matrix.

GMRES(m) applied to the system (1.3) generates in the second cycle the Hessenberg matrix

fL(f) if and only if HZ,, = m+1]§[,(,f) with the columns of Z,,; orthogonal to each other and
Zems1 = [ (YT 0 ]T see Lemma 2.2. As this Arnoldi decomposition lives only on the left
upper (2m + 1) x 2m block it can also be written, with a slight abuse of notation, as Hop Zy =
Zm+1Hm . Similarly, Hopm Zom = ~m+1flr(n?), where H is defined in Theorem 3.1 (with N = 2) and

- (1)
- [ ”YO I?n } c C@m+1)x(m+1)

Thus X2m+1ﬁ2mX;77}LZm~: ~m+1ﬁ7(3), see (4.8), and by comparison with Hom Zm = m+1H(2)
we have Z,,41 = X{,iHZmH. The matrix Xo,,41 has the form

I, Y
X2m+1—[ 0+1 R ]

and since the columns of Z,,41 must be orthonormal, we have

Z;H-lZerl = thz+lX2_ni+1X2_n}L+12m+1
[ 0 V[ Ipn YR [ Lnn —YR ][ 4@ 0
0 In 0 R;! 0 R;! 0 In
_ 1 - (Y) YR, _
| =Ry (YRDYR, + RR; | Y

where we used [|[y(!'|| = 1. The orthogonal complement of v(!) is the space generated by the
columns of ﬁfﬁ), see (2.4). Therefore the off-diagonal blocks are zero if and only if Y is of the
form }AL(,%)Sm. Then the trailing principal submatrix equals I,,, if and only if (4.6) is satisfied. O

Lemma 4.2 can be generalized for more than two cycles, thus giving alternatives to Theo-
rem 3.1 for constructing linear systems with prescribed GMRES(m) residual norms (and pre-
scribed Ritz values). In combination with Theorem 3.1, we then have a parametrization of the
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entire class of linear systems yielding prescribed Hessenberg matrices for the first N cycles when
GMRES(m) is applied. The freedom allowed by the parametrization is in the choice of the unitary
matrix V, in the individual upper triangular matrices R, in (4.5) and of course in possibly unde-
fined columns of H corresponding to cycles after the Nth cycle (which can be used to prescribe
the spectrum).

We may, by the choice of R,,, modify the residual norms for full GMRES while leaving the
convergence of GMRES(m) unchanged. Consider an n x n Hessenberg matrix H with left upper
block flgm € C@m+TLx2m of the form (4.5), where Ho,, is the left upper block of the matrix

constructed from given matrices ]?I,(,% ) and fL(f ) according to Theorem 3.1. Then with Lemma 4.2,
GMRES(m) applied to any linear system of the form A = VHV™*, b/||b|| = Vey for a unitary V

will generate subsequently ]?I,(nl ) and ]?17(3 ) in the first two cycles.

Let us decompose Ha,, and Hy,, in (4.5) as in (4.7). Because H is the matrix from Theo-
rem 3.1, Theorem 4.1 tells us that it generates the same residual norms as GMRES(m) when full
GMRES is applied. Therefore, the first row of ( Ugm)_ contains entries y; satisfying

1 .
X0 = 1, 1 - 1 , t=1,...m,
ry >|| \/ 2 et ) )12

[
|Xm+z 2 - 221,...m—1.
I8 >|\2 Hr 12

For the decomposition of the matrix Ha,, in (4.7), we have

1y et [ I HSS,
U 1 — U 1 m+1 m m
2m ( 2m) |: 0 Rmfl
and the first row [x{', ..., x4, 1]7 of U{,ﬁ determines the residual norms generated when we apply

full GMRES to H with right-hand side e; through

F .
:—, = — , t=1,...2m—1.
S \/||rF|2 T

For example, the (m + 2)nd entry of that row is

Im—i—l Hﬁ)sm—l

m = Xm 5 4.9
0 R, 1 }6 +2 = Xm+171,1 ( )

Xr}:erl = [X07 e 7X2m71] [

where 71 is the leading entry of R,,, and where we used the property (2.4). As long as xm+1 # 0,

the entry x% ., in (4.9) can be made equal to /m — W > Xm+1 With a number 71 4

satisfying |r1,1] > 1 (because |rf | < Hng)H always holds). Thus it may be possible to find an
upper triangular matrix R,, with leading entry 7 1 such that R}, R, — I,,, is positive semidefinite.
However, if in (4.9) xm+1 = 0, i.e. the first iteration of the restart cycle stagnates, then necessarily
X1€1+1 = 0, i.e. full GMRES stagnates as well, regardless of the choice of R,,. Once more, the
phenomenon of stagnation puts an interesting restriction on residual norms that can be prescribed.
Clearly if we prescribe stagnation in iterations m + 1 till 2m for full GMRES, then GMRES(m)
must stagnate, too. Surprisingly, the opposite is true as well provided there is no stagnation at
the end of the first cycle. This fact is stated for general restart cycles in the following theorem.

