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

KEIICHI MORIKUNIf AND KEN HAYAMI#

Abstract. We develop a general convergence theory for the generalized minimal residual method
preconditioned by inner iterations for solving least squares problems. The inner iterations are per-
formed by stationary iterative methods. We also present theoretical justifications for using specific
inner iterations such as the Jacobi and SOR-type methods. The theory improves previous work [K.
Morikuni and K. Hayami, SIAM J. Matrix Appl. Anal., 34 (2013), pp. 1-22|, particularly in the
rank-deficient case. We also characterize the spectrum of the preconditioned coefficient matrix by
the spectral radius of the iteration matrix for the inner iterations, and give a convergence bound for
the proposed methods. Finally, numerical experiments show that the proposed methods are more
robust and efficient compared to previous methods for some rank-deficient problems.
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GMRES method, stationary iterative method, rank-deficient problem
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1. Introduction. Consider solving least squares problems

min [lb— Azz, (L1)

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

ATAz = A™b, (1.2)
and in general has an infinite number of solutions. If b € R(A), the problem

melg lzll2, § ={x € R": Az = b} (1.3)

has a unique solution called the minimum-norm solution and is equivalent to the
normal equations of the second kind

x = ATu subject to AATu = b. (1.4)

By applying B € R"*™  we may transform the problem (1.1) to equivalent prob-
lems.
THEOREM 1.1 ([14, Theorem 3.1]). min ||b — Az|, = min ||b — ABz||, holds
zER™ zeR™

for all b € R™ if and only if R(AB) = R(A).
THEOREM 1.2 ([14, Theorem 3.11]). mgl |b— Az||, and mgl |Bb — BAx||,
TzeR" zeR"

are equivalent for all b € R™ if and only if R(BTBA) = R(A).
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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) [24] was applied to solve least squares problems (1.1) in
[14]. 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 for arbitrary b were shown.

n [19], these methods were preconditioned by 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. In [20],
we assumed that A should be of full-column rank for the convergence theory for
BA-GMRES with the Cimmino-NR (Normal Residual) and NR-SOR inner iterations,
but numerical experiments 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, for which only few preconditioners such as diagonal
scaling and the Greville’s method [6] were known to work.

The outline of the paper is as follows. In section 2, we give a convergence condi-
tion for GMRES, which will be used later. In section 3, we introduce BA-GMRES,
correct its convergence theorem in [14], analyze the spectrum of the preconditioned
matrix, and give a convergence bound for BA-GMRES. In section 4, we introduce
inner-iteration preconditioning for BA-GMRES, and give main results on sufficient
conditions for convergence in terms of the inner iterations. We also give a conver-
gence bound for the method. In section 5, we introduce AB-GMRES, extend its
convergence theorem in [14], and give a convergence theory also for AB-GMRES pre-
conditioned by inner iterations. In section 6, we show numerical results comparing
these methods with previous methods. In section 7, we conclude the paper.

Throughout this paper, we use bold letters for column vectors. e; denotes the jth
column of the identity matrix. We denote quantities related to the kth inner iteration
by using a superscript with brackets, e.g., (®), and the kth outer iteration by using
a subscript without brackets, e.g., . (a,b) denotes the inner product a’b between
real vectors @ and b. N'(A) denotes the null space of A. S+ denotes the orthogonal
complement of a subspace S.

2. GMRES method on linear systems including the singular case. We
first explain GMRES applied to the linear system A% = b with initial approximate
solution &, € RN, where A € RV*N is not necessarily nonsingular. GMRES deter-
mines the kth approximate solution &, in &g+ Ky (A, #9) which minimizes ||b— Ay |2,
where

Kk(A7 ’;'0) = span{r@ A’f’o, . 71‘1k—1;'0}

is the Krylov subspace of order k and 7y = b — A&, is the initial residual.

We next present the convergence condition for GMRES for the linear system
Az = b, independent of any particular implementation of the algorithm. Note that,
in general, dim AKy(A, 7o) < dim Ky (A, #9) < k holds for each k.

DEFINITION 2.1 ([4, p. 38]). GMRES is said to break down at some step k if

dimAK, (A, 79) < dimKy (A, #9) or dimKy(A, 7o) < k.

THEOREM 2.2. GMRES determines a solution of Az = b without breakdown for
all b € R(A) and for all &, € RN if and only if R(A) NN (A ) {0}.
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Proof. The sufficiency was shown in [4, Theorem 2.6]. Now we show the necessity.
Assume R(A ) N (A) # {0}, or equivalently let Ay be singular, where Aj; = Q] AQ;,
R(Q1) = R(A), QTQ, = 1,, and IT is the identity matrix of size 7 = rankA [13,
Theorem 2.3]. Then, there exists s # 0 such that A1 =0. Let b= le + Az €
R(A). Then, 7o = Q15! #0. )
Instep k = 1, & = &o + cio, ¢ € R and #, = b — A&, = 79 — cArg. Let
Q2 € RV such that R(Q2) = R(A)* and QQs = Ty, and Q = |1, @s].
Since

Q" = QT - @7 AQA R = QT e [ ] [5] = @

and 71 = 79 # 0, @ is not a solution of Az = b. Moreover, since dim/NUCl(fl, 7o) =
0 < dimK; (A4, #9) = 1, GMRES breaks down at the first step. O

This theorem is similar to [13, Theorem 2.8], which was for the standard GM-
RES method using Gram-Schmidt orthogonalization, whose breakdown was defined
as Definition A.3. Here, we have generalized [13, Theorem 2.8] by using the more
general definition of breakdown given in Definition 2.1. We give a discussion on the
relation between the two breakdowns in Appendix A.

3. BA-GMRES method. Consider solving (1.1). BA-GMRES [14] applies
GMRES to mgl |Bb — BAx||z and works in a smaller n-dimensional space than
zeR"

the m-dimensional space for AB-GMRES in the overdetermined case m > n. The
algorithm of BA-GMRES with the modified Gram-Schmidt orthogonalization is given
as follows.

ALGORITHM 3.1. BA-GMRES method.

1. Let xg be the initial approrimate solution and rg := b — Axg.
2. zo = Bro, B:=||zoll2, v1 = 20/B

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

4, Wi = BA’Uk

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

6. hig := (Wi, v;), wi, := wi, — hj }V;

7. EndDo

8 hgy1k = [lwill2, Vi1 = Wi/ hirak

9. EndDo -
10. y;, := arg min ||fe; — Hyyll2, T := o + [v1, V2, ..., V] Y,

yeRF

Here, Hk = {hi,j} S Rk xk

We say that BA-GMRES breaks down at some step k if dimBAK(BA, Brg) <
dim/C (BA, Bry) or dimKy(BA, Bry) < k (cf. Definition 2.1). Applying Theorem
2.2 to BA-GMRES gives the following.

THEOREM 3.2. Assume R(B') = R(A). Then, BA-GMRES determines a solu-
tion of mIg%:EL |b — Ax||, without breakdown for all b € R™ and for all xzy € R™ if and

only if R(B) NN (A) = {0}.

