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Abstract In this paper, an improved block splitting preconditioner for a class of
complex symmetric indefinite linear systems is proposed. By adopting two iteration
parameters and the relaxation technique, the new preconditioner not only remains the
same computational cost with the block preconditioners but also is much closer to the
original coefficient matrix. The theoretical analysis shows that the corresponding iter-
ation method is convergent under suitable conditions and the preconditioned matrix
can have well-clustered eigenvalues around (0, 1) with a reasonable choice of the
relaxation parameters. An estimate concerning the dimension of the Krylov subspace
for the preconditioned matrix is also obtained. Finally, some numerical experiments
are presented to illustrate the effectiveness of the presented preconditioner.

The work is partially supported by National Natural Science Foundation (No. 11371243), (No.
11571004), (No. 11471211), Foundation of Zhe-jiang Educational Committee (Y201431769).

P< Hong-Tao Fan
fanht14 @lzu.edu.cn

Ju-Li Zhang
xzhzhangjuli@163.com

School of Fundamental Studies, Shanghai University of Engineering Science, Shanghai,
201620, People’s Republic of China

Department of Mathematics, Zhejiang A&F University, Zhejiang, 311300,
People’s Republic of China

School of Mathematics and Statistics, Gansu Key Laboratory of Applied Mathematics
and Complex Systems, Lanzhou University, Lanzhou, Gansu 730000, People’s Republic of China

Department of Mathematics, Shanghai University, Shanghai 200444, People’s Republic of China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11075-017-0323-z&domain=pdf
mailto:fanht14@lzu.edu.cn
mailto:xzhzhangjuli@163.com

452 Numer Algor (2018) 77:451-478

Keywords Complex symmetric linear systems - Preconditioning - Relaxation
parameters - GMRES

Mathematics Subject Classification (2000) 65F10 - 75N50

1 Introduction

We consider the iterative solution of the large sparse system of linear equations

Ax =b,Aec C"™"and x,b € C", (1)
where A = W 4 iT is a complex symmetric matrix, with W, T € R™" being
symmetric matrices and i = +/—1 being the imaginary unit. Complex linear sys-

tems of this kind arise from many problems such as electromagnetism problem, the
discretization of different types of Helmholtz equations, structural dynamics, opti-
cal tomography problem, and so on. For more details, readers can consult [1] and
references therein.

Letx = y+izand b = f + ig, then the complex symmetric linear system
(1) is formally equivalent to the following real block two-by-two system of linear

equations:
o \w=T{||y|_|Sf]|_x
* [T W }[Z} [g] b @

The linear system (2) avoid using complex arithmetic. But meanwhile, the coefficient
matrix here has also become doubled in size, i.e., o € R?2n 1 order to solve the
system (1) or (2) efficiently and fast, many methods have been proposed in the past
few years [17, 23]. Among all the candidates, the iterative methods are more attractive
than direct methods for minimal requirement of computer storage and easiest precess
of computer implementation. Recently, many splitting iteration methods based on the
Hermitian and skew-Hermitian splitting (HSS) [2, 3, 5] have been proposed to solve
the complex symmetric linear system (1). When the matrices W, T are symmetric
positive semi-definite with at least one of them being positive definite, Bai et al. [6,
8, 10] introduced the modified Hermitian and skew-Hermitian splitting (MHSS) iter-
ation method and the preconditioned MHSS (PMHSS) iteration method for solving
the system (1). It has been proved in [6] that the MHSS iteration method converges to
the unique solution of (1) unconditionally. Bai et al. also established the convergence
theory for the PMHSS iteration method under suitable conditions in [8] and showed
the A-independent behavior. To further generalize the MHSS and PMHSS iteration
methods, Zheng et al. [29] proposed an accelerated PMHSS (APMHSS) iteration
method for (1) and also analyzed the convergence property. There are also some other
effective iterative methods, such as the skew-normal splitting (SNS) method [7], the
Hermitian normal splitting (HNS) method and its variant simplified HNS (SHNS)
method [24], and so on.

When, however, the matrix W is symmetric indefinite and 7' is symmetric positive
definite, the MHSS (PMHSS) method and SNS method may be unacceptably slow
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or not applicable due to the fact that the coefficient matrices o/ + W and oW +
T? are indefinite or singular. And the HNS or SHNS method includes the complex
arithmetics in each inner iteration, which can result in an expensive computational
cost. The similar observation can also be found in [28]. Under these circumstances,
an appropriate preconditioner is needed to circumvent the difficulties [12, 13, 21].
If the matrices W and T are symmetric positive semi-definite, Bai [11] introduced
the rotated block triangular (RBT) preconditioner for the linear system (2). And then
to accelerate the computation of the RBT preconditioner, Lang et al. [18] proposed
the inexact RBT preconditioner. In this paper, we will focus on the case when the
matrix W is symmetric indefinite and 7 is symmetric positive definite. Since in this
case, the complex linear system (1) is also equivalent to the real block two-by-two

system as follows:
T =Wl Yy |_|8]|_,
dx_[w r ][_Z:|_|:f]_b’ @

this real form can be regarded as a special class of generalized saddle point problems.
Based on the preconditioning technique for generalized saddle point problems, Zhang
et al. [27] proposed a block splitting (BS) preconditioner for the system (3). How-
ever, by observing the residual between the original coefficient matrix and the BS
preconditioner, a limitation that the diagonal blocks tend to zero while the nonzero
off-diagonal block becomes unbounded as « approaches 0 needs to overcome.