THEOREM 4.3. Let there be no stagnation at the end of the (k — 1)st restart cycle of
GMRES(m), km < n. If GMRES(m) stagnates during the first j iterations of the kth cycle,
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then full GMRES applied to the same system stagnates as well in the corresponding iterations (i.e.
in iterations km +1,....km +j).

Proof. We shall prove the claim for the initial and first restart cycle, the generalization for
any two subsequent cycles being straightforward. It follows from Corollary 1.4 that if GMRES(m)
stagnates during the first j iterations after its first restart, then the first row of ﬁ,ﬁf’ is zero on
positions 1 till j. Let the linear system have the form (1.3). Because of Lemma 2.2 we have

ﬁfyf) = Zy 1 HZ,, with the first m + 1 entries of Z,,e; equal to ”y(l); these entries are nonzero
per assumption. Let h,,11 denote the (m + 1)st column of H. Then

0=l APer =[(7V) 0 (HD [ I 07D + hni1yihs) =10 ) s,

where we used (2.4). Let fLm_H denote the vector of the first m + 1 entries of h,,4+1. Then
(YWY hpy1 = 0 implies (Y)*hpy1 = 0. The orthogonal complement of v(!) being spanned
by the linearly independent columns of ay ((2.4)), 1 must be a linear combination of these
columns. Hence the (m+1) x (m+1) leading principal submatrix of H is singular and full GMRES
stagnates in the (m + 1)st iteration. Using induction, the stagnation of the subsequent iterations
follows analogously. O

In other words, given a period of stagnation at the beginning of some cycle, the only way for
full GMRES not to stagnate in corresponding iterations, is that GMRES(m) stagnated at the end
of the previous cycle.

Leaving aside the effect of stagnation at the beginning of cycles, one may influence the residual
norms of full GMRES by the choice of R,,_1 in

Im—i—l I;[%)Sm—l

0 Rm_l Cm+it1, 221,,m—1

X'an+i = [Xou R X?m—l]

With the values of x 2 i given and using property (2.4), this amounts to finding an upper triangular
matrix R, such that

Xmt1,-- s Xem—1]Rm—1 = [X5@+1v cee X2Fm—1]

and such that R}, R,, — I, is positive semidefinite. In the trivial case where Xf;_H = Xm+ti, I =
1,...,m —1, R, can be chosen as the identity matrix. But it is not difficult to see that other
choices of R,, may result in X,};H = Xm+i, ¢ = 1,...,m—1, as well. Thus the systems constructed
in Theorem 3.1 appear not to be the unique systems where the full GMRES process can produce
the same behavior as GMRES(m) and be computed with m + 1-term recurrences (with prescribed
upper Hessenberg matrices ﬁ,(,f ) for the individual cycles).

5. Conclusion. We showed that not any non-increasing convergence curve is possible for
restarted GMRES. Stagnation at the end of a cycle is always repeated at the beginning of the
next cycle. Thus it does not seem to be a good idea to restart GMRES with the current ap-
proximation if stagnation is observed. This is a strong motivation for restarting with other types
of approximations. The previous section also showed that if restarted GMRES stagnates at the
beginning of a cycle without stagnating at the end of the previous cycle, then even full GMRES
stagnates in the corresponding iterations. Except for the phenomenon of propagated stagnation,
all non-increasing convergence curves can be produced by GMRES(m) in the first n iterations
and this is possible with any spectrum. It is also possible with any nonzero Ritz values generated
in the individual cycles. Thus we proved an analogue of the result for full GMRES that residual
norms can be independent from eigenvalues and Ritz values [7] and we described the form of the
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class of matrices yielding prescribed residual norms, eigenvalues and Ritz values. Note that the
presented parametrizations consider particular right-hand sides, but for a given b, matrices can
always be constructed leading to the prescribed behavior (it suffices to have a unitary matrix V
with first column equal to the scaled right-hand side b.) Our results might have consequences
for other restarted Krylov subspace methods (like those used in restarted Arnoldi processes for
eigenvalues (see, e.g., [2, 13]) and matrix function computations (see, e.g., [18])), though in our
paper we considered only the specific restart with the current GMRES approximation.

As a by-product we found a class of linear systems for which full GMRES can be carried out
with short, m + 1-term recurrences. We explained that this class leads to the counterintuitive be-
havior of restarted GMRES where a larger restart length gives slower convergence. An interesting
question is whether our results can be formulated for matrices with a given sparsity pattern, like
those arising in finite differences or elements discretizations. We remark that the counterintuitive
behavior of restarted GMRES just mentioned has been observed for sparse matrices resulting from
standard five-point stencils [6]. We did not consider the situation where the Arnoldi orthogonal-
ization process terminates early, but a technique to extend results to this situation was given in
the end of [33]. We did not either address more iterations of GMRES(m) than the system size.
This case, though not very relevant for practice, leads to an interesting theoretical challenge for
possible future work.

Software. At the link http://www.cs.cas.cz/duintjertebbens/duintjertebbens_soft.html the rea-
der can find MATLAB subroutines to create matrices and initial vectors with the parametrizations
in this paper.

Acknowledgements. We thank Eric de Sturler for a discussion that has stimulated the
search for some of the results in Section 4.
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