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CONVERGENCE OF INNER-ITERATION GMRES METHODS
FOR LEAST SQUARES PROBLEMS*

KEIICHI MORIKUNIT AND KEN HAYAMTI?

Abstract. We develop a general convergence theory for the generalized minimal residual method
for least squares problems preconditioned with inner iterations. The inner iterations are performed
by stationary iterative methods. We also present theoretical justifications for using specific inner
iterations such as the Jacobi and SOR-type methods. The theory is improved particularly in the rank-
deficient case. We analyse the spectrum of the preconditioned coefficient matrix, and characterize it
by the spectral radius of the iteration matrix for the inner iterations. The analysis is supported by
numerical experiments.
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1. Introduction. Consider solving least squares problems

in [|b — Az|-, (1.1)

where A € R™*™ is not necessarily of full rank and b € R™ is not necessarily in
R(A), the range of A. The least squares problem (1.1) is equivalent to the normal
equations

ATAxz = ATb. (1.2)

In addition, applying B € R"*™, we may transform the problem (1.1) to equivalent
problems [6, Theorems 3.1, 3.11].
THEOREM 1.1. miél |b— Az|, = mritn |b — ABz||, holds for allb € R™ if and
TcR"™ zecR™
only if R(AB) = R(A).
THEOREM 1.2. m’gl |b— Az|, and mgl |Bb — BAx||, are equivalent for all
me n me n

b € R™ if and only if R(BTBA) = R(A).

Thus, the original problem (1.1) may be reduced to least squares problems with
a square matrix AB or BA. Based on these transformations, the generalized minimal
residual method (GMRES) [12] was extended to deal with least squares problems
(1.1) in [6]. The right- and left-preconditioned GMRES for least squares problems
were called AB- and BA-GMRES, respectively. Sufficient conditions under which
these methods determine a least squares solution without breakdown for arbitrary b
for overdetermined, underdetermined, and rank-deficient problems, were shown.

In [9], these methods were preconditioned with several iterations of stationary
iterative methods such as variants of the Jacobi overrelaxation (JOR) and successive
overrelaxation (SOR) methods, which may be considered as inner iterations. The
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Cimmino-NE and Cimmino-NR methods are mathematically equivalent to JOR ap-
plied to AATu = b with & = ATu and ATAx = ATb, respectively. The normal-error
(NE-)SOR and normal-residual (NR-)SOR methods are mathematically equivalent to
SOR applied to AATu = b with * = ATu and ATAxz = ATb, respectively [9], [11],
[1].

Krylov subspace methods preconditioned with inner iterations for solving linear
systems of equations were described in [9] and references therein.

We assumed that A should be of full-column rank for the convergence theory for
BA-GMRES with the Cimmino-NR and NR-SOR inner iterations in [9], but numerical
experiments in [9] showed that these methods actually converge also for rank-deficient
problems. In this paper, we give theoretical justifications for the convergence also in
the rank-deficient case.

The outline of the paper is as follows. In Section 2, we introduce AB- and BA-
GMRES, give their new convergence theory, and analyse the spectrum of the precon-
ditioned matrix. In Section 3, we give a framework of inner-iteration preconditioning
for these methods, and main results on sufficient conditions in terms of the inner
iterations for the convergence. In Section 4, we analyse the spectrum of the the pre-
conditioned matrix with inner iterations. In Section 5, we give the main conclusions
of this paper.

Throughout this paper, we use bold letters for column vectors. e; denotes the jth
column of an identity matrix. We denote quantities related to the kth inner iteration
with a superscript with brackets, e.g., 2(®), and for outer iterations with a subscript
without brackets, e.g., xx. (a,b) denotes the inner product a'b between real vectors
a and b.

