N
N

N

HAL

open science

On restarted and deflated block FOM and GMRES
methods for sequences of shifted linear systems

Lakhdar Elbouyahyaoui, Azita Tajaddini, Farid Saberi-Movahed, Mohammed

Heyouni

» To cite this version:

Lakhdar Elbouyahyaoui, Azita Tajaddini, Farid Saberi-Movahed, Mohammed Heyouni. On restarted
and deflated block FOM and GMRES methods for sequences of shifted linear systems. 2019. hal-

04250154

HAL Id: hal-04250154
https://ulco.hal.science/hal-04250154

Preprint submitted on 19 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://ulco.hal.science/hal-04250154
https://hal.archives-ouvertes.fr

Noname manuscript No.
(will be inserted by the editor)

On restarted and deflated block FOM and GMRES methods for sequences of
shifted linear systems

Lakhdar. Elbouyahyaoui - Mohammed Heyouni -
Azita Tajaddini - Farid Saberi-Movahed

Received: date / Accepted: date

Abstract The problem of shifted linear systems is an important and challenging issue in a number of research
applications. Krylov subspace methods are effective techniques for different kinds of this problem due to their
advantages in large and sparse matrix problems. In this paper, two new block projection methods based on
respectively block FOM and block GMRES are introduced for solving sequences of shifted linear systems.
We first express the original problem explicitly by a sequence of Sylvester matrix equations whose coefficient
matrices are obtained from the shifted linear systems. Then, we show the restarted shifted block FOM (rsh-
BFOM) method and derive some of its properties. We also present a framework for the restarted shifted block
GMRES (rsh-BGMRES) method. In this regard, we describe two variants of rsh-BGMRES, including: 1) rsh-
BGMRES with an unshifted base system that applies a fixed unshifted base system and 2) rsh-BGMRES with a
variable shifted base system in which the base block system can change after restart. Furthermore, we consider
the use of deflation techniques for improving the performance of the rsh-BFOM and rsh-BGMRES methods.
Finally, some numerical experiments are conducted to demonstrate the effectiveness of the proposed methods.

Keywords Block Arnoldi process - Block Krylov subspace methods - Deflation - Sequences of shifted linear
systems
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1 Introduction
In this work, we consider the solution of sequences of shifted linear systems that have the form
(Ao 1)) =b0, fori=1,....5,and j=1,... .k (1)

where A € C*", xy), i) eCn, G/(-l> € C and I, is the identity matrix of size n. The coefficient matrices A — G/(-l) I,
are assumed to be nonsingular for all Gj(.’>.

The solution of linear systems having the form (1) is of great importance in a variety of practical applications
and scientific fields. Shifted linear systems are encountered in several contexts such as control theory [7, 12,29],
quantum chromodynamics problems [3,5, 14,35,39], time-dependent partial differential equations [17, 18,30,
52], large-scale eigenvalue problems [24,25] and other engineering problems [13,38,44,45,50,54].

L. Elbouyahyaoui
Centre Régional des Métiers de I’Education et de la Formation, Fes, Maroc
E-mail: lakhdarr2000 @yahoo.fr

M. Heyouni
Laboratoire LM2N, Equipe MSN ENSA, Universit¢é Mohammed Premier, Oujda, Maroc
E-mail: mohammed.heyouni @gmail.com

A. Tajaddini
Department of Applied Mathematics, Faculty of Mathematics and Computer, Shahid Bahonar University of Kerman, Kerman, Iran
E-mail: azita_tajaddinii @yahoo.com

F. Saberi-Movahed
Department of Mathematics, Faculty of Sciences and Modern Technologies, Graduate University of Advanced Technology, Kerman, Iran
E-mail: f.saberimovahed @kgut.ac.ir, fdsaberi @ gmail.com



2 Lakhdar. Elbouyahyaoui et al.

It is clear that direct methods based on the LU decomposition are not recommended for the solution of (1)

since the LU decomposition must be recalculated for each shift 0'}')
the matrix A is not explicitly available.

Usually, the coefficient matrices appearing in shifted linear systems are large and sparse, so it makes sense
to use projection methods on Krylov subspaces. Thus, one of the simplest ideas for solving the ks shifted linear
systems appearing in (1) is to apply some classical Krylov method separately to each system [2]. Recall that
block Krylov methods are matrix free and are very attractive for solving general linear systems that have several
right-hand sides but share the same coefficient matrix and which have the form

. In addition, in many practical situations,

AX =B, 2

where X = [x(1), ... x®)] and B=[p("), ... b¥)]. Compared to Krylov methods for solving a single linear system,
projection methods on block Krylov subspaces have important advantages. Indeed, the block search space allows
the simultaneous computation of matrix-vector products and is much larger and contains more information
than the single space. Recently, exploiting the important and well-known shift-invariance property, various and
numerous Krylov subspace methods for shifted linear systems were proposed. For example, shifted versions
based on the Lanczos process are described in [10,14,15,44,50,51]. Shifted methods based on the Arnoldi
process can be found in [13,16,27,41,48] and the references therein. More recently, restarted methods that
use the Hessenberg process were introduced in [22,23]. Shifted algorithms, combined with preconditioning,
deflation and augmentation techniques, were described in [1,2,30,38,47,54], [5,6,55] and [21,48] respectively.

Denoting by X; the s x s diagonal matrix whose entries are O'j(-l ), O'j(-z)
operator defined as in [11,40] by

N G}S) and letting .%; be the Sylvester

Zi(X)=AX-XZX,,

then the family of systems in (1) can be written as

.,gj(Xj)ZAXj—Xij:B, forjzl,...,k, (3)
where X; = [xgl) , x§2)7 .. ,x}s)]. Similarly, noting that each equation involved in (1) is a matrix Sylvester equation,
we see that it is also possible to apply a specific method, such as those developed in [11,26,37] and the references
therein. However, and as said before, it is preferable to exploit the shift-invariance property [8,36]. Indeed, if the
initial vectors are collinear, then the Krylov subspaces with respect to the matrices A and the Sylvester operator
Z; are equal for all j € {1,...,k}. The shift-invariance property makes it possible to achieve computational
savings by generating only the basis for a well-chosen Krylov subspace. Thus, this computed basis will not
only be used to determine the approximate solution of the selected system but will also be reused to determine
cheaply the solutions of all other systems.

In the present paper, we focus on block Arnoldi based methods and describe two methods for solving fam-
ilies of shifted linear systems of the form (1). The first of these methods is the restarted shifted block FOM
method. It can be seen as a generalization to the block case of the restarted shifted FOM method introduced
by Simoncini in [41]. We also describe two variants of a block generalization of the restarted shifted GMRES
which was described by Frommer and Gldssner in [16]. In the first of these variants, we make use of a fixed
unshifted base system, while in the second variant a shifted system -which could varies at each restart- is used.
We inform the reader that other generalizations of the shifted FOM and GMRES algorithms to the block case
exist. However, the generalization described here is based on a block shift of the matrix A with a diagonal matrix
as indicated in (3). Our generalization differs from those proposed in [46,49,54, 53] because the formulation of
the methods mentioned in the last references is based on a scalar shift of the matrix A.

For reasons of memory requirements and to limit the increasing cost of storage, the shifted block FOM and
GMRES methods are implemented with a restarting strategy. Unfortunately, this often leads to a significant in-
crease in the number of matrix-vector products and this is particularly true for matrices with small eigenvalues.
Indeed, it has been established that the distribution of eigenvalues of the coefficient matrices influences the con-
vergence of Krylov subspace methods [32,34]. For this reason, deflation techniques, which reduce the influence
of small eigenvalues, have been incorporated into Krylov projection methods. We recall that in recent years,
many methods based on the deflation technique have been proposed [5,6,19,21,31,32,34,49,53,54,55].

The structure of the paper is as follows. In Section 2, results on the shift-invariance property of block
Krylov subspaces are recalled. Also, the derivation of the Block Full Orthogonalisation (BFOM) and the Block
Generalized Minimal Residual (BGMRES) are briefly summarized. Section 3 is devoted to the description of
restarted shifted block FOM method (rsh-BFOM) and its modification that include the deflation technique at the
restart (rsh-BFOM-D). The restarted shifted block GMRES (rsh-BGMRES) algorithm and its deflated variant
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(rsh-BGMRES-D) are described in Section 4. The behaviour of the described methods is illustrated by some
numerical comparisons in Section 5. Finally, we draw a conclusion in Section 6.

2 Preliminaries

We begin this section with a brief review and background on block Krylov subspace methods.

2.1 Block Krylov subspace

{1 A o G XS’ t -t 1 :Iylo v SUbSpace gen I'ated With t p lr (A7 G) and dCIlOted ]D
m( ,G) iS (le ined as € he a
Egm(‘LG) _— blOCk Span{G,AG,...,Am IG}

We note that W € C"* belongs to K,,(A, G) if and only if there exists ; € C*** such that W = Z;”;O] AIGQ;.
Using the o notation [28,43], we also have

Kn(A,G)={Z(A) oG, P €Py_1,},

where P,,_1 s is the set of s x s matrix-valued polynomials of degree m — 1 and & = (Q) € IP,..s means that

P(t) = Yyt Q. Using the linear operator .#;, we introduce the block subspace K(.%;,G) spanned by the
blocks G, Z(G),..., .,iﬁj(m_l)(G), ie.,

K, (-}, G) = block span {G,,fj(G), e ,,,iﬂj(m_U(G)} ,

where 2" (G) = G and 2" (G) = Z,(£\" " (G)) [11.36,40].

We note that the shift-invariance property -of classical Krylov subspaces [8]- extend naturally to the block
setting. More precisely, the following lemma given in [11,40] shows that the block Krylov subspaces con-
structed with the matrix A and with the operator .Z; are identical.

Lemma 1 [40] Forall j € {1,...,j} and for all m > 0 we have
Kn(A,G) =K, (Z,G).

Before moving to the description of the block Arnoldi process, we note that the previous property plays a key
role in the generalization to the block case of shifted Arnoldi based algorithms for solving sequences of shifted
linear systems. Thus, if equations (2) and (3) need to be solved simultaneously, the previous lemma shows that it
is not necessary to build two different bases to generate each of the two block spaces K,,,(4,B) and K,,(.Z},B).

2.2 The block Arnoldi process

The generation of a block Krylov subspace associated to A and G can be carried out by means of the block
Arnoldi process described by Algorithm 1 and which constructs an orthonormal basis {V},Va,...,V,,}.

Algorithm 1 The block Arnoldi process.