Proof. Substitute BA, x, and Bb into A, &, and b, respectively, in Theorem 2.2.
R(BT) = R(A) gives N(BA) = R(ATBT)t = R(ATA)L = R(AT)L = N(A) and
R(BA) = R(BBT) = R(B) Hence, “for all Bb € R(BA) = R(B)” is equivalent to
“for all b € R™”. R(BT) = R(A) also gives R(B'BA) = R(B'B) = R(BT) = R(A).
Therefore, Theorem 1.2 completes the proof. O

This theorem corrects [14, Theorem 3.18].
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3.1. Spectrum of the preconditioned matrix. Next, we analyze the spec-
trum of the preconditioned matrix BA. Assume R(BT) = R(A). Then, Bb €
R(BA) = R(B) holds, and min [Bb — BAz||; is equivalent to BAz = Bb. Let

zeR"

r = rankA, Q; € R™" such that R(Q,) = R(BA), Q2 € R™ (™ ") gsuch that
R(Q2) = R(BA)*, and Q = [Q1,Q2], where the columns of @ are orthonormal.
Then, GMRES applied to BAx = Bb is equivalent to GMRES applied to

A11 A12 391 o bl
o] )
where A1 = QI(BA)Q, € R™", Ay = Q(BA)Q, € R™*(»=7) gl = Qlx, x? =
Qix, b' = QIBb, and b*> = QIBb = 0 since Bb € R(BA). As shown in [13], if
xo € R(BA) = R(B), then the R(BA) component of GMRES applied to BAxz = Bb,
is equivalent to GMRES applied to A;;2' = b'. On the other hand, in the R(BA)*-
component, 7 = x} for all iterates xy.
Now note the following.
THEOREM 3.3. Ay is nonsingular if and only if R(BA) NN (BA) = {0}.
Proof. See [13, Theorem 2.3]. O
THEOREM 3.4. Assume R(BA) NN (BA) = {0}. Then, X\ # 0 is an eigenvalue
of BA if and only if A # 0 is an eigenvalue of A1;.
Proof. Let Q = [Q1, Q2] € R™ "™ be as given above. Then,

det(BA — A1) = detQ" det(BA — A1) det@ = det(QTBAQ — A1)

A — AL A ner
= det([ " 0 )\I:QJ> = (=A)"""det(A11 — A1)

Hence, Theorem 3.3 completes the proof. O

3.2. Convergence bound for BA-GMRES. Next, we give a convergence
bound for (BA-)GMRES.

THEOREM 3.5. Let z, = B(b — Axy) be the kith residual for GMRES applied
to BAz = Bb and T be the Jordan basis of BA. Assume R(BT) = R(A), R(B) N
N(A) = {0}, o € R(B), and that all the nonzero eigenvalues of BA are located in a
disk in the open right (left) half plane with center ¢ and radius a, excluding the origin.
Then, we have

k 7(k,d)

ol < n(0) () 30 (5)a ol @)

=0

for all xy € R™ and for all b € R™, where k(T) = ||T|[2||T |2, d is the size of
the largest Jordan block of BA corresponding to a nonzero eigenvalue of BA, and
7(k,d) = min{k,d — 1}.

Proof. Theorem 3.2 ensures that GMRES determines a solution of BAx = Bb
without breakdown for all b € R™ and for all y € R™. From [2, Theorem 1], we have

f— 1 < i y

lz&llz = min [p(BA)zoll2 < #(T) (ggg; lg%lp%)”z) Izo]l2,
p(0)=1 p(0)=1

where P, is the set of all polynomials of degree not exceeding k and .J; is a Jordan block

of BA corresponding to a nonzero eigenvalue, i = 1,2,..., M. From [2, Theorems 2,
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5], the second factor is bounded as

a k 7(k,d) k
. ) < [ = -,
iy g Il = (55) 35 (G)e

p(0)=1 i=0

This gives (3.1). O

The particular spectrum of BA assumed in this theorem is satisfied for inner-
iteration preconditioning (see Theorem 4.9). We will use this theorem in section 4.3.
Note that the residual ||zx||2 does not necessarily depend only on the eigenvalues of
BA when k(T) is large [12], [1], [27]. A similar argument can be applied to AB-
GMRES.

4. BA-GMRES preconditioned by stationary iterative methods as in-
ner iterations. Instead of applying B explicitly as in Algorithm 3.1, consider using
inner iterations as follows [20].

ALGORITHM 4.1. BA-GMRES method preconditioned by inner iterations.

1. Let xg be the initial approximate solution and ro := b — Axg.
2. Apply ¢ steps of a stationary iterative method to ATAz = ATrq to obtain
zZo = B(Z)’I‘Q.

3. 5 = ||Zo||2, v = Zo/ﬁ

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

. Uy = A'Uk

6. Apply { steps of a stationary iterative method to ATAz = ATuy, to obtain

Z = B(E)’u,k.

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

8. hig = (2k,vi), 2K 1= 2K — hi L v;

9.  EndDo
10. hiyik = |zkll2, vis1 = 2r/heg1e
11. EndDo -
12. y;, »= arg min ||Ber — Hyll2, @k = o + [v1,02, ..., vk Yy,

yeRF

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

In lines 2 and 6 in Algorithm 4.1, stationary iterative methods are applied to
the normal equations. We now introduce a stationary iterative method for the nor-
mal equations ATAz = ATc. Consider the splitting ATA = M — N, where M is
nonsingular. Then, consider a class of iterative methods of the form

20 = MIN2ED 4 14T,

Let H = M™'N = I—-M~'ATA be the iteration matrix. In practice, there is no
need to form ATA, M~! and N explicitly, as will be seen in the Richardson-NR,
Cimmino-NR, NR-SOR, and NR-SSOR methods [23] in section 4.1.

Here, we define the following, e.g., [18].

DEFINITION 4.2. A matriz C is called semi-convergent if lim C? exists.

11— 00
The semi-convergence is algebraically characterized by the following.

THEOREM 4.3 ([15], [21, Theorem 1], [26, Theorem 2]). The following are equiv-
alent.
1. C is semi-convergent.
2. For any eigenvalue A of C, either
(a) |\ <1 or
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(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.

This property has been used for analyzing the convergence of stationary itera-
tive methods for singular linear systems [17], [26], [18], [9], and it will also play an
important role in analyzing the convergence of our methods.

4.1. Convergence theory. The convergence analysis of BA-GMRES precon-
ditioned by specific inner iterations in [20] was incomplete, especially in the rank-
deficient case. The following convergence analysis for general inner iterations leads to
a better understanding of our methods.

We first give an explicit expression for the preconditioned matrix B A for BA-
GMRES with £ inner iterations. Assume that the initial approximate solution for the
inner iteration is z2(?) = 0. Then, the fth iterate for the inner iteration is

£—1
20 = H2D L M ATe =Y HIM T ATe. (4.1)
=0

Hence, if we define the preconditioning matrix by

—1
BY =>"H'M AT, (4.2)
i=0
-1
we have 20 = BWe. 1f ¢ = ZH’M‘l, then BYY) = C®WAT. Hence, the

i=0
preconditioned matrix is expressed as
-1
BYA=CYATA=) H'(I-H)=1-H" (4.3)
i=0

We prepare the following.

LEMMA 4.4. Let C € R™ ™. Then, index(C) < 1 is equivalent to R(C)NN(C) =
{0}.

Proof. Let u € R(C)NN(C). Then, there exits a w € R™ such that Cw = w.
From the definition of the index, we have N (I) = N(C) or N(C) = N(C?). Since
C?w =Cu=0,w e N(C?) = N(C). Therefore, u = 0. The converse is also true. 0

LEMMA 4.5. Let A € R™" and BY be given by (4.2). Assume that H is
semi-convergent. Then, index(B®A) < 1 for all £ > 1.

Proof. Let J = S™'(I-H)S be the Jordan canonical form of (I—H). Assume
that H is semi-convergent. Then, from Theorem 4.3, index(I—H) = index(J) < 1.
Without loss of generality, we denote J by J = diag(J,0,_,) € C"*", where r =
rankA, J has no eigenvalues equal to zero, and 0,,_, is the zero matrix of size n — r.
Using (4.3), we have

B(z)A:S[IT—(IT—J)Z 0 ]S—l
0 0y
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for all £ > 1. Let v; be an eigenvalue of H such that |v;| < 1, and \; = 1 — 1
be a corresponding nonzero eigenvalue of (I—H). Since |1 — A\;| = |v;| < 1, the
corresponding eigenvalue of I, —(I,. —j)‘ is ;=1 — (1 —\;)f forall £ > 1. If pu; = 0,
then (1 — ;) =1 for all £ > 1, which contradicts |1 — \;| < 1. Hence, I, —(I, —J)* is
nonsingular for all £ > 1. Therefore, index(B(e)A) <lforall¢>1.0

LEMMA 4.6. Using the notations and the assumption of Lemma 4.5,

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

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

-1 B 5 1
CO =S (1-85J8 )M =8 [I’“ (1--7) } L Ve
i=0 0 01,

As in Lemma 4.5, [IT —(I, —j)q 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 4.7. Assume that H is semi-convergent. Then, BA-GMRES with the
inner-iteration preconditioning of the form (4.1) determines a least squares solution
of mrg%{ln b — Ax||2 without breakdown for all b € R™ and for all xy € R™.