2. GMRES methods for least squares problems. We first give an ex-
planation about AB-GMRES and BA-GMRES. AB-GMRES applies GMRES to

mli{n |b — ABu|2 with @ = Bu, whereas BA-GMRES applies GMRES to
ucR™

mir? |Bb— BAz||s.
xzeR"
Concerning the convergence of AB-GMRES and BA-GMRES, we have the fol-
lowing [6, Corollaries 3.8, 3.19].
THEOREM 2.1. If R(BT) = R(A) and R(B) = R(A"), then AB-GMRES deter-
mines a least squares solution of nelgl |b — Ax|, for all b € R™ and all x5 € R"
sEeR"

without breakdown.
Here we say AB-GMRES breaks down at some step k if dim AB(Ky(AB, 1)) <
dim Ky (AB, 7o) or dim Ky (AB,rg) < k, where

Kr(AB,ro) = span{rg, ABrq, ..., (AB)*"1rq}

is the Krylov subspace of dimension k [2]. The breakdown causes a division by 0 in
the algorithm.

THEOREM 2.2. If R(BT) = R(A) and R(B) = R(A"), then BA-GMRES deter-
mines a least squares solution of wrggln |b— Az||, for allb € R™ and all xy € R

without breakdown.

We say BA-GMRES breaks down at some step k if dim BA(K;(BA, Brg)) <
dim Ky (BA, Brg) or dim Ky (BA, Bry) < k [2].

Note that R(B) = R(AT) gives R(AB) = R(A) (cf. Theorem 1.1), and R(BT) =
R(A) gives R(BTBA) = R(A) (cf. Theorem 1.2).
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On the other hand, the convergence of the standard GMRES method for least
squares problems min ||b — A2 with A € RNXN is given as follows [5, Theorem
ZeR

2.8].
THEOREM 2.3. GMRES determines a solution of ~mri{1N |b — Az||y for all b €
EAS

R(A), &g € RN if and only if R(A) NN (A) = {0}.

Here, N(A) is the null space of A and &, is the initial approximate solution for
GMRES. Applying this theorem to the case of AB- and BA-GMRES, we obtain the
following.

THEOREM 2.4. Suppose that R(B) = R(AT"). Then, AB-GMRES determines a
solution of wnelgln |b — Az||, without breakdown for all b € R(A) and o € R™ if and
only if R(A) NN (B) = {0}.

Proof. Substitute AB, u, and b into A, &, and I~), respectively, in Theorem
2.3. R(B) = R(A") gives R(AB) = R(AA") = R(A) and N(AB) = R(BTA"T)* =
R(BTB)t = R(BT)t = N(B), where S+ is the orthogonal complement of a subspace
S. Theorem 1.1 completes the proof. O

We remark that this theorem is restricted to the consistent case b € R(A).

A similar theorem holds for BA-GMRES.

THEOREM 2.5. Suppose that R(BT) = R(A). Then, BA-GMRES determines a
solution of mrg'gln |b — Az||, without breakdown for all b € R™ and o € R" if and
only if N(A) N R(B) = {0}.

Proof. Substitute BA, @, and Bb into A, &, and b, respectively, in Theorem 2.3.
R(BT) = R(A) gives N(BA) = R(ATBT)+ = R(ATA)+ = R(AT)* = N(A) and
R(BA) = R(BBT) = R(B). Hence, “for all Bb € R(BA) = R(B)” is equivalent to
“for all b € R™”. Therefore, Theorem 1.2 completes the proof. 0

In contrast to BA-GMRES, the condition b € R(AB) = R(A) is required for
AB-GMRES since the preconditioned system urgfi{lm |lb — ABu||> is inconsistent for
b ¢ R(AB).

Since the BA-GMRES algorithm will be treated in Section 3, it is given in the
following. For the AB-GMRES algorithm, see [6].

ALGORITHM 2.6. BA-GMRES method.