Input: Ac C”", GeC"™, meN.
1: Compute the reduced QR decomposition of G, i.e., G = V| Hj ;
2: for j=1,...,mdo
w :AVj;

Compute the QR decomposition of W, i.e.,, W =V 1 Hjyy j;
: end for

O 00 1N D B~ W
=3
=
=
[
=<
=
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Assuming that all the s X s triangular sub-matrices H; ; are not rank deficient, then m steps of the block
Arnoldi process can carried out. In this case, the following recursions hold

AV, =V, H, )
_ (mT
- Vm Hm + Vm+l Hm+l7m Ep ) (5)
where V,, = [Vi,Va,...,V,y] is a n x ms orthonormal matrix and H,, = [H; j| is (m+ 1)s x ms upper block Hes-
senberg matrix and E,(,,m> = [0y,... ,OS,IS]T is the m-th block formed by the last s columns of the identity matrix

Il?’lS .

Now, we recall some properties that will be used in the next sections and whose verification is straightfor-
ward.

Proposition 1 Suppose that m steps of Algorithm 1 are applied to the pair (A,B) without encountering any
breakdown, then the following properties hold for every j € {1,...,k} :

1. The columns of V,, form an orthonormal basis of K, (£, V1).
2. ForY € C™*S we have

=gj (VmY) = Vm-&-lagj(Y% (6)
where
Zi(Y)=H,Y - [ﬂ ;.

Proof The first item of Proposition 1 follows immediately thanks to the shift-invariance property. For the second
item (6), we have

Li(VnY) = AV, Y =V, Y E;
=V HyY =V, Y5

~ Y
= m+1HmY_Vm+1 |:0:| Z:j

= m+l§](y)

2.3 Restarted block FOM and block GMRES methods

Here, we briefly describe the restarted BFOM and restarted BGMRES for solving multiple linear systems of the
form (2). Starting from Xy € C"** an initial block guess and letting Ry = B — A Xy be the corresponding initial
block residual, we seek for approximate solutions under the form X, = X9 +V,,Y,,,, where V,, is the orthonormal
basis constructed by the block Arnoldi process applied to the pair (A,Rp) and the correction ¥, € C™* is
obtained by imposing an orthogonality condition on the associated residual R,,, = B — A X,,,. More precisely:

— imposing the Petrov-Galerkin condition R,, L K, (A,Rp) defines the BFOM iterates. In this case, Y, is the
solution of the ms x ms block linear system

Hyp Yy = El(m) Hl,Oa
where Efm) = [I,05,...,05]T € C™* is the first s-block of the identity matrix ;.
— imposing the orthogonality condition R,, | AK,,(A,Ry) yields to the BGMRES iterates. In this case, Y;, is
the solution of the (m+ 1)s x ms least-squares problem

: +1 ~
min [|EVY Hy o —H, Y||r. (7)
YECWUXJ’
Note that for each of the described methods, the computational and storage requirements grow with iterations.
Thus, in practice, these constraints limit the value of m and cause both methods to be implemented with a
restarting strategy. This assumes that if the obtained solution X,, is not sufficiently accurate, we restart the

method by considering Xy = X, as a new starting guess. Next, we describe briefly the restarted BFOM and
BGMRES algorithms which are denoted by BFOM(m) and BGMRES(m) respectively.



On restarted and deflated block FOM and GMRES methods for sequences of shifted linear systems 5

Algorithm 2 Restarted BFOM and BGMRES methods.
Input: A€ C"", B= [b(l),‘..,b(x)] € C"™, m € N; and a tolerance €;
1: Choose Xy € C"**; compute Ry = B— A Xj;
2: Compute the reduced QR decomposition of Ry, i.e., Ro = Vi H o;
3: Generate V,, ., H,, by Algorithm 1 applied to the pair (4,V;);

Hy Y, = E" Hy g (BFOM);
Solve

Y, = argmin [|E\" " H, o — H,, Y| (BGMRES)
yeCmsxs

: Compute the approximate solution X,,, = Xo + Vi, Yins Ry = B— A Xy
: if |Ry||F < € then

stop;
else

update Xo < Xy, Ro < R,; goto line 2;
. end if

SIS AR

—_

3 The restarted shifted block FOM method with deflation

This section focuses on deriving a block version for the restarted shifted FOM described in [41] in order to solve
the family of shifted linear systems (3). To retain the convergence rate of the restarted shifted BFOM method,
we incorporate a deflation technique that was initially proposed by Morgan in [34]. This procedure computes
-at each restart- the eigenvectors associated to the smallest eigenvalues and incorporate them in the projection
process to suppress the influence of the small eigenvalues.

3.1 The restarted shifted block FOM method

Let V,, and H,, be the orthonormal basis and the upper block Hessenberg matrix generated by the block Arnoldi
process applied to (A,B) respectively. For each j = 1,... k, starting in the first cycle from an initial guess

Xé’ ) — 0,,xs we seek for an approximate solution X,E/ ) such that

X =V, 1.

Denoting by Rﬁ,{' ) —B— ,Zj(X,ELj )) the associated residual, then according to the Petrov-Galerkin condition Rﬁ,{' )1

K (A, B), the correction Y,,(f ) is obtained as the solution of the reduced shifted block system
H, Yy v 2 = EM Hy .

Note that the previous equation can be seen as a particular Sylvester equation since X; is a diagonal matrix.
We also mention that, thanks to the shift-invariance property, we see that once a basis has been generated for
one of the block shifted linear systems (3), it could also be reused for all other block shifted linear systems.
So, the expensive cost required for constructing an orthonormal basis for each Krylov subspace K,, (Zi,R(()] )) is

reduced. Using (5) and (6), we can express the residual Rf,g ) as follows

, T /. ]
Rﬁrp = - m+1Hm+1,mEl£1m) Yr£11> = - m+1Hm+1,m (Yn(lj))m7

where (Y,,(,j ))m is the m-th s X s sub-matrix of Y,,Sj ) This shows that all residuals produced, at the m-th step by the
shifted BFOM are collinear with the (m -+ 1)-th block V,,+1. These observations are summarized in the following
proposition.

Proposition 2 Foreach j=1,...,k, let Xn<1j) =V Y,f,j) be an approximate solution to (3) where V,, is the block
orthonormal basis constructed by Algorithm | applied to the pair (A, B). Then the residuals RS,{ ) are all collinear
with V.1 1. More precisely, there exists ﬁ,&j) =—Hpyi1m (Yn(qj))m € C**% such that

Rﬁr{) = Vm+1 ﬁ’&j)

Similarly to the shifted FOM [41], we note that the shifted BFOM can be restarted by taking any of the residuals
Rf,{ ), j=1,...,k as a new initial block residual for constructing a new block Krylov subspace.
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At the end of the first cycle, we consider a new starting block V; to build a new basis V,, by taking V; =V}, .

In this case, we have V| = R,(nj) (ﬁ,Sj ))’1, for j = 1,...,k. This allows us to still apply the Petrov-Galerkin

condition with respect to the new block Krylov subspace. Hence, at the end of the cycle and for the j-th block
shifted system, the corresponding new approximate solution XU g updated by U — x5, 79 for j=

1,...,k, and where }_’,,(1j ) is solution of the projected shifted block system

A, 5 -7 £, =EM BY), forj=1,... k. )

Similarly, from the previous description it is clear that, for each shifted block system we again have

T _(; 5 A
2 = Vi Hpt n (5 )

We next summarize the restarted shifted block FOM method for solving (3).

Rn{) :Rgnl) - (AVmYn(z]) _vmyrﬁlj) 2j) = __m+1 I:Im+l7mEr(nm

Algorithm 3 Restarted shifted block FOM.

Input: A€ C™", B=[pV),... b0 eC™ {ol' )=\ cCimeN;
1: Set Xo =0pxs, Ro=Band 7 ={1,... k};

2: Compute the reduced QR decomposition of Ry, i.e., Rop = Vi Hj o;
3: for j=1,...,kdo

4 Set: X;= diag([cj(l)wu,o';s)]), Xr£1/) = Xo, ﬂry) =Hp;

5: end for _

6: Generate V,,. |, H,, by Algorithm 1 applied to the pair (4,V;);
7: foreach j € 7 do

8 solve H, Y\ — 1 Ii= Efm) /3”(,’);

9:  update X,(,,] ) — X,(,,/ ) +V,, Y,,(,’ );

10: Set ﬁrsi,) = _Hm+1.m (Y71(1/))m»

11: end for

12: Eliminate converged systems and update _¢;
13: if # =0 then

14:  exit;

15: else

16:  update V| < V,,+ and goto line 6;

17: end if

Remark 1 We end this section by listing some remarks:

1. The ms x s Sylvester equation (8) can be solved by a standard direct method like the Hessenberg-Schur
algorithm [20].

2. In line 8 of Algorithm 3, obtaining Y,,(,j ) the solutions of the k Sylvester equations (8) is mathematically
equivalent to obtaining Y,, = [Y,S,l)7 e ,Y,S,k)] € C™**s the solution of the single Sylvester equation

H,, Yy — YA =E,

where A = diag(Zy,...,%;) € Co*F E = El(m) [[3,,(11), ... ,ﬁ,&k)] e Cs*ks Moreover, since A is a diagonal

matrix, then each column yt(j) (i=1,...,s) of each block Y,,(,j) (j=1,...,k) is solution of the single linear
system

(Hm - G'(j) Ims)y,(j) = El(m) ([3)1(1j))h

1

where (ﬁ,S,J >),- is the i-th column of B,E,] ),

3.2 The deflated restarted shifted BFOM

It is known that in practice, block linear solvers can suffer from a linear dependence between some columns of
the residuals [19,31,34]. Taking inspiration from the deflation strategy which has been proposed by Meng et al.
[31], we propose the restarted shifted block FOM method with deflation of eigenvalues (called rsh-BFOM-D)
for solving the matrix equations (3). The main idea here is to deflate the smallest eigenvalues in magnitude to
improve convergence of the rsh-BFOM method. To begin, we recall the definition of a Ritz pair which plays an
important role in deflated restarting.
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Definition 1 Assume that % is a generic subspace of C". Let C € C"*",0 € C and y € % . Then, the pair (6,y)
is a Ritz pair of C with respect to % if and only if it satisfies the following relation

Cy—0y 1l %,
or equivalently, for the canonical scalar product,
Vw €range(%), w(Cy—6y)=0.
The vector y is called a Ritz vector associated with the Ritz value 6.

Assume that one cycle of the restarted shifted BFOM method applied to the Sylvester equations (3) is performed
and that the recursions (4) and (5) are obtained. Then, before restarting, we determine / Ritz vectors g; associated
to the [ smallest eigenvalues 6; (i,...,[) where [ is a suitable integer. Then, in view of Definition 1, the Ritz pairs
(6;,gi) (fori=1,2,...,0) of A inrange(V,,) satisfy

VZ (AVmgi - 6iVmgi) =0.