Proof. Assume that H is semi-convergent. Then, from Lemmas 4.4 and 4.5, we
have index(B® A) < 1, or equivalently R(B® A) NN (B®A) = {0}. Moreover, since
R (B@T) = R(A) from Lemma 4.6, we have R(B®A) = R (B“)B@T) = R(BW)

1
and N(BYWA) =R (ATB(E)T) =R (ATA)J' = R(AT)* = N(A). Hence, Theorem
3.2 completes the proof. O

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.

Now, we consider applying Theorem 4.7 to BA-GMRES preconditioned by specific
inner-iteration methods as follows. The inner-iteration preconditioning matrices for
the Richardson-NR, Cimmino-NR, NR-SOR, and NR-SSOR methods are respectively
obtained from (4.2) by setting

wl : Richardson-NR,
M- o;D : Cimmino-NR, (4.4)
(D +wl) : NR-SOR,

w2 -w) Y (D+wL)D YD+ wL™) : NR-SSOR,

where ATA = L + D + L7, L is a strictly lower triangular matrix, D is a diagonal
matrix, and w is the relaxation parameter. Note that M is nonsingular in the last
three cases if A has no zero columns. Cimmino-NR is mathematically equivalent to
JOR applied to ATAxz = ATb. NR-SOR is mathematically equivalent to SOR applied
to ATAz = ATb [23], [3], [20]. NR-SSOR is a symmetric version of NR-SOR. These
methods can be implemented without explicitly forming ATA. See Appendix B for
the algorithms of the methods.
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According to [9], the iteration matrix H for

Richardson-NR with 0 < w < 2/p(ATA)
Cimmino-NR with 0 < w < 2/p(D~Y/2ATAD=1/2)
NR-SOR with 0 < w < 2

NR-SSOR with 0 < w < 2

(4.5)

is semi-convergent, where p(C) is the spectral radius of C. Here, we assume that A has
no zero columns. Hence, from Theorem 4.7, we obtain the following theorem which
guarantees that these methods can serve as the inner iterations for BA-GMRES.
THEOREM 4.8. BA-GMRES preconditioned by inner iterations (4.5) respectively
determines a solution of mnelgl b — Ax||2 without breakdown for all b € R™ and for

all xy € R™.

4.2. Spectrum of the matrix preconditioned by inner iterations. Next,
we analyze the spectrum of the matrix preconditioned by ¢ inner iterations.

THEOREM 4.9. Let r = rankA. Assume that H is semi-convergent. Then, there
exist r eigenvalues of BY A in a disk with center at 1 and radius p(H)* <1, and the
remaining n — r eigenvalues are zero.

Proof. If v is an eigenvalue of H, then from (4.3), B A has an eigenvalue
pu=1—1v" Assume that H is semi-convergent. Then, from Theorem 4.3, H has r
eigenvalues such that |v| < 1 and n — r eigenvalues such that v = 1. For v = 1, we
have p = 0. For || < 1, we obtain |u — 1| = [v|* < p(H)* < 1. O

This theorem shows that if H is semi-convergent, then B(¥) A satisfies the condi-
tion for the spectrum in Theorem 3.5, and that the r nonzero eigenvalues of B()A
approach 1 as £ increases.

We illustrate this observation for a test matrix

11 0

09 09
A=U VT e R100x20. (4.6)
0.1 0.1
0

where U and V are orthogonal matrices computed with the QR factorization of ran-
dom matrices. Hence, A is rank-deficient. The computations were done using MATLAB
2011b. 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. Hence, the iteration matrix H is semi-convergent (4.5). The circles with
radius p(H)* with center at 1 are also plotted. As the number of inner iterations £
increases, the eigenvalues of B()A approaches 1.

Next, we use a matrix arising in an application, called Maragal 3 [7] of size
1,690 x 860, number of nonzero elements 18,391, nonzero density 1.27%, and rank
613. Figure 4.2 shows the spectrum of the preconditioned matrix B*) A with the
NR-SOR inner iterations for k = 1, 2, 4, and 8. Here also, the eigenvalues tend to
approach 1, as ¢ increases.

4.3. Convergence bound. Next, we give a convergence bound for BA-GMRES
preconditioned by inner iterations.

THEOREM 4.10. Let vy be the kth residual of BA-GMRES preconditioned by ¢
inner iterations BY) (4.2) and T be the Jordan basis of B\YWA. Assume that H is
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0.15 T'inner iteration X 0.15 2 "nner iterations
0.1 i 0.1 i
i p(H)! ~0.9053 {p(H)? ~ 08196
i i X
0.05 | % 0.05
R ER)
-0.05 X 0.05
: X
-0.1 0.1
0.15 } X 0.15 :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Re Re
(a) £=1. (b) £ =2.
015 1 ‘ nner ifera‘tions 0.15 8 ‘inner iter}"a‘ﬁons
0.1 0.1 i
| p(H)* ~0.6717 | p(H)® ~0.4511
0.05 0.05 !
E 0 E 0
0.05 0.05
-0.1 0.1
0.15 i 0.15 ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Re Re
(c) £ =4. (d) ¢ =8.

FIG. 4.1. Spectrum of the preconditioned matriz B) A with NR-SOR inner iterations for the
matriz defined in (4.6). £ is the number of inner iterations.

semi-convergent and xo € R(BY). Then, we have

7(k,d)
k .
| BOry||s < w(T) Z (i)p(H)M%HB(OT‘OHZ

1=0

for all xg € R™ and for all b € R™, where d is the size of the largest Jordan block of
BWA corresponding to a nonzero eigenvalue of BYYA, and k(T) = ||T||2|T 2.
Proof. The theorem is a direct consequence of Theorems 3.5, 4.7, and 4.9. O
Note that the convergence of [|[B“ry|s is not necessarily governed only by the
eigenvalues of B A when (T) is large [12], [1], [27].

5. AB-GMRES method. Consider solving (1.3). AB-GMRES [14] applies
GMRES to mli%n |b — ABu||> with & = Bu, and works in a smaller m-dimensional
ue m

space than the n-dimensional space for BA-GMRES in the underdetermined case m <
n. The algorithm of AB-GMRES with the modified Gram-Schmidt orthogonalization
is given as follows.
ALGORITHM 5.1. AB-GMRES method.
. Let ¢ be the initial approzimate solution and rog:= b — Axg.
- B=|roll2, vi==10/B
. For k=1,2,...until convergence, Do
Wi = AB’Uk
Fori=1,2,...,k, Do
hi,k = (wk,vi), W (= Wg — hi’kvi

S LA S0 te =
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0.3 , 0.3 ,
1 inner iteration 2 inper iterations
“,' + / R .
0.2 [ by 0.2 [t -
i i RS, A DU i s
i oo / +
0.1 | IS ST a8 01 Lt R
BE 7 et RS ; e
R L e . EEDES e
wt R s + + DR T s
: ol t +* " N :*+ L ++:¢+ #t +:+§%¥ :&M ] g 0 ; i‘% + s - :++ +‘ ”3*&3*
= i RO A SR N L e = P N AR LS
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FiG. 4.2. Spectrum of the preconditioned matriz B A with NR-SOR inner iterations for
Maragal_3. £ is the number of inner iterations.