1. Let xg be the initial approximate solution.

2. 1o =b— Axy, 7o = Bro, f = ||Toll2, v1 =70/B

3. For k=1,2,... until convergence, Do

4. WwE = BA’U}C

5. Fori=1,2,...,k, Do

6. hig = (Wg,v;), wi = wi — h 10,

7. EndDo

8. hitik = [[will2, Vip1 = wi/hig1k

9. EndDo -

10. y,, = arg min ||fe; — Hyyll2, r = o + [v1, 02, ..., 0] Yy

yERF

Here, Hk = {h77j} € R+ <k

2.1. Spectrum of the preconditioned matrix. We describe how BA-
GMRES depends on the spectrum of the preconditioned matrix. Assume R(BT) =
R(A). Then, Bb € R (BA) = R(B) holds, and min ||Bb — BAz||; is equivalent to

TER™

BAx = Bb. Let r = rank A, Q; € R"*" such that R(Q;) = R(BA), Q, € R"*(»=7)
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such that R(Q2) = R(BA)*, and Q = [Q1,Q2], where the columns of Q are or-
thonormal. Then, GMRES applied to BAx = Bb is equivalent to GMRES applied

to
A11 A12 (Bl o b1
0 0 ]|z?  [b*]"

where Ay = QiT(BA)Q1 € R, A1y = Q1(BA)Qz € R0, g! = Qe
22 = Qy @, b* = Q,'Bb, and b®> = Q,"Bb = 0 since Bb € R(BA). As shown
in [5], if &y € R(BA) = R(B), then the R(BA) component of GMRES applied to
BAx = Bb, is equivalent to GMRES applied to Aj12' = b'. On the other hand, in
the R(BA)* component, z2 = x2 for all iterates xy.

Now, note the following.

THEOREM 2.7. Aj; is nonsingular if and only if R(BA) NN (BA).

Proof. See [5, Theorem 2.3]. O

THEOREM 2.8. Assume R(BA)NN(BA). Then, A\ # 0 is an eigenvalue of BA
if and only if X # 0 is an eigenvalue of Aq1.

Proof. Let Q = [Q1,Q2] € R"*"™ be as given above. Then,

BAu=)u, u#0 <= QT(BAQRQu=XQ™u, u#0
1 1 1
= [ VL] -] e ]

Anul + A12’U,2 = )\’Ull, u1
= u=1| o #0.
0 = \u?, u

Hence, if A # 0 is an eigenvalue of BA, then we have u? = 0, Ajju' = \u', and
ul # 0 so that A # 0 is an eigenvalue of Aj;. On the other hand, if A # 0 is an
eigenvalue of A;;, then by setting u? = 0, we can show that A # 0 is an eigenvalue of
BA. O

Assume R(BA) NN (BA) = {0}, equivalently R(B) N N(A) = {0}. Then, Ay
is nonsingular, and its eigenvalues are all nonzero and correspond to the nonzero
eigenvalues of BA. Therefore, the convergence behavior of GMRES applied to BAx =
Bb may be explained by the (nonzero) eigenvalues of Ay; (or BA).

3. BA-GMRES preconditioned by stationary iterative methods as in-
ner iterations. Instead of applying B explicitly as in Algorithm 2.6, consider using
inner iterations as follows [9].

ALGORITHM 3.1. BA-GMRES method with the inner-iteration preconditioning.
. Let xq be the initial approzimate solution.
To = b— ACBO
. Apply € steps of a stationary iterative method to ATAz = ATry to obtain

zéz) = BOpg,

S

4o B= 21, v = 27/8

5. For k=1,2,... until convergence, Do

6. wup=Avy

7. Apply £ steps of a stationary iterative method to ATAy = ATwy, to obtain
sz) = B(Z)uk.

8 Fori=1,2,...,k, Do

9. hig = (z,(f),vi), zgf) = zgf) — h; kv;
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10. EndDo
11, g = 1292, v = 29/h
. k+1,k ko2 Vet b1k
12. EndDo B
13. y,, = arg min ||Se; — Hpyll2, r = xo + [v1,v2,. .., V] Yy
yeRF

Here, B denotes the preconditioning matrix for ¢ inner iterations.

Similarly we can obtain AB-GMRES with stationary inner iterations.

In lines 3 and 7 in Algorithm 3.1, stationary iterative methods are applied to
the normal equations. We now introduce a stationary iterative method for the nor-
mal equations ATAz = ATe. Consider the splitting ATA = M — N, where M is
nonsingular. Then, consider a class of iterative methods of the form

20 = M INZED L A1 AT e

Let H = M~'N =1 — M~'ATA be the iteration matrix. In practice, there is no
need to form ATA, M~1, and N explicitly, as will be seen in the Cimmino-NR and
NR-SOR methods [11] in Section 3.1.