Now, since that V,, is orthonormal and H,,, = V’,ZAV,” and taking into account the previous relation then the /
targeted eigenpairs (6;,g;) are obtained as the solution of the following eigenvalue problem

H,,gi=6;gi, i=1,2,...,1. 9)

Let us denote by rlR”Z =AV,, g — 6;V,, g; the Ritz residual vector for i = 1,2,...,/ and by RE,{‘)) the residual

associated to the approximate solution X,s,j 0), where the index jo is obtained by the seed selection strategy used
in [4,42], i.e., jo is the index satisfying

1R = max IR . (10)

Next, we establish a result that gives a useful relation between the Ritz residual vectors rfitz and the residual
R,

Lemma 2 Assume that one cycle of the restarted shifted block FOM applied to the Sylvester equations (3) have
been performed and let rlR”Z =AV,,8i—6; Vg, fori=1,2,...,1, be the Ritz residual vectors. Then, there
exists a matrix T € C**! such that

[PRi R — RO T, (11)
Proof By using the relations (5) and (9), it follows that for i = 1,2, ...,/
) T
V,R”Z = (Vm H,, + Vit Hm+1,m Er(nm) )gi -0, V, g
T
=Vn (Hm - Gil) 8i +Vm+l I_Im-ﬁ-l,mEi'(nm> 8i

T
= Vst Hupim ES g (12)

= Vit

0ms><1 r
Hm+1,mEr(nm) 8i ,

=7

where 7; € Cm+1Ds | Ag a result, we deduce that rf”z € span{V,,1}.

On the other hand, using the relations (4) and X,qu 0) Xo+Vy, Y,f,j 0) implies that the residual RS,{O) of the selected
block system can be expressed as

. T .
R = Vi1 Hyp 1 m ESY 150 (13)
Omsxs
=V, T 14
e _Hm—&-l,mEis1m) Yn(1J0)‘| ( )
— R

(Jo)

which reveals that R;;"’ € range(V,,,41) since R,, € Clm+1)sxs,
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Moreover from (12) and (13) we deduce that rIR”Z S range(Rﬁ,{O)) fori=1,2,...,l, then there exist scalars
tji € C such that

s .
rlR”Z = Z tj,,iR}(’r{O)(:aj)a
j=1
where R{/") (:,j) denotes the jth column of R, Finally letting 7 = [¢;], it follows that

)

[’,{Qitz7 e rfitz] — R;('i{O) T

which completes the proof.

Now, suppose the [ targeted Ritz vectors are given by V,, G;, where G; = [g1,...,g] € C™*!. Then, using
relations (11) and (14), we have

AV, G =V, G diag(6,...,6) + Vi Ry T

G, diag(@y,...,0 ~
:Vm+l|: ! g(()s>l<l 1):|+Vm+1RmT

G ~ | [diag(6y,...,6
. HO,I]R] [ iag( , ,)]

Let also assume that G; = Q;I; is the reduced QR factorization of G;, where Q; € C"™*! is an orthonormal
matrix and I; € C'*/ is an upper triangular matrix. Therefore, we augment G; by defining G, € Clmt+Dsx(I+1)s

to be
Grii = { {o(il,} , ﬁm] , (s)

and get

I; diag(6;,....0
AV, 011 =V, 1 Gy { ! 1ag(7£ 1)}

Post-multiplying the above relation by I; ~! gives

I diag(6y,...,6)] ._
AV, 0 =Vui1Gi { ! g(Tl 1)} nt

O

Thereafter, orthogonalizing the block matrix Ry against [ 0
sx1

} gives the QR decomposition G;11 = Q1174

where 0, € CtDsx(+) and [7, | € COHD*6+) Thus,

I;diag(6y,...,6,)]
AVlezv,nHQmFm{l (o ’)}Fll.

I;diag(6y,...,6)

T

Therefore, denoting by V7" =V,, 0y, ﬁfww =1I; [ Its =

] Ffl and V' =V, 11 Q;41, it can be

readily verified that ]ﬁl;’ew = QﬁH ]ﬁlm O, and also, we have
AV = Vi,

which shows that the block Arnoldi relation holds.
In order to complete the current cycle of the restarted shifted block FOM method with deflation, we perform
m— % iterations (in which it is assumed that / is divisible by s) of the block Arnoldi process with the starting

matrix Vi¢7(:,1+1:1+5). After updating the matrices V,,1 and ﬁm, we continue our algorithm by solving

the updated projected equations (8). What is explained so far is summarized in Algorithm 4.
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Algorithm 4 Restarted shifted block FOM with deflation of eigenvalues (rsh-BFOM-D).

s

Input: A € C™" B e C"™, {G}l)};::l? and m € N.
1: Set Xo = Opxs,Ro=Band # ={1,2,...,k};
2: Perform one cycle of the shifted block FOM described by Algorithm 3 to generate the matrices V1, ]IT]Im and the approximate solutions
X,E/) with their corresponding residuals Rﬁ,{);
: foreach j€ ¢ do
set Xé]) = X,(,,/) and R(()J) = Rﬁ,{);

end for

: Eliminate converged systems and update ¢ ; If _# = 0 exist;

: Select jo the index of the base block system using (10).

: Compute the eigenpairs (6;,g;) of the eigenvalue problem (9); Let g,...,g be the [ eigenvectors corresponding to the [ smallest
eigenvalues (If g; is complex consider the real and complex parts of g; as two distinct eigenvectors. In this case, it may be necessary to
adjust 1); set G; = [g1,82, - -,81] € C"™*;

9: Compute the reduced QR factorizations of G; and Gy, i.e., Gy = Q; I}, Gj+1 = Q14111115 % Gy is defined by (15).

10: Set Ve = V,, O, Vi = V,i1 Oy and B = 0ff | H, Q13

11: Let V; = V¥ H; = ¥ and V. =V}

I+s°
12: forj:f+l,‘..,mdo

13: W=AVj

14: fori=1,...,jdo

15: SetH;; =VIW,W =W —V,H, j;

16:  end for

17:  Compute the reduced QR decomposition of W, i.e.,, W =V 1 Hjy1 j;
18: end for

19: for each j € 7 do

20:  solve H, ¥ v £, = VR
21  set X,g;/) :Xéj) + Vo Y;S:”;

22:  compute RY =B— (AXry) -xy/ Zi);
23: end for

24: Eliminate converged systems and update _Z; If _# = 0 exist.
25: for each j € ¢ do

26:  update Xé” < x\ and jo) < RY;

27: end for

28: go to line 7;

4 The restarted shifted block GMRES method with deflation

In this section, we aim to describe a block version of the shifted GMRES algorithm introduced in [16] in order to
solve (3). First, according to (7), the m-th residual of BGMRES applied to solve (2) is given by R,, = V11 Z 11,
where _

Zit = E{""V Hy o~ Hy Yy, (16)
Moreover, the approximate solution X, can be expressed as X, = Xo + Z,,—1(A) o Rg, where 2Z,,_; is a right
matrix-valued polynomial of degree < m — 1 and its residual satisfies R,, = Ry —A 2,1 (A) oRy = P, (A) o Ry,
with 2, (t) = I, —t 21 (¢) and £, (0) = I;. In the sequel, a similar notation will be adopted for the shifted
block systems (3) for which we seek for approximate solutions X,<,,j ) e Xéj ) + Km(.i”j,Réj )) and which can be

formulated as ) ) ) )
x\) = x4+ 2 (£ oRY, (17)
where 2V is a matrix valued-polynomial such that

m—1

m—1

; N om=l . .
2V) (&) oRéj) =Y iﬂj(l>(Ré"))Qi, where Q; € R*.
i=0

The corresponding residual is given by

Ri =Ry — (A2, (£) - 2] (L) L))o Ry = 2 () oRY.

m—1

To derive a recursion for obtaining X,Ef ), we will use similar ideas to those used for the shifted GMRES [16].
Hence, we assume that the starting residuals satisfy Ré’ ) — Ry ‘I’O(’ ) for each j = 1,... k, (it suffices to choose

X(gj ) = 0). Then applying BGMRES to the base block system (2), we obtain an approximate solution to (3) by
requiring a collinearity condition with the residual of the base block system, i.e.,

RY =R, (18)
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where the collinearity coefficient 'E,Sj ) e oo, Using matrix valued-polynomials, we verify that (@,(nj) (L))o

Réj) = (Pu(A)oRp) @) Then, since R(()j) =Ry l//(gj) we have
PPl -2) W) = 2,008, with 25 (0) =1, (19)
From the previous discussion, we are now in a position to state the following result.

Lemma 3 Assume that the block Krylov space K, +1(A,Ry) is full-rank and that ‘I’O(j Visa nonsingular matrix.

Then there exist a matrix polynomial 9,(,{ ) and a matrix 'H,(,j ) satisfying (19) if and only if Z,,(Z;) is nonsingular.

We then have ) ) .
) = 2,(5) ") and P (11— ) = Pu(t) Pul(Z)) 7

We mention that in practice the matrix polynomial £2,, need not to be calculated. Moreover, the collinearity

()

condition (18) is not always satisfied, but when it is so, the residual R;) and the corresponding vector solution

X,/ are unique.

We continue our description of the shifted BGMRES algorithm by showing how to obtain practically an

approximate solution X,E/ ) for each block shifted system (3). This description, which depends on the choice of
the base system, will be detailed in the following two sub-sections.

4.1 The shifted BGMRES algorithm with an unshifted base system

Here, and as in [16] the non-shifted block system (2) is considered as a base block system. It is clear that this
base system is fixed and does not change after restarting. By taking Xé] )= Xo =0, x5, we have Rf)j )= Ry %(] ) =B
with ‘PO(’ ) —I,. As X,, and X/’ are in Kn(A,Rp) = Km(,fj7R(()’ >), then BGMRES gives an approximate solution
Xn = Xo+V,, Y, such that its corresponding residual is R, = V1 Z,+1, where Z,,11 is given by (16). The

approximate solutions Xn(f ) = X(gj ) +V, Y,,(f ) of the shifted block system (3) can be updated by requiring the
collinearity condition (18). This implies

RY =R & RY — AV, Y V¥ 5)) = Vi Zi1 B,
& RO — (Vo B Y~V Y £7) = Vi1 Zupi 1 B (20)
As V41 is orthonormal and Ry = V| Hy o, we get

- . (/) ) )
N (HerSzJ) — [Y(')” ] Xi+Zp lprfl”) =Vm+1E§m+1)H1,0‘P0(1)7

S
which can be rewritten as

_ (/) (/) ;
Yy Y m+1
[Hm7 Zm+1] llp(j)] - { 0, } Zj :El( >H1,01P0(]>.

m

. . Z, .
Partitioning the (m+ 1)s X s matrix Z,, 1 as Zy+1 = [ " } , we obtain

Zm+1
()
Ym j m j
[Hma Zm] q/(j) _YVElJ) Zj :El( >H170'PO(J>
Hm+1,m (ij))m + Zm+1 qur(lj) =0

. T .
where (Y,ﬁ,’ ))m —E/" ¥y The last equality gives

B = o Hyrn (5 ), @1
and so . ‘ _ '
Hm Yn(qj) - Zmzzil Hm+17m (Yngj))m - Yn(1]) Z:j = El(m) Hl,O IP()(D
Denoting by

T
HZ = Hy — Zn 2y Hup i m ESY (22)

m
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which is also an upper block Hessenberg matrix, we see that Y,S,j ) is the solution of the reduced Sylvester equation
HZY) ¥y 5 = B oY, (23)

()

where ‘I{nj is given by (21). Finally and before summarizing the restarted shifted BGMRES algorithm, we

point out that when restarting, the new initial residuals Ry for the base system and Ré’ ) for each add system are

Ry =R, and R(()j ) = Rﬁ,{ ) respectively. In this case, the collinearity condition on the new initial residual is still
satisfied with ¥/ = @),

Algorithm 5 Restarted shifted BGMRES with an unshifted base system.