7. EndDo
8. hit1k = ||wgll2, Vi1 = wr/hkr1k
9. EndDo

10. y;, = arg rgi{i |Ber — Hryll2, Th := 2o + B [v1,va, ..., 0] Yy
y

We say that AB-GMRES breaks down at some step k if dimABK,(AB, 1) <
dim Ky (AB,rg) or dim Ky (AB,ry) < k (cf. Definition 2.1). We have the following.

THEOREM 5.2. Assume R(B) = R(AT). Then, AB-GMRES determines the
minimum-norm solution of Ax = b without breakdown for all b € R(A) and for all
xo € R™ if and only if R(A) NN (B) = {0}.

Proof. Let @ be a solution of ABu = b. Then & = B € R(AT) = N(A)*+ is a
solution of Az = b. Any solution of Az = b is given by x = & + t, t € N(A). Since
& L N(A) and ||z||]2°> = ||&]]2° + |[t]|2>, & is the unique solution of Az = b, whose
Euclidean-norm is minimum.

Next, substitute AB, u, and b into fl, x, and 5, respectively, in Theorem 2.2.
R(B) = R(AT) gives R(AB) = R(AAT) = R(A) and N(AB) = R(BTAT)* =
R(B'B)t = R(BT)t = N(B). Theorem 1.1 completes the proof. O

This theorem extends [14, Theorem 3.7] to the consistent case.

5.1. AB-GMRES preconditioned by stationary iterative methods as in-
ner iterations. Similarly to obtaining Algorithm 4.1 from Algorithm 3.1, we obtain
the algorithm of AB-GMRES preconditioned by inner iterations as follows.

ALGORITHM 5.3. AB-GMRES method preconditioned by inner iterations.
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1. Let xg be the initial approximate solution and ro := b — Axg.
2. ﬁ = ||’l"0||2, v = To/ﬁ

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

4. Apply £ steps of a stationary iterative method to AATy = vy, z= ATy to

obtain zyp := BOuvy,.

5. wy = Az,

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

7. hi,k = (wk.,'ui), Wy = W — hi,kvi

8. EndDo

9. hpgik = w2, Vi1 = wre/ Pk
10. EndDo B
11. y,, := arg min ||fe; — Hpyll2, ur = [v1,v2,...,0%] Yy

yeRF

12. Apply € steps of a stationary iterative method to AATy = wuy, z = ATy to obtain
2" = BOuy,,

18. == xo + 2’
The preconditioning matrix with ¢ inner iterations for AB-GMRES is given by

{—1
BW = AT H'M, (5.1)
=0

where AAT = M—N , M is nonsingular, and H = M~'N is the inner-iteration matrix.
From Theorem 5.2, we obtain the following lemmas.

LEMMA 5.4. Let BY be given by (5.1). Assume that H is semi-convergent.
Then, index(ABW®) <1 for all £ > 1.

LEMMA 5.5. Using the notations and the assumption of Lemma 5.4, R(B“)) =
R (AT) holds for all £ > 1.

Hence, we obtain the following theorems.

THEOREM 5.6. Assume that H is semi-convergent. Then, AB-GMRES with
the inner-iteration preconditioning (5.1) determines the minimum-norm solution of
Az = b without breakdown for all b € R(A) and for all xy € R™.

THEOREM 5.7. AB-GMRES preconditioned by

Richardson-NE inner iterations with 0 < w < 2/p(AAT)
Cimmino-NE inner iterations with 0 < w < 2/p(D~Y2AATD~1/2)
NE-SOR inner iterations with 0 < w < 2

NE-SSOR inner iterations with 0 < w < 2

respectively determines the minimum-norm solution of Ax = b without breakdown for
all b € R(A) and for all &y € R", where D = diag(AAT).

The Cimmino-NE method is mathematically equivalent to JOR applied to
AATu = b with = ATu. The normal-error (NE-)SOR method is mathematically
equivalent to SOR applied to AATu = b with z = ATwu [23], [3]. See Appendix B for
the algorithms of the methods.

6. Numerical experiments. We compare the proposed methods BA- and AB-
GMRES preconditioned by the NR- and NE-SOR inner iterations with previous meth-
ods in terms of the CPU time by numerical experiments on overdetermined and under-
determined problems, respectively. We omit results on the Richardson and Cimmino-
type inner-iteration preconditioning since they were not as efficient as the SOR-type
ones. However, the Richardson-type inner-iteration preconditioning can potentially
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be useful for problems for which the quantity |la;||2 cannot not be efficiently com-
puted.! The Cimmino-type inner-iteration preconditioning can potentially be useful
for parallel implementations.

The proposed methods require two preconditioning parameters: the number of
inner iterations ¢ and the relaxation parameter w. Since CPU time for the proposed
method vary with the values of these parameters, it is desirable to determine the
values automatically for any given problem. In order to determine these parameters,
we perform the following procedure using the NR~ and or NE-SOR iterations alone
before starting the outer iterations [20]:

PROCEDURE 6.1. Automatic parameter tuning.

1. Setw:=1.
2. Starting from £ := 0, find the minimum ¢ that satisfies

12470 — 20l < 1071|219 .

3. Find w which first minimizes ||r®|a, searching w = 1.9,1.8,...,0.1 in this
order.

In NR-SOR, the approximate residual 7() is given in the algorithm. In NE-SOR,
r® = ¢ — Az® is explicitly evaluated since it is not given in the algorithm.

Table 6.1 gives information on the test matrices from [7], including the number
of rows m, the number of columns n, the number of nonzero elements nnz, and the
density of the nonzero elements, the rank, and the condition number x(A) which is
the ratio of the largest singular value of the matrices to the smallest positive one.
These matrices were appropriately transposed to form overdetermined and under-
mined problems, i.e., m > n and m < n, respectively. The name of a matrix is
denoted by using T if the matrix is transposed. Table 6.1 shows the effective size of
the matrices after removing all zero columns and zero rows. (If A has a zero column
(row), then the diagonal scaling D = diag(ATA) (D = diag(AAT)) and the splitting
matrix M of NR-SOR (NE-SOR) are singular.) The condition number was computed
by dividing the largest singular value by the smallest nonzero one, where the singular
values were computed by using the MATLAB function svd and the number of nonzero
singular values was determined by using the MATLAB function spnrank [11]. (The
rank and condition number of Maragal 8 could not be computed on our computer due
to insufficient memory.)

For all the CPU times, an average was taken over ten measurements. The initial
solution for the inner and outer iterations was set to zero. No restarts were used for
the GMRES-type methods.

All computations were done on a PC workstation with an Intel Xeon X5492 3.4
GHz CPU, 16 GB RAM, Scientific Linux version 6.4, and double precision floating-

TABLE 6.1
Information of the matrices.

Name m n nnz  density [%)] rank K(A)
landmark 71,952 2,673 1,146,848 0.596 2,671 1.02-10°%
Ipcrea 3,428 7,248 18,168 0.073 3,423 2.11.10%
1p_dfi001 6,071 12,230 35,632 0.048 6,058  3.49-102
Maragal 6 21,251 10,144 537,694 0.249 8,331  2.91-10°
Maragal 7 46,845 26,525 1,200,537 0.096 20,843 8.98.10°
Maragal 8 33,093 60,845 1,308,415 0.065 - -

IPrivate communication with Dr. Wei Xu of Tongji University.
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point arithmetic. All programs for the iterative methods in our tests were coded
in Fortran 95 and compiled by Intel Fortran version 13.1.0. For reproducibility, the
compiler options we used were —~fp-model precise -fimf-arch-consistency=true,
i.e., IEEE 754 standard binary64 with no compiler optimization affecting accuracy.
For the direct methods, we used Matlab 2013b and SuiteSparseQR version 1.3.1 [8].

6.1. Overdetermined problems. We first present numerical experiment re-
sults on overdetermined problems (m > n). The proposed BA-GMRES precondi-
tioned by the NR-SOR inner iterations was compared with previous methods: the
preconditioned CGLS, LSMR, and BiCGSTAB-LS methods [16], [10], [28]. We call
the BICGSTAB method applied to the normal equations the BICGSTAB-LS method.
The initial dual (or so-called shadow) residual for BICGSTAB-LS was set to the initial
primal residual. Note that these methods work in n-dimensional space.