Here, we define the following, e.g., [8].

DEFINITION 3.2. A matriz C is called semi-convergent if lim C? exists.

11— 00

Hensel [7], Oldenburger [10], and Tanabe [13] showed the following.
THEOREM 3.3. The following are equivalent.

1. C is semi-convergent.

2. For any eigenvalue A of C, either

(a) [N\ <1 or
(b) A =1 and index(I — C) =1
holds.

Here, index(C) denotes the smallest nonnegative integer i such that R(C?) =
R(C*1). Thus, index(C') is equal to the size of the largest Jordan block corresponding
to the zero eigenvalue of C.

3.1. Convergence theory. We first give an explicit expression for the precon-
ditioned matrix B®) A for BA-GMRES with £ inner iterations. Assume that the initial
approximate solution for the inner iteration is z(?) = 0. Then, the ¢th iterate for the
inner iteration is

-1
20 =Hz""D 4+ M7 ATe=Y HM 'ATe. (3.1)

§j=0
Hence, if we define the preconditioning matrix by

{—1
BY =>"H/IM'AT, (3.2)
j=0

-1
we have 2z = B¢, Let O = ZHjMfl. Then, BY) = CWAT. Hence, the
j=0
preconditioned matrix is expressed as B A = C()ATA.
We obtain the following.
LEMMA 3.4. Let A € R™ ", ATA = M — N, where M is nonsingular, H =
M~'N, and BY be given by (3.2). Assume that H is semi-convergent. Then,
index(BYWA) <1 for all £ > 1.



6 KEIICHI MORIKUNI AND KEN HAYAMI

Proof. Let J = S7Y(I — H)S be the Jordan canonical form of (I — H). Assume
that H is semi-convergent. Then, from Theorem 3.3, index(] — H) = index(J) < 1.
Without loss of generality, we denote J as follows:

J = |:J J:| c (Jnxn7 j:diag(Jl,JQ;“-stfl) I~ (jT“XT7 Js :On,,,«, (33)

Jy = diag (Ji,, Ji, .., Ji, ) €CMM (i=1,2,...,5—1), Zni:r, (3.4)

Ao 1
Ai 1 O Si
J, = . c ijxmj, Znij = ny, (35)
o ]
Ai
where r = rank A, 0,,_, is the zero matrix of size n —r, J has no eigenvalues equal to

zero, s is the number of distinct eigenvalues of I — H, and J; is a nonzero eigenvalue
of I — H. Since J is nonsingular,

-1 Y4
B“)A:SZ(I—J)J‘Js—l:s[IT—(IT—J) 0 ]s—l.

7=0 0 Onfr

Since \; = 1 —v(H), where v(H) is an eigenvalue of H and |[v(H)| < 1, |1 —)\;| =
lv(H)| < 1. The eigenvalue of I, — (I, — J)* has the form p; = 1— (1 —X;)%. If p; = 0,
then (1—\;)¢ = 1, which contradicts |1 — ;| < 1. Hence, I, — (I, — J)* is nonsingular.
Therefore, index(B®A) < 1 for all £ > 1. O

LEMMA 3.5. Using the notations and the assumption of Lemma 3.4,

R (BW) = R(A) holds for all £ > 1.
Proof. If C¥) is nonsingular, then R (B(Z)T> =R (AC(E)T) = R(A). Hence, we

show that C'¥) is nonsingular
Assume that H is semi-convergent. Then, we have

-1 7—1 _ _ 7\
C(@) — (I _ SJS_l)jM_l -9 J [Ir (Ir J) :| 0 S_lM_l-
2 0 .,

J

As in Lemma 3.4, I, — (I, — J)! is nonsingular. Hence, C'®) is nonsingular for all
¢ > 1. Therefore, we have R (B(Z)T> =R(A) forall¢>1.0

Hence, we obtain the main result.