Input: A€ C™", B=[pV),.. b0 eC™ {ol' )=\ cCimeN;
1: Set Xo =0pxs, Ro=Band # ={1,... k};

: foreach j€ ¢ do

set: X; = diag([o}l), L GEJ)]), Xé/> = Xo; ‘PO(J) =1

: end for

: Compute the reduced QR decomposition of Ry, i.e., Ry = V| H} o;

: Generate V,,; 1, H,, by Algorithm 1 applied to the pair (A,v1);

: Determine ¥,, the solution of the least squares problem min ||E 1('"“) Hio— ]ﬁlm YlF;
Yecm.f)(\‘

1 ~
8: Compute Zm+l = Efer )Hl,O - Hm Yin; Rm = Vm+1 Zm+1;

T
9: Compute Han =M, — mz;,]H Hm+l.m E)(Ii”) 5

10: foreach j € ¢ do

1 solve HEYY — v 2, — E Hy o 9;

12:  update X,S,” — X,S,J) + Vi Y,f,j);

13:  compute: ‘P,,(l]) = 7%11 Hyim Y,S,J); RE,{) =Ry 'P,,(l'”;

14: end for

15: Eliminate converged systems and update #; If # = 0 exit;
16: foreach j€ ¢ do

17:  update Xé") HX,S;’), 'Pom — ll’,,(lj); Ro=Ru;

18: end for

19: goto line 5;

Remark 2 Before ending this subsection, we list below some remarks:

1. The residual norms of RS,{ ) are available cheaply at each iteration without explicit computation of each cor-
rection X,E,j ) since we have ||R,(,{ ) lF = [|Rm 'P,,(,j ) ||- This avoids the need to carry out vector-matrix products
with the large matrix A.
2. As was the case with the restarted shifted BFOM algorithm:
— The solutions Y,,Sj ) of the k Sylvester equations (23) can all be computed by solving the single Sylvester
equation

HZY,,—Y,A=E,

where the unknown Y, = [Y,S,U7 . ,Y,f,k)] € C™*ks | the matrix A = diag(Zy,..., %) € C#*% and the
right-hand side E = E\" H o [%!,..., %] € Cmoxks,
— The s columns yl(] ) of each block Y,,(f ) (j=1,...,k) can be obtained successively by solving the single

linear systems
(HZ el Ims)y,(’) _ Efm) Hig (‘I’O(J))i,

m i

where (‘I’O(j>),- is the i-th column of %(j).

4.2 The shifted BGMRES algorithm with a variable shifted base system

Now, instead of the fixed base block system (2), we consider here a base block system that can change after
restart. Specifically, in the hope of improving the convergence, this base block system will be selected as done in

the previous section and so the index jy satisfies (10). As previously used, we take before restarting Xéj ) = Opxs
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for j =1,...,k and search for approximate solutions X,E,j ) = Xéj ) +Vou Y,f,j ) where V,, is the orthonormal basis
(Jo)

generated by the block Arnoldi process applied to the pair (A,R;’). Then, applying the orthogonality condition
(Jo) (Jo)
Ry LAK,(A,R;"),

we easily check that Y,Elj") is the solution of the following least-squares problem

. ~ Y
,min E"VH o —H,Y - [0} =l s 24)
eC S F
and the corresponding residual is RS,{O) = Vint1 Z,(,{E’r)l, where
. - ) (Jo)
Zi0) =B Hy o~ H, 1) - {Y’g } Zj (25)
s

Notice that each Y,,(,j ) in the approximate solution X,(nj ) of the add system (3) (j =1,...,k and j # jo) is deter-
mined by requiring the collinearity condition

Ry =R W), where By € C*. (26)

Based on this collinearity condition and as done in the case of the unshifted base system, we check that the

correction Y,ﬁlj ) for J # Jjo satisfies

m+1
m

N MO R R .
[H,, Z00)] lgj’gﬁ] - [Yg }Zj = E"V Hy oY),

) ) (Jo)
Partitioning the matrix Zr(n’i)l under the form Zr(,{i)l = lz(';'o) , the previous equality is transformed as follows
1
()
~ . Yo . | .
{H’”’ Z'(”JO)] ) |~ 12 =BV Ho %,
m
HpimES ¥ 200 gl — g,

Then lP,,(,j ) is obtained by

. . T (i
B = () Hy W BN T

and Y,,(lj ) is the solution of the projected Sylvester equations

. . T
in which HIZ = H,, — Z§* (90 )1 Hyy. g "

Once, all the approximate solutions have been computed and the converged block systems have been dis-
carded, we proceed to the restart phase by selecting a new index jj and taking Xo(j ) = X,E,] ), R(()j ) = R,(,{ Jand

‘I_’O(j )= (‘I’,S,f 0))_1 'E,(,j ). This ensures that the new starting residuals R(()j ) are all collinear with R(()JTO). The previous
modifications are summarized in the following algorithm.

Remark 3 Since X, is a diagonal matrix, the i-th column of yi) = [ygj"), . y§f'°) ] the solution of the mini-

mization problem (24) is

i . 1 — [ ;
ygj()) = al‘gglln ||E1(mJr ) (Hi0):i — (Hpn — Gi(m) I(m+1)s><ms)yu27 fori=1,....s.
ye ms
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Algorithm 6 Restarted shifted BGMRES with a variable base system.

Input: A€ C"", B= [b(l),
1: Set Xo = Oy, Z ={1,...,k}and jo=1;
2: foreach j€ ¢ do

b9 e o, {cj(i)};::ll‘“"i cCmeN;

3 set: X = diag([c}l),..‘,G;‘r)]),Xéj) = Xo; Réj) =B; 'I’O(j) =1

4: end for ) )

5: Compute the reduced QR decomposition of R(()’(’), ie., Rf)j o) _ Vi Hy o;

6: Generate V1, H,, by Algorithm | applied to the pair (4,V;);

7: Determine Y,,(,-’U) the solution of the least squares problem %in ‘E l(mH)H] 0— ]ﬁlm Y — { (1)/ ] i
yeCmsxs s F

; ~ (Jo) . .
8: Compute 2\, = E"V Hy o — H, ¥ — [ "'8 } s R =V, 200
S

N T
9: Compute HZ, =H,, — z{Jo) (zf,{i)l ) Hyp1m EV

10: for j € 7 do
11:  if j # jo then

. B T .
12: solve HZ, Y,f/) — Y,,(f) Xi= El(m) Hip ‘PO(J);

13: compute pl) = 71,;4'” Huniim v RY = ROy,
14:  endif ) )

15:  update X,S{ ) — X,S{ ) +Vn Y,g,] );

16: end for.

17: Eliminate converged systems and update #; If # = 0 exit;
18: Select jj the index of the base block system using (10).

19: foreach j € ¢ do

20:  update Xé") <—X,<,f), 'I’Om “— (ll’,,(/(’))’l 'Pn(l"); R(()J) — R,(,{);
21: end for.

22: goto line 5;

4.3 The deflated restarted shifted BGMRES method

In this subsection, taking inspiration from the deflation strategy proposed by Morgan [34], the restarted shifted
BGMRES with deflation of eigenvalues (called rsh-BGMRES-D) for solving the matrix equations (3) is de-

scribed in detail. In addition, we consider here the two cases:

— Case 1: rsh-BGMRES-D with a fixed base system.
— Case 2: rsh-BGMRES-D with a variable base system.

To begin, the definition of a harmonic Ritz pair is recalled since it plays an important role in the deflation

procedure.

Definition 2 Assume that % is a generic subspace of C". Let C € C"*",0 € C and y € % . Then, the pair (6,y)

is a harmonic Ritz pair of C with respect to %/ if and only if it satisfies the following relation
Cy—0y 1 Crange(%),
or equivalently, for the canonical scalar product,
Vw € Crange(%), wH(Cy—0y)=0.

The vector y is called a harmonic Ritz vector associated with the harmonic Ritz value 6.

Using similar arguments that were used for rsh-BFOM-D, we assume that (6;,V,, g;), fori=1,2,

harmonic Ritz pairs of A in range(V,,) and orthogonal to Arange(V,,). Therefore, it follows that
AV, AV, 8 — 6, V,8) =0, fori=1,2,...,1.

H

From (4) and since V, Vi1 = [ 41)5, We get

- I
H (ngi —6; { 6”] gi) =0,
which can be rewritten as the following generalized eigenvalue problem

T
(HZHm+En(1m) H,Iy{+1.mHm+1,mEr(nm> ) 8i = G[Hggi,

...,1, are the

@27

(28)
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or equivalently,

T
<Hm+H,;H EWVHE | HoetmEN )gi =65 (29)
Therefore, the / targeted eigenpairs (6;, g;) are obtained by solving the eigenvalue problem (29).

Before discussing the framework of rsh-BGMRES-D, the following lemma, which its proof is similar to that
of Proposition 1 in [19], is presented. This lemma shows that the residuals of the matrix equation (2) and the

residuals of the harmonic Ritz vectors belong to the subspace spanned by Z,,11 = E 1(m+1) Hio— fﬂm Y.

Lemma 4 Let H,, be full-rank and Z,,. | = E1(m+1)H170 - ]ﬁlm Y. Then there exist vectors o; € C*, for i =
1,2,...,1, such that

- L.
Hn gi — 6; [ 6”} 8i = Zmt1 0.
N
Proof Tt reveals from the relation (28) that

H,, gi — 6; {’3’} gi € ker(HI), (30)

fori=1,2,...,1. Since H, is full-rank and
dim(range(H!)) + dim(ker(HX)) = ms + s,

it follows that dim (ker(H)) = s. It is also well-known that

Y,, = argmin

m+1 =
E! )HLO—H,,,YH ,
YGCIHSXS‘ F

such that ]ﬁlm Y,, is the orthogonal projection of E I(V"H) H; o onto range(]ﬁlm), and

El(mH) Hio— H,, Y, L range(H,,,).

It implies that
E"™V H, o —H,,Y,, € range(H,,)" = ker(H).