We used the diagonal scaling D = diag(A"A) for preconditioning the CGLS,
LSMR, BA-GMRES, and BiCGSTAB-LS methods, i.e., the conjugate gradient (CG)
[16] and MINRES [22] methods were applied to D™ 2ATAD 2u = D 2ATb, = =
D~ 2w and GMRES and BiCGSTAB were applied to D~'ATAz = D'ATb, which
corresponds to B = D~1AT.

On the other hand, we used the NR-SOR inner iterations for preconditioning BA-
GMRES and BiCGSTAB-LS, i.e., GMRES and BiCGSTAB were applied to BYAz =
B®b, where B is given by (4.2) and (4.4). We used the NE-SSOR inner iterations
for preconditioning CGLS and LSMR to obtain a symmetric preconditioner. See
Appendix C for their algorithms. BiICGSTAB-LS preconditioned by inner iterations
can be implemented similarly to BA-GMRES preconditioned by inner iterations.

The elements of b were randomly generated using the Fortran built-in subroutine
random_number. Therefore, the test problems were not necessarily consistent, i.e., b
may not be in R(A).

In exact arithmetic, the CGLS, LSMR, BA-GMRES methods with diagonal scal-
ing and preconditioned by the NR-(S)SOR inner iterations with 0 < w < 2 determine
a solution of nglgln Ib — Ax||> for all g € R™ and for all b € R™. However, this is

not necessarily the case for the BICGSTAB-type methods.
The stopping criterion for the kth (outer) iteration was

|AT(b — Azy)||, < 107% || ATB|, . (6.1)

This means that we explicitly compute the residual 2-norm AT(b— Ax},) for the normal
equations (1.2) from xj at each iteration. In the numerical experiments, the CPU
time for checking (6.1) was excluded from the total CPU time. The left-hand side of
(6.1) can converge to zero because of the equivalence between (1.1) and (1.2).

Table 6.2 gives the CPU time in seconds taken by direct methods, namely, the
“backslash” solver in MATLAB and SuiteSparseQR [8], and the resulting relative
residual 2-norm [|AT7||2/|[ATb||2. The I indicates that the direct method did not
achieve the criterion (6.1).

Table 6.3 gives the CPU time in seconds for the iterative methods to achieve
the stopping criterion (6.1) for each problem. Diag stands for the diagonal scaling.
The first column in each cell gives the number of (outer) iterations. The second
column gives the total CPU time including the time to set up the preconditioning
matrix for the diagonal scaling and the parameter tuning time for the NR-SOR inner-
iteration preconditioning for BA-GMRES. The third column gives the number of inner
iterations ¢ which was optimal in terms of the CPU time except for BA-GMRES
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TABLE 6.2
Results of the direct solvers for overdetermined problems.

landmark lp_cre_aT 1p_dfloo1T
Time Rel. res. Time Rel. res. Time Rel. res.
Backslash 0.405 5.1810-1% [ 0.017 1.0810~™ | 1.214 2.14-10°15
SuiteSparseQR | 11.46 5.1810~13 | 0.003 1.79-10~1% | 1.344 1.86-10~1°
Maragal 6 Maragal 7 Maragal 8T
Time Rel. res. Time Rel. res. Time Rel. res.
Backslash 384.4 11.26:10°T | 329.1 {7.9810~2 | 72.22 1.28.107°
SuiteSparseQR | 256.0 $1.35-101' | 467.3 18.22:1072 | 67.08 9.72.10~1°
TABLE 6.3
Results for overdetermined problems.
Solver Precon. landmark Ip_cre_aT 1p_dfioo1T
Iter Time /¢ w Iter Time (¢ w| Iter Time (¢ w
CGLS diag 311 210 - -| 2,288 044 - -| 411 022 - -
NE-SSOR 73 1.00 1 1.3 894 029 1 0.6| 154 0.13 1 1.1
LSMR diag 290 2.10 - -| 2,041 038 - -| 399 0.20 - -
NE-SSOR 71 *0.99 1 1.3 739 *0.23 1 0.8| 151 0.13 1 1.1
BA-GMRES diag 296 2.15 - -| 1,190 6.28 - -| 388 131 - -
NR-SOR 143 1.86 2 1.0| 1,931 16.18 10 1.7 57 *0.09 5 1.4
optimal NR-SOR 143 1.82 2 1.0 363 0.88 11 0.6 21 0.07 13 1.8
BiCGSTAB diag T o - T T - - 328 025 - -
-LS NR-SOR 31 4.26 15 1.1| 1,006 0.30 1 0.7 30 *0.09 5 1.8
Solver Precon. Maragal 6 Maragal 7 Maragal 8T
Tter Time /¢ w Iter Time (¢ w| Iter Time { w
CGLS diag T T - -115654 1215 - - i t - -
NE-SSOR T T 2,088 36.29 1 1.0 T T
LSMR diag T - -]19381 7232 - - T o -
NE-SSOR 9,940 65.46 1 0.9| 1028 31.64 2 1.2 T T
BA-GMRES diag 2,708 101.8 - -] 2,491 2306 - -|6,834 2,041 - -
NR-SOR 515 *8.70 5 1.4 334 *16.21 7 1.5|1,543 *147.1 4 1.3
optimal NR-SOR | 430 850 7 14 359 16.08 6 1.4 952 97.01 10 1.3
BiCGSTAB diag T t - - T To- - i t - -
-LS NR-SOR T T T T T T

preconditioned by the NR-SOR inner iterations. The fourth column gives the value of
the relaxation parameter w which was optimal among 0.1,0.2,...,1.9 in terms of the
CPU time except for the proposed BA-GMRES (NR-SOR). For BA-GMRES (NR-
SOR), ¢ and w were determined using Procedure 6.1. Hence, these comparisons are
advantageous for the optimized preconditioners compared to the proposed method.
The * indicates the fastest method in terms of CPU time for each problem. The {
indicates the case where the method did not satisfy the criterion (6.1) within iterations
equal to the size n of the problem.

For the last four problems, the proposed BA-GMRES preconditioned by NR-
SOR inner iterations with automatically tuned parameters was the fastest. The CPU
time for tuning the parameters was marginal compared to the total CPU time. For
example, the tuning time for Maragal 6 was 0.07 seconds out of the total CPU time
of 8.70 seconds. The total CPU time for the proposed method with automatically
tuned parameters was close to that with optimal parameters as reported in [20],
except for the case Ip_cre_aT. This indicates that fast convergence of inner iterations
may not necessarily give fast convergence of outer iterations (see step 3 in Procedure
6.1). The proposed method gave much more accurate solutions than both the direct
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solvers for Maragal 6 and Maragal 7. LSMR preconditioned by the NE-SSOR inner
iterations broke down with many combinations of the NE-SSOR parameters trying to
take the square root of a negative value corresponding to a theoretically nonnegative
inner product, which was caused by rounding error (see step 8 in Algorithm C.2).
This is not the case for LSMR with diagonal scaling since the preconditioning matrix
can be applied symmetrically as D~2ATAD~2. The BiCGSTAB-LS methods did
not converge for Maragal 6-8 for all the parameters that were tried. CGLS and
LSMR with reorthogonalization [14], [10] combined with these preconditioners were
also tested, but they were slow to converge.

Figure 6.1 shows the relative residual | ATr.||2/||ATb||2 versus the CPU time for
Maragal_6 for each method. The parameter values of the NE-SSOR, inner-iteration
preconditioning for CGLS were ¢ = 1 and w = 1.0, and we used the preconditioning
parameters given in Table 6.3 for the other methods. The convergence curve for the
CGLS-type method are quite oscillatory as explained in [14]. The LSMR and BA-
GMRES-type methods yield smoother convergence curves and the latter gives quicker
convergence.