THEOREM 3.6. Assume that H is semi-convergent. Then, BA-GMRES with the
inner-iteration preconditioning of the form (3.1) determines a least squares solution
of mHglgln b — Azx||s without breakdown for all b € R™ and all o € R™.

Proof. Assume that H is semi-convergent. Then, from Lemma 3.4, we have
index(BWA) < 1, or equivalently R(B®A) N N (B®A) = {0}. Moreover, since
R (B“)T) — R(A) from Lemma 3.5, we have R(B®A) = R (BWB(L’)T) — R(BY)

1
and N(BYWA) =R (ATB(Z)T) =R (ATA)L = R(AT)*+ = N(A). Hence, Theorem
2.5 completes the proof. O
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We remark that this theorem holds whether A is of full rank or rank-deficient, and
whether A is overdetermined or underdetermined, i.e., unconditionally with respect
to A. As for the convergence of AB-GMRES with inner iterations, it follows from
Theorem 2.4 that a similar convergence theorem holds, which may be shown via
lemmas similar to Lemmas 3.4 and 3.5.

Now, we consider applying Theorem 3.6 for BA-GMRES preconditioned with spe-
cific inner-iteration methods as follows. The inner-iteration preconditioning matrices
for Cimmino-NR, NR-SOR, and NR-SSOR  [9] are respectively obtained from (3.2) by
setting

wD : Cimmino-NR,
M = %(D +wl) : NR-SOR,
wl2-w) Y (D+wLl)D YD +wL")  : NR-SSOR,

where ATA = L + D + LT, L is a strictly lower triangular matrix, D is a diagonal
matrix, and w is the relaxation parameter. The following are the algorithms for these

methods for inner iterations.
ALGORITHM 3.7. Cimmino-NR method.

1. Let 209 =0 and r© = c. ALGORITHM 3.9. NR-SSOR method.
2. Fork=0,1,...,¢, Do 1. Let 29 = 0 and r = c.
3. d®) = D-1ATp(R) 2. Fork=0,1,...,¢, Do
4. 2D = 4k + wd™® 3. FOT(‘Z): 1,2,...,n, Do2
5. pl+D) = p(0) _ y4g® 4 djk = (r:a5)/llall2
6. EndDo 5. zj( +2) _ z§(’2)—|— wdgk)
ALGORITHM 3.8. NR-SOR method. 0. T=7r—-wd; a;
1. Let 209 =0 and r = c. 7. EndDo
2. Fork=0,1,...,¢, Do 8. FO?‘j:ln,n—L...,l,Do
3. For(i'): 1,2,...,n, Do2 9. d;_k+§) _ (T,aj)/HangQ
4 d; = (r,a;)/[lal|s 10. LR Ut E) —|—wd(-k+%)
5 Sk ) k) J J(kJrl) j
’ J j(k) J 11. r=r—wd; *aj;
6. r=r—wd;a, 12. EndDo
7. EndDo 13. EndDo

8. EndDo
Here, a; is the jth column of A.
According to Dax [4], the iteration matrix H for
e Cimmino-NR with 0 < w < 2/p(D~Y/2ATAD=1/2)
e NR-SOR with 0 < w < 2,
e NR-SSOR with 0 < w < 2,
is semi-convergent, where p(C') is the spectral radius of C. Here, we assume A has
no zero columns. Hence, from Theorem 3.6, these methods can serve as the inner
iterations for BA-GMRES.
THEOREM 3.10. Assume that the relazation parameter for Cimmino-NR satisfies
0 <w< 2/p(D"Y2ATAD='?). Then, BA-GMRES with the Cimmino-NR inner-
iteration preconditioning determines a solution of wrggln b — Ax||s without breakdown
for allb e R™ and all zy € R™.
THEOREM 3.11. Assume that the relaxation parameter for NR-SOR satisfies
0 < w < 2. Then, BA-GMRES with the NR-SOR inner-iteration preconditioning
determines a solution of wrggln b — Az||s without breakdown for all b € R™ and all
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xg € R".
THEOREM 3.12. Assume that the relaxation parameter for NR-SSOR satisfies
0 < w < 2. Then, BA-GMRES with the NR-SSOR inner-iteration preconditioning
determines a solution of mgl b — Az |2 without breakdown for all b € R™ and all
zeR"

xy € R".
We omit similar convergence theorems and their proofs for AB-GMRES precon-
ditioned with the Cimmino-NE, NE-SOR, and NE-SSOR inner iterations [9].