Therfore, since dim(range(E{mH)Hl,o —H,,Y,)) = 5, we have

range(Efm+1> Hio— H,, Y,) = ker(H?),

and then, according to the relation (30), it is observed that all the vectors ﬁm gi— 0 [16"5} gi-fori=1,...,1,
N

belong to range(E 1(m+1) Hio— H,, Y,,). This completes the proof.

The next proposition has a key role in the implementation of the rsh-BGMRES-D method and characterizes a
useful relation between the harmonic Ritz residual vectors rf’R”Z =AV,, 86— 6;V,, g, fori=1,2,...,1, and the
residual R,, associated to the approximate solution Xj,.

Proposition 3 Suppose that one cycle of Algorithm 5 applied to the matrix equations (3) is performed and let
Ry, be the residual associated to X,,, an approximate solution of (2). Also, assume that r{’R”Z =AV,,8i—6:V, g
fori=1,2,...,1, are the harmonic Ritz residual vectors. Then, there exists a matrix T € C**! such that

[0 RIE] = Ry, T. 31)
Proof Using relation (4), then for i = 1,2,...,/, we obtain
iR = AV, g — 6 Vi gi

=Vt 1 Hmgi — 6 Vi [ (')m} 8i
S

~ 1
= Vst (ngi_ei {6”} gi>~
S
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Moreover, relation (27) yields that the residual R, can be expressed as
R =Vpi1 Zyns1 =V (E<m+]>H i Y)
m — VYm+14m+1 — VYm+1 1 1,0 — tmdm | -

On the other hand, Lemma 4 indicates that there exist vectors t; € C* (i = 1,...,[) such that

~ L] ~
Hagi—6 | 0" | &= (E"" Hio—HaYn) 5. (32)
L S_

Pre-multiplying the above relation (32) by V,,,;1 gives

Vit (ﬁmgi_ei 0“ gi) =Vus1 (E1<m+]>Hl7O_ﬁmYm) ti.
\)

Letting T = [1,...,4], it follows that
[rllzRitz, L r{lRitz} —R,T,
which completes the proof.

Now, after obtaining the / harmonic Ritz vectors and in order to update the next cycle, we use (31) to get

AV, G, =V, G diag(6,,...,0)+ V11 Zy1 T

_ G, diag(61,...,6;)
= VYm+1 Os><[

Gl diag(617...,91)]
= Vm 7Zm )
o HOSXJ ”} { T

where G; = [g1,...,8/] € C™s*!, Similarly, letting G; = Q, I be the reduced QR factorization of G;, we therefore

get
Tidiag(6y,....0
A0 =T | |2 ] 2y | | T80
sx1

Post-multiplying the above relation by I; ~!implies that

I;diag(6y,...,6 _
A A e e R (33)
—_—

:| +V1n+1 Zm+1 T

T

=:Gr41

O
Os><l

Q41 € ClmtDsx(kstl) and I;, | e Chst)x(kstD) Using this factorization, (33) can be expressed as

Orthogonalizing the block matrix Z,,; against { } , we obtain the OR factorization Gy = Q1174 1, where

I;diag(6y,...,0 _
AvaI—VmHQmml{l g(; ’)}F,l.

Therefore, denoting by Vi =V, 0y, ]ﬁl;’ew =TI [Fldlag(e;’ L)) ] 1;_1 and VY =V, 11 Qp41, it can be

readily verified that ]ﬁl;’ew = Qﬁl ]ﬁlm Q; and we also have
new new Tynew
AVZ = Vitks H; ’

which shows that the block Arnoldi relation holds. _ _
Next, setting V; = V", V| = ViU (:,1+1: 1+ ks) and H; = H}*", the block Arnoldi then carries out (m — %)
iterations (in which it is assumed that / is divisible by s) with the starting block vector V;, | to obtain at the end

of the current cycle a block-Arnoldi relation similar to (4).

In the next sub-sections, we incorporate the deflation technique into the restarted shifted BGMRES with a
fixed unshifted base system and into the restarted shifted BGMRES with a variable and shifted base system.
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4.4 rsh-BGMRES-D with an unshifted base system

Now, we apply the first cycle of BGMRES to the block system (2) and generate the block Arnoldi relation:
AV, =V, Hy. The residual R, corresponding to the approximate solution X, = Xo +V,, ¥, € C"*5 of the
base system can be written as R, = V11 (Vg +1Ro—Hy Y,), where Y,, is the solution of the following least-
squares problem
min
yeCmsxs

VE, | Ry —]ﬁleHF.

The approximate solutions of the add block systems can be updated by X,gf ) = Xéj ) +V, Y,ﬁ,j ), where Y,Elj ) is
determined by the required collinearity condition (18). From (20), we have

Yr}(1j>

RSr{) :leIjn(zj> <:>Vm+1 (ﬁergj) - |: 0 :|2j+Zm+1 lPrr(lj)> :Vm-HC,(,QL]y

N

()

where | = VH 1R %(j ), Pre-multiplying both sides by V£ 41 implies that
~ : () . .
Y,
o ' [ 61; } Lj+Znt /) = CfSﬁl-

Thus, the sought parameters Y,ﬁ,j ) and 'P,S,j ) can be obtained simultaneously by solving the following linear
equations

- (/) () ‘
Yy ALN )
{Hm, zmH] [‘Hﬁ”] - [ o ]zj_cme. (34)

Partitioning the matrices Z,,41 and C,(nJL , the relation (34) is written

(J)
_| Zm () _ | Gn
as Zy+1 = |:Zm+1:| and Cm+1 = %il

as follows
()
Yo Dy _ )
[Hm» Zm] lw(j)] _Ym Z:j *Cm )

m

T : .
Hypi1m Erg1m) Yn(zj) + Zmt1 lPrr(tj) = cﬁr{il :

From the second equation, we obtain
. . T .
‘Prflj) = Z,;Jlrl (c,(,ﬁr] _Hm+1,m E&m) Yn(lj)> y

and Y,S,j ) is the solution of the following Sylvester matrix equation

HanYn(z]) ~1 Xj= cyl _Zmzrjllﬂ C;SQLU
zZ _ _ —1 (m)T
where H, = H,, — Z, Zpi1 HurtmEm
Notice that when restarting, the new initial residuals Ry for the base system and R(()/ ) for each add system
are taken equal to R, and Rﬁ,{ ) respectively. Obviously, in this case the new collinearity coefficients ‘I’O(J ) for
j=1,... k are ‘PO(] ) = ‘P,,(,] ). The implementation of the rsh-BGMRES-D method with a fixed base system is
given in Algorithm 7.

4.5 rsh-BGMRES-D with a variable shifted base system

Suppose that the first cycle has been performed and consider the block Arnoldi relation AV, = V;n+lﬁm~ Then,
letting jj satisfying (10) as the index of the selected base block system, we set R(()m — RY) and ‘I{)(j ) — @l 1y
a similar way to the case of the rsh-BGMRES-D with a fixed base system, we adapt the deflation procedure to
construct the new block Arnoldi relation. To achieve this goal, it is assumed that the new block Arnoldi relation
is

AV = Vi .
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Algorithm 7 Restarted shifted block GMRES method with deflation of eigenvalues (rsh-BGMRES-D) with a
fixed base system.

Ay =125
Input: A € C™" B e C"™, { ,(.’)} o and m € N.
P=12,

: Set Xo = 0,xs,Ro =Band # = {1, 2 .k}
: foreach j€ ¢ do

set: X; —dlagq ) ...,qf”]) ,Xéj) :Xo;lPO(j) =1
end for
: Compute the reduced QR decomposition of Ry, i.e., Ro = V| H} o;

: Generate V41, H,, by Algorithm 1 applied to the pair (A,V1);

: Determine Y}, the solution of the least-squares problem min
YE(CmSX.Y

8: Compute Z,,11 = Eferl) Hio— ]ﬁlm Yo, R = Vi1 Ziny 1
9: Compute HZ, = H,, —Z,
10: foreach j € ¢ do
11:  solve HZ ¥\ () _ (.i)z_ _ E(m)H 'P(j)'

E]('”H)Hl?of]ﬁleHF;

T
—1 (m) ",
Lnt1 Hm+l,m Ep 5

T ; . .
12: set X(./) ( )+V Y(l) q;(l) m+1Hm+1 E y(,;n) Ylgl./);Rl(y.ll) —R, lPrr(i])§
13: updateXmeX(’) (/)qu(l) and Ry = R;;
14: end for

15: Compute the eigenpairs (6;, g;) of the eigenvalue problem (29); Let g1, g2, ...,g; be the [ eigenvectors corresponding to the / smallest
eigenvalues in magnitude (If g; is complex, consider the real and complex parts of g; as two distinct eigenvectors. In this case, it may
be necessary to adjust [); set G; = [g1,&2,...,8;] € C"™*".

16: Compute the reduced QR factorizations of 61 and Gy, 1.e., Gy =01}, Gi+1 = Q1111415 % G4 is defined in (33)

17: Set Vi®" =V,, 0y, V?’j‘,‘m =Vyut1 041 and ]HI””w = QH+l H,, o
18: Set V; = Ve, H ]HI ", Vs = Vi§Y; and apply m — § steps of the block Arnoldi process to extend V4, and H; to V. and H,,
respectlvely,

19: Determine Y, the solution of the least-squares problem min VZ +1Ro— ~,,,

ECWL\'XJ
Ro—Hy Yo Ry = Vi1 Zons 1 HZ = H, L HnESY
0 ms Bm = V1 Lm+15 = Ly Am+1mEm = 5

20: Compute Z,,+| :Vm+|
21: foreach j€ ¢ do

. AT ST n T
22: computeCQrl —V,’ZHRO'P(");%C(J) =[G ,&,’) ,cfﬁl B

. 0 _yWy o) _7 1 ).
23: solve HZY,” -V,/ Z; =Gyl m Ty € rr{+1’

24 set X = x4, v w) — 1 <C<./> o B Y(1)> and RY) — Rl

m+1 m+1
25: end for
26: Eliminate converged systems; Update ¢, if 7 = 0 exist.
27: foreach j € ¢ do
28:  update Xé") — X,si’), 'ﬂ)(") — ‘P,,(lj), and Ry = Ry;
29: end for
30: go to line 5;

Setting V,, = V2" V11 = Vﬁefl and ]ﬁl = "ew yield AV, = VmH]HIm Now, the approximate solution X, (o)
(Jo)

and the corresponding residual R;;"’ of the base system can be updated easily. In fact, we have

pcE
where
r(n+>1 =V R(m) H, Y'S'j()) - [Y’(ﬁi())] i
and
v = 32%5?2 Vi RgY Y - Lﬂ o F

For the add systems, the approximate solutions X,Elj ) can be updated as X,%j ) = Xéj ) + Vi Y,Slj ) where the correc-
()

tions Y, are obtained by using the collinearity condition (26). Indeed, we have

R = RV s B — (A1)~ VYD 5, ) = Vi 20, )
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Analogously to the case of an unshifted bas system, we let C’;jll = VZ Tl R(()j o) ‘I{)O ) and we partition Z;jﬂ)l and
CoirasZV = |0y [and Gy = | (7} | respectively. Then, it follows that
m—+1 Cmt

)~ (0

1)71 (cfv{)ﬂ -

and Y,,(qj ) is the solution the reduced Sylvester equation

T .
m+1,mEr(;;n) Yrgzj)) )

(Jo)

m+1)71 c(/)

Hi Y;i,j) —Yn(zj) Zj = Cr(nj) _Z)(njo> (Z m+17

~ . . T
where an = Hm — Zr31j0) (Z)(r{f)k)l )7] Hm+1,n1 Eignm>

Once, all the approximate solutions have been computed and the converged block systems have been dis-

carded, we proceed to the restart phase by selecting a new index jy and taking Xéj ) = X,Slj ), ‘I_{)U ) = (‘I’,,g o) )1 ‘P,,(Lj )

and Rf)j ) = Rﬁ,,’ ). This ensure that the new starting residual R(()j ) are all collinear with Réj 0)

sented in this section, is summarized in Algorithm 8.