6.2. Underdetermined problems. Next, experiments were done for under-
determined problems (m < n). The proposed AB-GMRES preconditioned by the
NE-SOR inner iterations was compared with previous methods: the preconditioned
CGNE [5], MRNE, and BiCGSTAB-NE methods. We call the MINRES method ap-
plied to the normal equations of the second kind (1.4) the MRNE method. We call
BiCGSTAB applied to the normal equations of the second kind (1.4) the BICGSTAB-
NE method. The initial dual (or so-called shadow) residual for BICGSTAB-NE was
set to the initial primal residual. Note that these methods work in m-dimensional
space.

The preconditioned MRNE method can be implemented based on the precondi-
tioned CG method as follows. Let M € R™*™ be symmetric and positive definite.
Then, AATM is symmetric with respect to the M ~!-inner product, where the M ~!-
inner product of vectors @ and b is (a,b);-1 = (M ~ta,b). Hence, MINRES applied
to AATM~'u = b, © = ATM ~'u with the M ~'-inner product is equivalent to CG
applied to ATM ' Ax = ATM~'b.
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F1G. 6.1. Relative residual vs. CPU time for Maragal_6.
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The diagonal scaling D = diag(AAT") was applied to the CGNE, MRNE, AB-
GMRES, and BiCGSTAB-NE methods, i.e., the conjugate gradient (CG) [16] and
MINRES [22] methods were applied to D 2AATD iu = D tb, ¢ = ATD %u
and GMRES and BiCGSTAB were applied to AATD™'u = b x = ATD 'u with
B = ATD™!'. Since CGNE and MRNE require symmetric preconditioning, the NE-
SSOR inner-iteration preconditioning was applied to CGNE and MRNE. The NE-SOR
inner-iteration preconditioning was applied to AB-GMRES and BiCGSTAB-NE. See
Appendix C for their algorithms. BICGSTAB-NE preconditioned by inner iterations
can be implemented similarly to AB-GMRES preconditioned by inner iterations.

The vector b was given by b = A[1,1,...,1]. Therefore, the test problems were
consistent, i.e., b € R(A).

In exact arithmetic, the CGNE, MRNE, AB-GMRES methods with diagonal scal-
ing and preconditioned by the NE-(S)SOR inner iterations with 0 < w < 2 determine
the minimum-norm solution of Az = b for all &y € R™ and for all b € R(A). However,
this is not necessarily the case for the BICGSTAB-type methods.

The stopping criterion for the kth (outer) iteration was

16— Azll, <107 b, (6.2)

Table 6.4 gives the CPU time in seconds taken by the direct method and the
resulting relative residual 2-norm ||7||2/||b||2, similar to Table 6.2. (A sparse direct
method for the minimum-norm solution is not implemented in Matlab.) The i indi-
cates that the direct method did not achieve the criterion (6.2).

Table 6.5 gives the CPU time in seconds for the iterative methods to achieve the
stopping criterion (6.2) for each problem, similar to Table 6.3. The proposed method
with automatically tuned parameters was the fastest for Maragal 6T and Maragal 8.
The proposed method gave more accurate solutions than the direct solver landmarkT
and Maragal 8. The BiCGSTAB-NE did not converge for the six problems for all
the parameters that we tried. Although the residual ||r®*)||; = |[c — Az®)||5 for the
NE-SOR inner iterations was explicitly evaluated in Procedure 6.1, the CPU time
for tuning the parameters was again marginal compared to the total CPU time. For
example, the CPU time for tuning the parameters for Maragal 6T was 0.10 seconds
out of the total CPU time of 7.81 seconds. The total CPU time for the proposed
method with automatically tuned parameters was close to the optimal one except
for Ip_cre_a. CGNE and MRNE with reorthogonalization [14] combined with these
preconditioners were also tested, but they were slow to converge.

Figure 6.2 shows the relative residual ||r4|2/||b||2 versus the CPU time for Mara-
gal_6T for each method. The convergence curve for CGNE with NE-SSOR is os-
cillatory and slow to converge. The convergence curve for MRNE with NE-SSOR
is smoother than the one for CGNE with NE-SSOR but slower to converge than
AB-GMRES with NE-SOR.

TABLE 6.4
Results of the direct solver for underdetermined problems.

landmarkT Ip_cre_a 1p_dfioo1
Time Rel. res. Time Rel. res. Time Rel. res.
SuiteSparseQR | 0.556  £1.09-10™°5 | 0.003 0.003-10— 7 | 0.011  2.34.10~ 16

Maragal 6T Maragal 7T Maragal 8
Time Rel. res. Time Rel. res. Time Rel. res.
SuiteSparseQR | 26.30 1.73-1077 | 66.50 1.12:10~ ™ | 3,635 $1.25-10~%°
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TABLE 6.5
Results for underdetermined problems.

Solver Precon. landmarkT Ip_cre_a 1p_dfioo1
Iter Time ¢ w Iter Time ¢ w Iter Time /¢ w
CGNE diag 185 1.26 - -1 2,122 0.39 - - 406 0.19 - -
NE-SSOR 56 0.69 1 1.1 823 029 1 0.6 154 0.13 1 1.0
MRNE diag 160 1.08 - - 2,347 036 - - 398 0.19 - -
NE-SSOR 49 *0.60 1 1.1 781 *0.23 1 0.6 154 *0.12 1 1.0
AB-GMRES diag 158 1.12 - -1 1,019 4.61 - - 384 1.27 - -

NE-SOR 26 220 11 0.7| 1,502 10.68 6 1.5 92 0.18 4 0.9
optimal 77 097 2 0.8 315 0.73 12 0.5 26 0.08 10 1.8

BiCGSTAB diag T - - T - - T - -
-NE NE-SOR t } t T } T
Solver Precon. Maragal 6T Maragal 7T Maragal 8
Iter Time (¢ w Iter Time ¢ w Iter Time ¢ w
CGNE diag T ¥ - -|12,916 1004 - - T - -
NE-SSOR | 8,996 50.38 1 1.2| 1,975 33.62 1 1.1 t T
MRNE diag T t - -] 6,449 5093 - - T o -
NE-SSOR | 6,108 33.90 1 1.0 913 *15.81 1 0.9[40,659 829.7 1 1.1
AB-GMRES  diag  |2,808 109.0 - -| 2,637 2622 - - T - -
NE-SOR | 459 *7.81 5 1.3 429 16.85 4 1.3| 1,371 *1404 7 1.5
optimal 402 748 6 1.4 303 13.77 6 1.5 990 101.6 10 1.3
BiCGSTAB diag T - - T - - t - -
-NE NE-SOR t } T T } t
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Fic. 6.2. Relative residual vs. CPU time for Maragal_6T.

7. Conclusions. We considered applying stationary inner-iteration precondi-
tioning to GMRES methods for least squares problems and gave a general convergence
theory 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 analyzed and characterized using the spectral radius of the inner-iteration
matrix. Based on this, a convergence bound was obtained for the proposed meth-
ods. Finally, numerical experiments on rank-deficient overdetermined and consistent
underdetermined problems showed that the proposed methods BA-GMRES and AB-
GMRES preconditioned by the NR- and NE-SOR inner iterations, respectively, are
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more robust and efficient compared to previous methods for some problems.

Appendix A. Breakdown of GMRES. The generalized minimal residual
(GMRES) method applied to the system of linear equations

Az =b, AeR™", beR",

determines the kth approximate solution x, in the subspace o+ (A, r¢) minimizing
|7k]l2, where xg is the initial approximate solution, r, = b — Axy, is the residual at
the kth step, and

ICk(A’ TO) = Span{r()v ATOa ey Akil"'O}a

is the Krylov subspace of order k.

The convergence of GMRES including the singular case was analyzed in [4].
There, non-breakdown of GMRES was defined as follows.