4. Spectrum of the preconditioned matrix with inner iterations. Next,
we analyse the spectrum of the preconditioned matrix for BA-GMRES with ¢ inner
iterations. The preconditioned matrix may be expressed as B A =T — H.

Let v be an eigenvalue of H. Then, there exists v # 0 such that Hv = vv or
(I — He) v = (1 —v*)v. Hence, BY) A has an eigenvalue = 1 — v*.

Assume that H is semi-convergent. Let r = rank A. Then, from Theorem 3.3, H
has r eigenvalues such that |v| < 1 and n — r eigenvalues such that v = 1. For v = 1,
we have y = 0. For |v| < 1, we obtain

=1 = |v[" < p(H)" < 1.

This means that 7 eigenvalues of B A lie inside the circle of radius p(H)’ with
center at 1, and these eigenvalues approaches 1 as ¢ increases. The remaining n — r
eigenvalues are zero.

We demonstrate the above observation for a test matrix called Maragal 3 [3] of
size 1,690 x 860 with 18,391 nonzero elements (nonzero density 1.27 %), and rank 613.
Figure 4.1 shows the spectrum of the preconditioned matrix B A with the NR-SOR
inner iterations for ¢ = 1, 2, 4, and 8. The relaxation parameter was set to w = 1.
The computations were done using MATLAB 2011b. As the number of inner iterations
¢ increased, the eigenvalues of B() A approached 1.

From the discussion in Section 2.1, we see that if H is semi-convergent, then
| BOr|5 depends on the eigenvalues of H not equal to 1, but not on the eigenvalues
equal to 1.

5. Conclusions. We considered applying inner-iteration preconditioning to
GMRES methods for least squares problems and gave a general convergence the-
ory for the methods. Theoretical justifications for the convergence were given also for
specific inner-iteration methods like NR-SOR. We have reinforced the previous theory
particularly for the rank-deficient case. The spectrum of the preconditioned matrix
was analysed and characterized using the spectral radius of the iteration matrix for
the inner iterations. Numerical experiments were done to examine the analysis.



CONVERGENCE OF INNER-ITERATION GMRES 9

0.3 0.3
1 inner iteration 2 inper itérations
* “
. +
0.2 . Sren 0.2 -
b P +
0.1 R AT SR 0.1 E TR TR
E o A 3 FUEE i
= + : s LT e = LS IR R Sy
= * AP g A e = + e *f‘*{
= o T S I e & ) P - P RTINS
JE D e o s ¥ e
Q0 e S 5 e e ] 8 0 Bk B T et
< P A T P LT e o T = FS T T H:{m
e R TR e : : IR DR
= D A U e T s s = N A DA
-0.1 4 . ¥ n -0.1
Y S A E I D
. Lo AR P
+ R N +
-0.2 e - 0.2 *
+ * + +
.
-0.3 -0.3
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
Refu(BM A)] Re[u(B? A)]
0.3 0.3
4 inner iterations i 8 inner iterations
0.2 x 0.2
+ +
0.1 0.1
= + A i o = R +
= " T .t RS ® + ++ A 4
E} 0 s + + N + f+ W Eﬁ 0 + hd 1 e
3 k3 RS " LA S s 8 54 ! T T
= R . LIRS =S B . 4
g AR g
=01 ' toan TEL =01 M
+ +
0.2 - 0.2
.
-0.3 -0.3
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 12
Relu(BY )] Relu(B®) 4)]

FIG. 4.1. Spectrum of the preconditioned matriz B A with NR-SOR inner iterations for
Maragal_3. Upper left: £ =1, right upper: £ =2, left lower: £ = 4, right lower: £ = 8.
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