. The discussion, pre-

5 Numerical experiments

In this section, we give some experimental results to compare the different proposed methods and show their
effectiveness. In what follows, “the restarted shifted BGMRES algorithm with an unshifted base system” and
“the shifted BGMRES algorithm with a variable shifted base system” are denoted by “rsh-BGMRES-v1” and
“rsh-BGMRES-v2”, respectively.

In the first part our experiments, we use some test matrices from the University of Florida Matrix Col-
lection [9]. In addition, two test matrices “bidiag” and “tridiag”, which have been introduced in [33,?], are
applied. The bidiag matrix is bidiagonal in which the diagonal elements are -2, -1, 1, ..., 998, and the super
diagonal elements are all equal to 0.1. The tridiag matrix is tridiagonal in which the diagonal elements are
0.1,0.2,0.3,0.4,0.5,6,...,1000, and the sub and the super diagonal elements are all equal to 1. The details
of these test matrices are provided in Table 1. In the next part, we consider some matrices from the quantum
chromodynamics application.

Table 1 Information of the test matrices used in Examples 1 to 4.

Name Size Nonzeros | Type Application area
nos5 468 5172 real symmetric Structural Problem
sherman4 1104 3,786 real unsymmetric | Computational Fluid Dynamics Problem
raefskyl 3,242 293,409 real unsymmetric | Computational Fluid Dynamics Problem
poisson3Da 13,514 | 352,762 real unsymmetric | Computational Fluid Dynamics Problem
memplus 17,758 | 99,147 real unsymmetric | Circuit Simulation Problem
wang3 26,064 177,168 real unsymmetric Semiconductor Device Problem
wathen100 30,401 | 471,601 real symmetric Random 2D/3D Problem
wathen120 36,441 565,761 real symmetric Random 2D/3D Problem
Dubcova2 65,025 1,030,225 | real symmetric 2D/3D Problem
poisson3Db 85,623 | 2,374,949 | real unsymmetric | Computational Fluid Dynamics Problem
bidiag 1,000 1,999 real unsymmetric | Academic

‘ tridiag H 1,000 ‘ 2,998 ‘ real symmetric Academic

In all the experiments — except otherwise stated — the s x s diagonal matrix X;, for j=1,2,

..., k,is randomly

generated with a uniform distribution on [—2,0]. The initial guess is considered as Xy = 0,,xs. The columns of
the right-hand side B were generated randomly and their coefficients were uniformly distributed in [0, 1]. For all
the different methods, a maximum of 501 restarts was allowed and the algorithms were stopped as soon as the

residual norm |[RY||r < & ||Réj || with & = 10~1°. Note that the notation "~ in a table of results refers to the
case where a method does not converge within 501 restarts. All the experiments were performed on a computer
with an Intel Core i5 processor at 2.00 GHz and 4GB of RAM. The algorithms were coded in Matlab Release
2015a. The machine precision was equal to 2.22 10716,

In the following numerical results, the parameters m and / denote the dimension of the search subspace and
the number of Ritz vectors (or harmonic Ritz vectors) added to the search subspace, respectively. Furthermore,
for the sake of comparison, the number of matrix-vector products (denoted by mv), the Frobenius norm of the
maximum true residual (denoted by mnres) and the total CPU time in terms of seconds (denoted by CPU) are
illustrated in tables related to the examples.
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Algorithm 8 Restarted shifted block GMRES method with deflation of eigenvalues (rsh-BGMRES-D) with a
variable base system.

Ay =125
Input: A € C"", B € C"*, { ;l)}_ . kandeN.
J=1.2,0,

:Set # ={1,2,...,k}and jo=1;
: for each j € /do

set: £; = diag ([0, 01| ) X¢) = O, RY) = Band 7 = 1,
end for ) )

: Compute the reduced QR decomposition of Ré’O), ie., R(()’ o) _ ViH o;

: Generate V4 ,]ﬁlm by Algorithm 1 applied to the pair (A, V});

(Jo)

. Determine Y,;

the solution of the least squares problem min
YEC””XS

’

El(’nJrl)Hlyo—ﬁmY—F |:(§/:| Zjo
s

(Jo)
8: Compute 20, = £ iy o — T, v + {Y,(,,)
s

. . T
9: Compute H,Zn = Hm - ZSnJO) (Z,(.,{i)l )71 Hm+1.m E)(rim) 5

10: for each j € _Z do

11:  if j # jo then

12: solve H,Zn Y,f/) —Y,,(,J) X :El(m) Hl,OlPo(])§

13:  endif r

14 set X)) = x5 Vb ) = @) B B % and R = RO

15:  update Xé’> x5, %“) w9 and RE)J) =Ry

16: end for

17: Compute the eigenpairs (6;,g;) of the eigenvalue problem (29); Let g1, 4>, ...,g; be [ the eigenvectors corresponding to the / smallest
eigenvalues in magnitude (If g; is complex consider the real and complex parts of g; as two distinct eigenvectors. In this case, it may be
necessary to adjust [); set G; = [g1,82,...,8/] € C™*!.

18: Compute the reduced QR factorizations of G/ and Gy, 1. e, G =01}, Giy1 = Q14117415 % Gy is defined in (33)

19: Set Vneu =V a, V?i‘;{: m+1 QH»I and Hnew = QH m Q13

20: SetV; =Vyew, ]HI H””‘ Vs = VY, and apply m — % steps of the block Arnoldi process to extend Vs and ]ﬁl; to V41 and ]ﬁlm
re%pectlvely,

} iy and RS =V, 2

21: Determine Y,,(l Jo) the solution of the least squares problem (24);

) : T
22: Compute Z(H)1 using (25) and set R,(n Jo) — Vs Zf?:ﬂ’r)l s HZ =H, 7Z,(,{U) (zfﬁb’l Hpiim E,(,i") ;

23: for each j € ¢ do*

NT N T
24: compute CY), = v RV WD) g c) T ¢ ) T

+1 — m+1 m+1
25:  if j # jo then
26: solve HZ, Y —y ) Ii= csP — 7o) (zf,{i)l)’] cf,{)ﬂ;
27:  endif

28: computeX,E,) X(])JrV Y,,(/) l}l,,(,),( (](}r)l) 1<c(j) 7Hm+1mE,(,,) Y(])> andRS,{):Rm?’,,gj);

m+1
29: end for
30: Eliminate converged systems; Update ¢, if _# = 0 exist.
31: Select jo the index of the base block system using (10).
32: foreach j€ ¢ do
33 updateX(J) XU .PO(J) - (.yw(ljo))—l 'P,,g/);R(()") — R,
34: end for
35: goto5;

Example 1 In this example, we assess the performance of the rsh-BFOM, rsh-BGMRES-v1 and rsh-BGMRES-
v2 methods and examine the applicability of their deflated versions. The test matrices for this example are nosS,
sherman4, memplus, wang3, wathen120, bidiag and tridiag. Here, the dimension of the search subspace m is
taken from {20,30}, and the number of harmonic ritz values is assumed to be equal to 10, i.e., / = 10. We also
sets=5and k= 3.

Table 2 reports the number of matrix-vector products, maximum true residual norm and CPU time in terms
of the different values of m. It can be seen from this table that the rsh-BGMRES-v2 method outperforms the rsh-
BFOM and rsh-BGMRES-v1 methods in terms of the number of matrix-vector products or CPU time in many
cases. In particular, for the cases of “bidiag when m = 20,30” and “tridiag when m = 30”, the rsh-BFOM and
rsh-BGMRES-v1 methods fail to converge within 501 restarts, while the rsh-BGMRES-v2 method enjoys a
high level of performance.

From Table 2, it is also observed that the deflated version of the rsh-BFOM and rsh-BGMRES-v1 methods
needs less matrix-vector products and CPU time than the non-deflated ones. For instance, in the cases of “bidiag
when m = 20,30 and “tridiag when m = 20,30”, the rsh-BFOM and rsh-BGMRES-v1 methods do not con-
verge within 501 restarts, while the deflated version of these methods performs perfectly well. In addition, the
rsh-BGMRES-D-v1 method converges in less matrix-vector products and CPU time than the other comparison
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Table 2 Numerical results for Example 1 with s =5, m =20,30, k =3 and [ = 10.