DEFINITION A.1. We say that GMRES does not break down at the kth step if

dimAK, (A, 7o) = k.

This definition was intended to focus on essential breakdown of the method, as
opposed to breakdown associated with any specific implementation of GMRES.

For instance, the algorithm of GMRES with Gram-Schmidt orthogonalization
(GMRES-GS) is given as follows. (Note that, in exact arithmetic, GMRES with
Gram-Schmidt orthogonalization is equivalent to GMRES with modified Gram-
Schmidt orthogonalization (GMRES-mGS).)

ALGORITHM A.2.  GMRES method with Gram-Schmidt orthogonalization
(GMRES-GS).

1. Let g be the initial approximate solution.

2. To = b— A:L’(), B = ||T’QH2, vy = 1‘0/6
3. For k=1,2,...until convergence, Do
4. hi,k = (’Ui,A’Uk), 1= 1,2,...,]{1
k
5. Wwg = A'U]€ - Z hi,kvi
i=1
6. hiyrk = ||lwkll2. If hgt1,s =0, then go to line 9.
7. Vpyr = wi/hgk
8. EndDo -
9. y,, := arg min ||fe; — Hpyll2, r := zo + Viy,,
yeRF

Here, H;, = {hi;} € RE+DXE and V, = [v1,v2,...,v], where vy, Vs, ..., v} are
orthonormal. Let Hy = {h;;} € RF*k . Then, we have AV}, = V;, H, + wkez.

The breakdown of GMRES-GS was defined as follows.

DEFINITION A.3 ([24], [23], [13]). GMRES-GS is said to break down at the kth
step when hy41,, = 0.

This definition seems different from Definitions 2.1 or A.1.

The convergence condition for GMRES-GS including the singular case was given
as follows.

THEOREM A.4 ([13, Theorems 2.8]). GMRES-GS determines a solution of Ax =
b for allb € R(A) and for all o € R™ if and only if R(A) NN (A) = {0}.

Based on Theorem A.4, convergence conditions for AB- and BA-GMRES with the
modified Gram-Schmidt orthogonalization were given in [14, Theorem 3.7, Corollary
3.8, Theorem 3.18, Corollary 3.19].

Now, the following question arises:
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Are Definitions A.1, 2.1, and A.3 equivalent for GMRES-GS or not?
We consider this question in the following. Remark that trivially dimAK; < dim/C, <
k holds for each k, where K = Kj(A,ro). Therefore, Definitions 2.1 and A.1 are
equivalent.

First, we use Definition 2.1. Assume that GMRES does not breakdown until the
(k — 1)st step. Then, dimAK;_1 = dimKy_1; = k — 1. Thus, there exists V;_1. Then,
consider the two cases: dimAK, < dimK; and dim/fC; < k.

Case i. Assume that GMRES breaks down at the kth step due to dimAK, <
dimKy. Then, dimKy = k. (.- Assume dimK; < k — 1. Then, dimAK; < k — 2.
However, this contradicts with the assumption dimAKy = k — 1. Hence, dimKy, = k.)
Moreover, we have

dimAK, < dimKp =k <= rankAV) < rankV, =k,
— vi;éO, 1=1,2,...,k,

hit1,i = ||wll2 #0fori=1,2,...,k —1in Algorithm A.2, and

T
rank AV}, = rank([Vk, wy] [fﬁ]) = dimR ([H,J, ek} [Zk T:|>
k

k
-
— i T Vi o Hy,
= dimR ([Hk ,ek} [wkT] [Vk,wko = rank([hk-s-LerkT]) < k,
k
where hyt1, = [Jwgll2 and wy = Av, — Zhi,kvi. Hence, hpt+1, = 0, since
i=1

hit1,6 # 0 implies rank([HkT,th,erkD = k. This is consistent with Defini-
tion A.3. Therefore, dimAK;, < dimK; = dimK; = k and hgy1, = 0. Note also
that rankH, = k — 1.

Moreover, since Hj, is singular, the problem

min b— Azx|l; = min ||fe; — H, Al
pin | 2 yeRkﬂﬁ 1 — Hiyll2 (A.1)

does not have a unique solution. il
Case ii. Assume that GMRES breaks down at the kth step due to dim/k; <

k—1

k. Then, wy_1 = Avp_1 — Zhi,k,lm and v1,v9,...,v5_1 are linearly depen-
i=1

dent, i.e., there exists ¢ = [01,02,...,ck]T # 0 such that [Viy_1,wir_1]c = 0, or

[Vk,l,wk,l]T [Vi—1,wg—1]ec = 0. This gives ¢; =0, i = 1,2,...k — 1 and ¢ # 0.
Hence, hy -1 = 0. Note also that dim/C,_; = rankVj,_1 = k£ — 1. Here, v; # 0,7 =
1,2,...,k—1and hjt1; #0,i=1,...,k — 2 in Algorithm A.2.

Moreover, we have AVy,_1 = Vi_1Hp_1 and

min  ||b— Az|s = min |fe; — Hx—1y|l2 =0,
zE€xo+Lr_1 ycRk-1

since the assumption dimAK;_1 = k — 1 implies k — 1 = rank(AVj,_1) = rankHj,_1,
i.e., Hy_1 is nonsingular. Finally, if y,_; = arg mi{l ) lBer — Hi—1y||2, then xj_; =
yeRF—

o+ Vi_1Y;_; is a solution of Ax = b, i.e., GMRES determines a solution of Az =b
at the (k — 1)st step. i
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Conversely, we use Definition A.3. Assume that GMRES does not break down
until the (k — 1)st step, i.e., hit1; # 0, ¢ = 1,2,...,k — 1, and breaks down at the
kth step due to hgy1, = 0. Then, we have AV}, = V,Hj,. Consider the two cases:
rankH, = k — 1 and k.

Case i’. Assume rankH) = k — 1. Then, since h;y1,; #0fori=1,2,..., k-1,

rankHj, = dimR (HkTVkTVk) — rankVi Hj, = rank AV}, < rankVj, = k.

This inequality is equivalent to dimAK; < dim/C. Note also that dimAK, 1 =k —1
holds, since dimAK,_; = rank(AVy_1) = rankViyHy,_1) = k — 1 for hjy1,; # 0,
i=1,2,... . k—1.1

Case 11’. Assume rankHy, = k, i.e., Hy is nonsingular. Then, we have

in_ |b— Azl = mi — Hyyls =0
meraftlf;ck” |2 yrgglk\lﬁel kYl =0,

If y, = arg min)c |Ber — Hryl|2, then xp = xo + Vipy, is a solution of Ax = b,
yeR

i.e., GMRES determines a solution of Axz = b at the kth step. Moreover, since

hit16 = |[wgll2 = 0 and vg41 is not defined, dimKy41 < k + 1. Note also that
dim AKX, = k holds, since dimAKy, = rank(AVy) = rank(Vy41 Hy) = rank(Vi Hy) = k.
|

We summarize the above discussion in the following.

Case i dimAK,_1 =k — 1 and dimAK, < dimK, — hi—i—l,i 7é 0,i=1,2,...,k—1,
hk+1,k = 0, and ranka =k— 1,

Case ii dimAK;_1 = k—1 and dimKy < k = hjp1; # 0, ¢ = 1,2,... .k — 2,
hi -1 =0, and rankHy,_; = k—1 (GMRES determines a solution of Ax = b
at the (k — 1)st step.),

Case 1’ hi—i—l,i 7é 0,2=1,2,.. .,k‘—l, hk-i—l,k =0, and ranka =k-1— dll’nA’Ck =
k—1 and dimAK, < dim/Cy,

Case ii’ hj;1,;#0,i=1,2,...,k—1, hy1 1 = 0, and rankH}, = k = dimAK, =k
and dimK41 < k 4+ 1 (GMRES determines a solution of Az = b at the kth
step.).

This further boils down to the following.

Case I dimAK;_; =k — 1 and dimAKy, < dimKy, <= hij41,; #0,i=1,2,... k-1,
hi+1,6 =0, and rankHy, = k — 1.