m =20 m=30
Test problem Method mv mnres CPU mv mnres CPU

rsh-BFOM 22600  2.8107e-09  8.7969 | 13950  2.5515e-09  6.2656
rsh-BFOM-D 3160 1.9502e-09  2.4688 2390  6.9215e-10  2.6719
noss rsh-BGMRES-v1 19000 2.8186e-08 9.4063 | 12150 2.6601e-09  7.8750
rsh-BGMRES-D-v1 2890 1.8278e-09  2.3281 2110 1.7984e-09  2.6250
rsh-BGMRES-v2 12400  2.6855e-09  6.6875 9150  2.4940e-09  6.6094
rsh-BGMRES-D-v2 6080 3.9500e-09  6.8281 4930  6.0492e-09  7.4688
rsh-BFOM 1200 6.6441e-10  0.7968 900 2.1881e-09  0.8281
rsh-BFOM-D 550 3.2294e-10  0.6093 430 2.6012e-09  0.6250
sherman4 rsh-BGMRES-v1 1300 1.9355¢-09  1.0469 1050  2.4728e-09  1.0625
rsh-BGMRES-D-v1 460 1.3464e-09  0.5781 430 3.8605e-09  0.6175
rsh-BGMRES-v2 1000 3.0184e-09  0.7812 750 2.3152e-09  0.8750
rsh-BGMRES-D-v2 950 1.4488e-08  1.3281 580 4.0279-05  1.1563
rsh-BFOM 200 7.9429¢-09  1.8750 300 3.9373e-10  3.7656
rsh-BFOM-D 190 7.9429¢-09  1.7344 290 3.9373e-10  3.2969
memplus rsh-BGMRES-v1 200 1.4348e-09  1.8906 300 5.1926e-10  3.7188
rsh-BGMRES-D-v1 190 1.7599-12  1.7206 290 6.2127e-10  3.1094
rsh-BGMRES-v2 200 7.6338¢-09  1.9844 300 5.2733e-09  3.7813
rsh-BGMRES-D-v2 190 2.5941e-06  1.9063 290 2.2206e-04  3.5781
rsh-BFOM 200 1.0611e-09  3.0938 300 8.028%-13  5.8906
rsh-BFOM-D 190 1.0611e-09  2.7656 290 8.0289%-13  5.5000
wang3 rsh-BGMRES-v1 200 1.1773e-12 3.1563 300 7.5715e-13  5.9688
rsh-BGMRES-D-v1 190 6.4842e-09  2.0625 290 1.0018e-09  5.4031
rsh-BGMRES-v2 200 1.3365e-12 3.0781 300 7.48%4e-13  6.0156
rsh-BGMRES-D-v2 190 8.3149¢-06  3.0156 290 3.5338e-10  5.8906
rsh-BFOM 6000 2.0014e-08  167.52 2850 1.8597e-08  109.09
rsh-BFOM-D 1810 2.3124e-08  63.703 1410 1.2208e-08  62.672
wathen120 rsh-BGMRES-v1 5500 2.2777e-08  160.50 3000 1.4634e-08  119.23
rsh-BGMRES-D-v1 1720 1.7338¢-08  56.672 1410 1.5710e-08  60.484
rsh-BGMRES-v2 4900 3.4170e-08  142.83 2850 1.1646e-08  113.28
rsh-BGMRES-D-v2 2850  4.6137e-08  91.297 2320 3.4796e-08  97.781

rsh-BFOM - - - - - -
rsh-BFOM-D 820 5.2023e-10 24375 850 8.5163e-10  3.1875

bidiag rsh-BGMRES-v1 - - - - - -
rsh-BGMRES-D-v1 820 2.7902¢-09  2.2031 850 3.5940e-10  3.0625
rsh-BGMRES-v2 4600 1.4413e-04  10.234 2700  2.2761e-09  6.9844
rsh-BGMRES-D-v2 2850  4.2540e-08  7.8906 1740 1.4768e-07  6.2656

rsh-BFOM - - - - - -
rsh-BFOM-D 820 2.8806e-09  2.5625 710 3.5091e-10  2.3125

tridiag rsh-BGMRES-v1 - - - - - -
rsh-BGMRES-D-v1 820 1.4243e-09  2.0938 710 1.6357e-10  2.2188
rsh-BGMRES-v2 - - - 3000  2.5907e-09  7.7188
rsh-BGMRES-D-v2 2660 1.0421e-08  7.3125 1740 8.0097e-07  5.9844

methods. This table also demonstrates that, except for the test matrices nos5 and sherman4 when m = 20, 30,
the rsh-BGMRES-D-v2 method requires less matrix-vector products and CPU time than the rsh-BGMRES-v2
method. It is also worthwhile to note that in cases such as nosS or shermand, the CPU time correspond to
the convergence of rsh-BGMRES-D-v2 is greater than that of rsh-BGMRES-v2 even though the first method
requires less matrix-vector products than the other one. The reason for this situation lies in the fact that in case
the harmonic Ritz value information is applied, it is needed to solve a generalized eigenvalue problem and to
sort the eigenvalues. In conclusion, we may infer from the above observations that the use of the eigenvalue
deflation technique in the rsh-BFOM, rsh-BGMRES-v1 and rsh-BGMRES-v2 methods improves the efficiency
of the original methods.

Example 2 In this example, the test matrices are nos5, shermand, wathen120, Dubcova2, bidiag and tridiag.
The value of s is taken from {3,5}, the value of k is fixed as 3, and the value of the parameters m and [ is set as
20 and 15, respectively.

Table 3 displays the number of matrix-vector products, maximum true residual norm and CPU time in terms
of the different values of s.

From this table, it turns out that

— for the cases of “sherman4 and wathen120 when s = 3,5” and “Dubcova2 when s = 5”, the rsh-BFOM
method needs less matrix-vector products or CPU time than rsh-BGMRES-v1 and rsh-BGMRES-v2.

— for some cases, such as “nosS when s = 3,5”, “Dubcova2 when s = 3”, “bidiag when s = 3,5” and “tridiag
when s = 57, the rsh-BGMRES-v2 method is superior to the rsh-BFOM and rsh-BGMRES-v1 methods.

As indicated in Table 3, except for the case of “Dubcova2 when s = 57, the required matrix-vector products
and CPU time for the rsh-BFOM-D method are less than those of rsh-BFOM. Moreover, except for the cases of
“shermand when s = 3,57, “wathen120 and Dubcova2 when s = 5”, we can see that the rsh-BGMRES-D-v2
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Table 3 Numerical results for Example 2 with s = 3,5, m =20, k =3 and [ = 15.

m=20 s=3 s=5
Test problem Method mv mnres CPU mv mnres CPU

rsh-BFOM 14280  2.0949e-09  4.7813 | 23300 2.6213e-09  8.0781
rsh-BFOM-D 1725 1.8782e-09  1.3594 | 2310  6.443%e-10 2.0156
nos5 rsh-BGMRES-v1 13380 2.1355¢-09  5.7969 | 18600  5.2781e-08  9.1875
rsh-BGMRES-D-v1 1635  3.9361e-09 1.1094 | 2055  2.2047e-09 1.7656
rsh-BGMRES-v2 9600  2.1677e-09  4.0938 | 11300 2.3522e-09  5.9531
rsh-BGMRES-D-v2 2100  3.6981e-09  1.5781 4810  3.0451e-09  5.0938
rsh-BFOM 660 5.9177e-10  0.4531 1500  3.3237e-09  1.0156
rsh-BFOM-D 330 2.7676e-10  0.4218 525 5.9144e-10  0.6250
sherman4 rsh-BGMRES-v1 660 2.6078e-09  0.5937 3000  2.9209e-06  2.2656
rsh-BGMRES-D-v1 330 2.1252e-10  0.3906 525 3.3766e-10  0.6218
rsh-BGMRES-v2 660 2.6406e-09  0.5156 1900  3.2142e-09  1.4219
rsh-BGMRES-D-v2 735 6.9338¢-09  0.8750 1110 6.5625¢-08  1.6250
rsh-BFOM 1680 1.9009e-08  28.297 1900  2.3336e-08  53.766
rsh-BFOM-D 870 1.1184e-08  22.281 1205 1.3785e-08  44.891
wathen120 rsh-BGMRES-v1 1620 1.4964e-08  29.891 1900  9.6145e-09  58.594
rsh-BGMRES-D-v1 825 1.2061e-08  19.000 1205  2.2034e-08  38.578
rsh-BGMRES-v2 1620 1.3875e-08  29.797 1800 1.3131e-08  54.109
rsh-BGMRES-D-v2 1260 2.6917e-08  25.922 1665  3.7816e-08  55.016
rsh-BFOM 1020 8.7651e-09  51.641 600 2.0704e-08  33.922
rsh-BFOM-D 645 1.9497e-08  45.000 610 1.3701e-09  42.000
Dubcova2 rsh-BGMRES-v1 960 2.2585e-08  50.016 600 2.3452e-08  35.188
rsh-BGMRES-D-v1 645 5.7092e-09  41.078 525 2.8957e-08  33.016
rsh-BGMRES-v2 960 9.4332e-07  49.531 600 1.9072e-08  34.797
rsh-BGMRES-D-v2 840 1.3384e-07  47.891 740 3.5496e-07  46.172

rsh-BFOM - - - - - -
rsh-BFOM-D 510 2.4030e-10  1.7344 695 1.9708e-09  2.0469

bidiag rsh-BGMRES-v1 - - - - - -
rsh-BGMRES-D-v1 510 2.6322e-10  1.3594 695 6.3707e-09  1.8281
rsh-BGMRES-v2 6840  4.5704e-07 15406 | 4900  2.5540e-06 11.125
rsh-BGMRES-D-v2 3045  8.6032e-09  7.9531 3145  6.4237¢-09  8.8750

rsh-BFOM - - - - - -
rsh-BFOM-D 510 6.9935e-10  1.7813 695 8.7645¢-10  2.1094

tridiag rsh-BGMRES-v1 - - - - - -
rsh-BGMRES-D-v1 465 2.2872e-09  1.1875 695 2.4902e-09  1.8438
rsh-BGMRES-v2 - - - 6400  2.8854e-04 14.156
rsh-BGMRES-D-v2 2205  9.7581e-09  5.7188 | 2775 1.6692e-08  7.6719

method works better than the rsh-BGMRES-v2 method in terms of the number of matrix-vector products or
CPU time. On the other hand, similar to Example 1, the reported numerical results disclose the superiority of
the rsh-BGMRES-D-v1 method over the other comparison methods.

In order to make a fair comparison, Figure 1 depicts the log, plot of the maximum residual norms with
respect to the number of matrix-vector products for the proposed methods when s = 3. We observe that the rsh-
BFOM-D and rsh-BGMRES-D-v1 methods not only converge more rapidly than the other methods, but they
also achieve more accurate residual norms. In fact, for the test matrices bidiag and tridiag, it can be seen that
rsh-BFOM and rsh-BGMRES-v1 begin to diverge significantly, while the rsh-BFOM-D and rsh-BGMRES-D-v1
methods converge very fast. It should also be noted that, for wathen120 and Dubcova2, the rsh-BGMRES-D-v1
method slightly outperforms rsh-BFOM-D. Finally, a comparison among the proposed deflated methods reveals
that the performance of rsh-BGMRES-D-v2 is not satisfying as well as that of rsh-BFOM-D and rsh-BGMRES-
D-vl.

Example 3 In this example, the different values of [ are considered in order to further evaluate the efficiency of
the deflated version of the rsh-BFOM, rsh-BGMRES-v1 and rsh-BGMRES-v2 methods. To this end, we use the
five test matrices nosS, memplus, wang3, wathen120 and Dubcova2. The value of the parameter / is coming
from {10, 15}, and the value of the parameters k, s and m is set to be 3, 5 and 20, respectively.

The numerical results for the different values of [ are shown in Table 4. This table illustrates that the number
of matrix-vector products and CPU time for the rsh-BFOM-D, rsh-BGMRES-D-v1 and rsh-BGMRES-D-v2
methods decrease when the value of / increases from 10 to 15. Moreover, for [ = 15, the rsh-BGMRES-D-v1
method outperforms the other methods with respect to the number of matrix-vector products or CPU time.

(1) (s)

Example 4 In this example, we take the s x s diagonal matrix X; = diag([o; ... .,0;
(i)

Jj=1,2,... k. In fact, we consider the special case o, = for i = 1,...,s. Moreover, we choose o; =

|) as Z; = a;I;, where

—8%(j+1)% 1078 xones(s, 1), where the MATLAB-command ones creates an s-by-1 vector of ones. The
test matrices used in this example are raefsky1, poisson3Da, wathen100 and poisson3Db. We also take m = 20,
k=3,s=3and!=3.
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Fig. 1 The log plot of the maximum residual norms with respect to the number of matrix-vector products for Example 2 with s = 3,
m=20,k=3and!=15.

Table 4 Numerical results for Example 3 with s =5, m =20, k =3 and [ = 10, 15.

nos5 memplus wang3 wathen120 Dubcova2
Method mv CPU mv CPU mv CPU mv CPU mv CPU
rsh-BFOM 22600  8.7969 | 200 1.8750 | 200 3.0938 | 6000 167.52 | 1200  67.125
rsh-BGMRES-v1 19000  9.4063 | 200 1.8906 | 200  3.1563 | 5500 160.50 | 1200  69.797
rsh-BGMRES-v2 12400  6.6875 | 200 1.9844 | 200 3.0781 | 1810 63.703 910  61.344
rsh-BFOM-D 3160 24688 | 190 1.7344 | 190 2.7656 | 4900 142.83 | 1100 64.641
=10 | rsh-BGMRES-D-vl 2890  2.3281 | 190 1.7206 | 190 2.0625 | 1720 56.672 | 910  58.094
rsh-BGMRES-D-v2 6080  6.8281 | 190 1.9063 | 190 3.0156 | 2850 91.297 | 1330 82.172
rsh-BFOM-D 2310  2.0156 | 100 0.8593 | 185 2.7656 | 1205 44.891 610  42.000
=15 | rsh-BGMRES-D-vl 2055 1.7656 | 185 0.7656 | 185 2.7650 | 1205 38.578 | 525  33.016
rsh-BGMRES-D-v2 4810  5.0938 | 185 1.8906 | 185 3.0313 | 1665 55.016 | 740  46.172

The numerical results for the mentioned test matrices are reported in Table 5. Except for the test matrix
wathen100, the numerical results of this table demonstrate that the rsh-BFOM method is superior to the rsh-
BGMRES-v1 and rsh-BGMRES-v2 methods. We can also see that the number of matrix-vector products and
CPU time for the deflated version of the rsh-BFOM, rsh-BGMRES-v1 and rsh-BGMRES-v2 methods are
smaller than those of the non-deflated ones. Particularly, for the test matrix raefskyl, the rsh-BFOM, rsh-
BGMRES-v1 and rsh-BGMRES-v2 methods do not converge, whereas the performance of their deflated ver-
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sions is quite satisfactory. Table 5 also indicates that rsh-BGMRES-D-v1 outperforms the other methods in
terms of both the number of matrix-vector products and CPU time.

Table 5 Numerical results for Example 4 with s =3, m =20, k=3 and [ = 3.

raefskyl poisson3Da
Method mv mnres CPU mv mnres CPU
rsh-BFOM - - - 1380  8.8852e-09  8.3906
rsh-BFOM-D 1998 2.5506e-09  8.3906 744 1.4904e-09  6.2344
rsh-BGMRES-v1 - - - 1380 6.9788e-09  9.6719
rsh-BGMRES-D-v1 1827 6.8562¢-09  6.0156 687 5.7101e-09  5.1406
rsh-BGMRES-v2 - - - 1380 6.9724e-09  9.7344
rsh-BGMRES-D-v2 15561  6.3848e-09  49.313 | 1053  2.2605e-08  8.0625
wathen100 poisson3Db
Method mv mnres CPU mv mnres CPU
rsh-BFOM 8280 1.4089%e-08  109.08 | 2700  1.2945e-08 186.94
rsh-BFOM-D 1485 1.4603e-08  26.000 | 1827  2.0786e-08 158.75
rsh-BGMRES-v1 8880  4.2202¢-07 13191 | 3360  2.6493e-08  247.64
rsh-BGMRES-D-v1 1428 9.2839%¢-09 22922 | 1713  2.4723e-08 139.89
rsh-BGMRES-v2 6900  2.3093e-08  103.91 | 3360  2.4485e-08  248.55
rsh-BGMRES-D-v2 3744 2.8557e-08  58.313 | 2457  3.3705e-08 186.97

For the sake of studying the numerical behavior of the different methods, Figure 2 shows the log,, plot
of the maximum residual norms with respect to the number of matrix-vector products. In some cases, e.g.,
poisson3Da and poisson3Db, it should be mentioned that the curves of rsh-BGMRES-v1 and rsh-BGMRES-
v2 are overlapped with each other. According to this figure, the rsh-BFOM-D, rsh-BGMRES-D-v1 and rsh-
BGMRES-D-v2 methods converge much faster than their non-deflated versions.
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Fig. 2 The log plot of the maximum residual norms with respect to the number of matrix-vector products for Example 4 with s = 3,

m=20,k=3and/=3.

Example 5 The aim of this example is to consider the quantum chromodynamics (QCD) application to illustrate
the performance of the rsh-BFOM, rsh-BGMRES-v1 and rsh-BGMRES-v2 methods and their deflated versions.
It is known that the QCD application consists of problems with multiple right-hand sides and multiple shifts
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[6]. In this example, a set of six QCD matrices, denoted by D; fori = 1,...,6, is chosen from the University of
Florida Sparse Matrix Library. For each matrix D;, the base matrix is considered as A; = (K% +1073)I —D; in
which the parameter k. represents the critical value. Furthermore, the right-hand side is set as B = ones(n,s).
Table 6 describes some details of these QCD matrices. It should be also mentioned that the values of k. are
considered as suggested in [56].

Table 6 Information of the six QCD matrices used in Example 5.

Matrix ID QCD matrix Size Nonzeros Type Ke
Aq conf5_0-4x4-14 | 3,072 119,808 complex | 0.20328
Ay conf5_0-4x4-22 | 3,072 119,808 complex | 0.20235
Az conf5_0-4x4-26 | 3,072 119,808 complex | 0.21070
Ay conf5_4-8x8-10 | 49,152 | 1,916,928 | complex | 0.17843
As conf6_0-8x8-20 | 49,152 1,916,928 | complex | 0.15717
Ag conf6_0-8x8-80 | 49,152 | 1,916,928 | complex | 0.15623

Table 7 reports the number of matrix-vector products and CPU time whenm =120, k=2,s=3 and/=3.In
each case, except for A, and A4, this table shows that the rsh-BFOM method uses the least CPU time compared to
other methods. In addition, rsh-BGMRES-v2 produces better results than rsh-BGMRES-v1 in all the cases. The
results obtained in this table indicate that rsh-BFOM-D requires fewer matrix-vector products or CPU time than
rsh-BGMRES-D-v1 and rsh-BGMRES-D-v2. We can also see that, except for Aj, the number of matrix-vector
products for the rsh-BFOM-D, rsh-BGMRES-D-v1 and rsh-BGMRES-D-v2 methods is either smaller than or
equal to that of their corresponding non-deflated ones, while the CPU time required by the deflated methods is
slightly higher than that required by their corresponding non-deflated ones. Therefore, this experiment shows
that the rsh-BFOM, rsh-BGMRES-v1 and rsh-BGMRES-v2 methods perform better than their deflated versions
in terms of CPU time.

Table 7 Numerical results for Example 5 with s =3, m = 120, k =2 and [/ = 3.

A1 Az A3
Method mv CPU mv CPU mv CPU
rsh-BFOM 360 84219 | 720 16.766 | 360  8.6094
rsh-BGMRES-v1 360 10.797 | 720 21.672 | 720  19.469
rsh-BGMRES-v2 360 8.8906 | 720 15.563 | 720  15.359
rsh-BFOM-D 360 85000 | 360 8.1719 | 360 8.2344

rsh-BGMRES-D-v1 708  24.125 | 708 24453 | 708  23.859
rsh-BGMRES-D-v2 708  21.688 | 708 21.344 | 780  21.938

Ay As Ag
Method mv CPU myv CPU myv CPU
rsh-BFOM 720  321.22 | 720 320.20 | 360  159.47
rsh-BGMRES-v1 720 326.00 | 720 326.25 | 720 323.75
rsh-BGMRES-v2 720 31838 | 720 323.94 | 360 161.06
rsh-BFOM-D 708 32556 | 708 326.64 | 360 159.65

rsh-BGMRES-D-v1 708  331.63 | 708 332.14 | 708  330.66
rsh-BGMRES-D-v2 708  328.64 | 708 32545 | 708  330.80

6 Conclusion

Frommer and Gldssner [16] and Simoncini [41] have proposed the restarted shifted GMRES and restarted
shifted FOM methods, respectively. In this paper, due to the shift-invariance property of the block subspace
and the collinearity property, we have established two block versions for restarted shifted FOM and restarted
shifted GMRES, called rsh-BFOM and rsh-BGMRES, so as to solve sequences of shifted linear systems. We
have presented two implementations of the rsh-BGMRES method, i.e., “rsh-BGMRES with an unshifted base
system” and “rsh-BGMRES with a variable shifted base system”. Moreover, we have introduced the deflated
version of the above-mentioned methods. The numerical experiments on several large and sparse test matrices
have demonstrated that (1) the rsh-BFOM and rsh-BGMRES methods are efficient for solving sequences of
shifted linear systems; (2) rsh-BFOM outperforms “rsh-BGMRES with a variable shifted base system” for some
cases, while “rsh-BGMRES with a variable shifted base system” works better than rsh-BFOM for some other
cases; (3) the performance of rsh-BFOM and “rsh-BGMRES with a variable shifted base system” is better than
that of “rsh-BGMRES with an unshifted base system”; (4) the application of the deflation technique into the



On restarted and deflated block FOM and GMRES methods for sequences of shifted linear systems 25

rsh-BFOM and rsh-BGMRES methods can boost the efficiency level of the original methods; (5) the deflation
version of “rsh-BGMRES with an unshifted base system” outperforms the other comparison methods. However,
from the experiment on the QCD application, we have found that the number of matrix-vector products for the
methods rsh-BFOM, “rsh-BGMRES with an unshifted base system” and “rsh-BGMRES with a variable shifted
base system” is smaller than or equal to that of their corresponding non-deflated methods, while the CPU time
demanded by the deflated methods was slightly higher compared to that time required for their corresponding
non-deflated methods. Therefore, further investigations are needed to enhance the performance of the deflated
version of the proposed methods. For a future work, we will intend to apply the idea of preconditioning strategy
to deflated variant of the rsh-BFOM and rsh-BGMRES methods.
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