Case IT dimAK;_1 = k —1 and dimKy, < k < hjp1; # 0i = 1,2,...,k — 2,
hir—1 = 0, and rankHy,_; = k — 1. (GMRES determines a solution of
Az = b at the (k — 1)st step.)

Therefore, we may say that Definitions 2.1 and A.1 classify two kinds of break-
down with in Definition A.3. See also [25, Propositions 4.2, 4.3] for similar results for

the consistent case b € R(A).

Appendix B. Algorithms of inner-iteration methods. We give the algo-
rithms of the methods for the inner-iteration preconditioning which works on the
normal equations ATAz = ATec. Let a; be the jth column of A.

ALGORITHM B.1. Richardson-NR method.

1. Let 29 := 0 and r(© = ¢.
2. Fork=1,2,...,¢, Do
3. 20 = =) Ly ATk (R) .= ¢ — Az(F)
4. EndDo
ALGORITHM B.2. Cimmino-NR method.
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Let 209 := 0 and r@ = ¢.
Fork=1,2,...,¢, Do
d®) .= DIATp(k=D) (k) = 2(k=1) o (@B p(R) = p(k=1) _ , 4dF)
EndDo
ALGORITHM B.3. NR-SOR method.

Let 29 := 0 and r := c.
Fork=1,2,...,¢, Do
Forj:=1,2,...,n, Do
d;k) = (r,a;)/| a2, Zj(-k) = ZJ(-kfl) +wd§-k), ri=7— wd;k)aj
EndDo
EndDo

ALGORITHM B.4. NR-SSOR method.

Let 209 := 0 and r := c.
Fork=1,2,...,¢, Do
Forj=1,2,...,n, Do
k—1 k—1 _ k—1 k—1
Eng D= (ra)/llagle?, 2T = 2D 4 wd T = e —wd gy
ndDo

Forj=nn—1,...,1, Do
_1
d;k) = (’I“,aj)/Haj||22, Zj(k) = ZJ(-k 2) +wd§-k), ri=7r— wd(.k)aj
EndDo
EndDo

Next, we give the algorithms of the methods for the inner-iteration precondition-

ing which works on the normal equations of the second kind AATy = ¢, z = ATy.
Let a; be the ith row of A and ¢; be the ith component of ¢ € R™.

ALGORITHM B.5. Richardson-NE

method.

1.

B Lo

Lo o~

N N

1.
2.
3.

Let 29 := 0 and r©@ = ¢.
Fork=1,2,...,¢, Do
20 = 2D Ly ATpR=1) (k) .— ¢ — Az(K)
EndDo
ALGORITHM B.6. Cimmino-NE method.
Let 29 := 0 and r© = ¢.
Fork=1,2,...,¢, Do
d¥) = D-lpt=1) (k) = Z(k=1) L yATGR) (k) .= ¢ — 42(F)
EndDo
ALGORITHM B.7. NE-SOR method.
Let 20 := 0 and r := c.
Fork=1,2,...,¢, Do
Fori:=1,2,...,m, Do
d" = [ = (i, @M)] [lleu])o®, 207 = 20D 4 dPay,
EndDo
H(k) .— 5 (k—1)
EndDo
ALGORITHM B.8. NE-SSOR method.
Let 29 := 0 and r := c.
Fork=1,2,...,¢, Do
Fori=1,2,...,m, Do
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a7 = [ — (a2 ®)] Jllells?, 2670 = 26 4 al Py
EndDo
Fori=m,m—1,...,1, Do

di") = [e; = (i, @®)] /ei]ls?, 25D = 207D 4 dPay
EndDo

z(k) = z(k'fl)

10. EndDo

Appendix C. Algorithms based on CG and MINRES.
We give an algorithm of CGLS preconditioned by inner iterations, which is im-

proved to reduce a matrix vector multiplication per iteration. Note that the improved
method is mathematically equivalent to the original method in [20].

1.
2.

S oA o

7.

8.

ALGORITHM C.1. CGLS method preconditioned by inner iterations.
Let xq be the initial approximate solution, ro := b — Axq, and sy := ATry.
Apply ¢ steps of a stationary iterative method to ATAz = sy, y = Az to obtain
zZ0 = C([)So.

. Po = 20, Y0 = (50, 20), Qo := Do
. For k=0,1,2,...until convergence, Do

2
ar =/l apll2”, Trrr = Tr + Dy, Tryr = TR — Qkqy, Sk = AT
Apply ¢ steps of a stationary iterative method to ATAz = sp1, y = Az to
obtain zpy1 = C(Z)Sk+1 and Yy 1 = Azjpy.
Vi1 = (Skt1, Zkt1): Br = Yet1/Vhs Prg1 = Zkt1 + BrDp

i1 = Yy + Brqy
EndDo

We give algorithms of other methods preconditioned by inner iterations, which

were used in section 6.

O M~

SRS

10.

11.

12.
13.

1.

ALGORITHM C.2. LSMR method preconditioned by inner iterations.

. Let xqy be the initial approzimate solution and ro := b — Axg.
. Bruy := 1, vy := ATuy (shorthand for By = ||ro|l2, u1 :=10/B1)
. Apply ¢ steps of a stationary iterative method to ATAz = 1, w = Az to obtain

wq = AC“)TH

caq = (ug,w) 2, vy = /g, a1 =a1, (= a1, poi=1, po =1, ¢ =1,

§0 = 0, ’A'Ll = ’lf)l, ’_l() =0

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

Br1Upt1 = Wi/ — apty, Opy1 = ATUps1 — Bry10k.

Apply ¢ steps of a stationary iterative method to ATAz = vy, w = Az to
obtain wyyq = AC“)TikH.

1 = (Whp1, W) Y2, Dpgr 1= kg1 /gyt

Pr = (@2 + Br417), ¢k := an/pr, Sk 2:15k+1//)k, Ori1 := Sk, Qry1 = CpQpi1

Ok == Sk—1pk, P = ((Ck—1pk) + Oki1”) 2, G o= Chm1pk/ Pk S = Oks1/ P,
Gk = CkCh» Q41 7= —SkCk X
hy, = hy, — (Okpr/(Pr—1Pr—1))hi_y, Wi = wi_1 + (Cr/ (prpr))
Rii1 = Opg1 — (Okg1/pr)he
EndDo

Apply ¢ steps of a stationary iterative method to ATAx = wy, to obtain
xy, = COwy,.
k E

ALGORITHM C.3. CGNE method preconditioned by inner iterations.
Let xqg be the initial approximate solution and ro := b — Ax.
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. Apply € steps of a stationary iterative method to AAT zq = r( to obtain

:7.0 = C(Z)’I’O_

. qo = Zo, Y0 = (70, 20)
. For k=0,1,2,...until convergence, Do

sk = ATqy, g =/ (8k, Sk), Tha1 1= Tk + Sk, Thy1 i= Tk — QpASy
Apply 0 steps of a stationary iterative method to AAT zy 1 = T to obtain
Ek—&-l = C’(l)rk_H.

Yet1 = (Tra1, Zr41), Br = Yes1/ V> Qs = Zrg1 + Bray,

. EndDo

ALGORITHM C.4. MRNE method preconditioned by inner iterations.

. Let xq be the initial approzimate solution and rg:= b — Axg.
. Apply ¢ steps of a stationary iterative method to AATu =1y, s = ATu to

obtain sy := ATCOr.

2
- Po = S0, 70 := ||S0]|2
. For k=0,1,2,...until convergence, Do

ty = Ap

Apply ¢ skteps of a stationary iterative method to AATu =t;,, v = ATu to
obtain vy, := ATCO¢,.

g =Y/ (Vi PL), Tk := T + Py, Thy1 = Tk — Qitl, Sp41 = S — RV,
Ve = |18k ll2%s Br = Yit1/ V> Prsr = Sk + Brpy

. EndDo
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