Inspired by this, by employing the relaxation techniques used in [14, 25], in this
paper, we construct an improved block (IB) splitting preconditioner for the real block
two-by-two system of linear (3). Algorithm 1 below shows that the IB preconditioner
has almost equal computational cost comparing to the BS preconditioner in the inner
iteration. In addition, theoretical analysis shows that the corresponding IB iteration
method will converge to the unique solution of (3) under some suitable conditions,
and the preconditioned matrix has an eigenvalue 1 with algebraic multiplicity at least
n. We will also investigate the structure of the eigenvectors and the impact upon the
corresponding Krylov subspace method in this paper.

The remainder of this work is organized as follows. In Section 2, we present the
new preconditioner based on the deteriorated positive-definite and skew-Hermitian
splitting (DPSS) preconditioning and the relaxation technique. In Section 3, we ana-
lyze the convergence property of the corresponding iteration method. Then in Section
4, we will investigate the eigen info of the preconditioned matrix and the impact
upon the convergence of the corresponding Krylov subspace method. In Section 5,
some numerical experiments are carried out to validate the effectiveness of the new
preconditioner. Finally in Section 6, some conclusions are given.

2 An improved block splitting iteration method and preconditioner

Since the matrix T € R"*" is symmetric positive definite, the coefficient matrix .o/
of the system (3) has the following splitting:

o =M+ N, “4)
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where M = |: %, - and N = 8 g ] Then based on the preconditioning tech-

nique proposed in [4, 9, 20], we get the following block splitting preconditioner for
the block two-by-two system (3):

Py = L(aI+M)(aI+N). (5)
20

The factor 1/2 has no effect on the preconditioner and thus we omit it for
convenience. Then the preconditioner &7 can be rewritten as

1
P = —(al + M)(@l +N)
o

_l ol +T W l[lal 0
_(;( w al 0O al +T

_[ar+T W +11) ©)
N w al +T ’
The difference between &7 and 7 is given by
_1
=P -t = | W | (7
0 of

Two important properties about the difference % should come to our atten-
tion. First, when « tends to Oy, the weight of the two diagonal blocks in % also
approaches 0, while the weight of the nonzero off-diagonal block approaches oo.
Hence, the choice of o needs to be balanced. On the other hand, as a preconditioner,
we hope it is as close as possible to the coefficient matrix <7, that is, the difference
matrix is expected to approach zero sufficiently. With these in mind and motivated
by the idea of the relaxed preconditioners [14, 15, 25, 26], an improved block (IB)
splitting preconditioner can therefore be derived as follows:

1 I —wfar 0 (_[T -lwer+n
‘@IB_ECICZ_E[WaIH:O,BI—FT]_[W BI+T } ®

The difference between &;p and & is
0(1-8yw-1lwr
= —_ M = o o .
Hip = P |: 0 BI )]
We can find that the (1,1)-block matrix in (7) turns to zero, and two iteration
parameters « and § are introduced.

Remark 2.1 If « — oo and B — 0, the difference matrix %Z;p will approach zero

more sufficiently. Consequently, the preconditioner &2 p can be expected to perform
much better for solving the complex symmetric indefinite linear systems.
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Remark 2.2 If we take the iteration parameter 8 = 0, then the difference between
913 and 7 will be

1

Frp = [o W—EWT]
0 0

It seems that the difference matrix has three sub-matrices equal to zero, i.e., the IB

preconditioner here is much closer to the coefficient matrix. But unfortunately, the

analysis of the spectrum of the preconditioned matrix and the numerical experiments

in the following sections show that we can not always obtain better numerical results

when we take 8 = 0.

Remark 2.3 It should be noted that if we take « = B, the IB preconditioner will
reduce to
W ol +T

_ 1
%B:[T W(1+aT)]_

The difference between &) and o/ will be

The preconditioner here is very likely to the BS preconditioner proposed in [27].

It should come to our attention that the IB preconditioner no longer relates to an
alternating direction iteration method, but it is of no effect on the behavior that &?;p
is used as a preconditioner. In fact, the preconditioner &2, can be obtained by the
following splitting of the coefficient matrix <7

T —iw@r+r 01-8yw-1wr
o = Prp—Kip = o - o o . (10
1B 1B [ W BI+T 0 BI (10)
Then an iterative method based on this splitting can be obtained, which is defined as
follows:

The IB iteration method Let o, 8 be given positive constants. Given an initial guess

x@ fork=0,1,2,--- until {x(k)} converges, compute
WA+ ] gy _[0A=DW=ZWTT w0,
w BI+T 0 BI ’

which can also be written as a fixed-point iteration:
x* D = x® 4 ¢, (11

where, I' = @;31%’13 is the iteration matrix, ¢ = ﬁzl};b.
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Theoretically, the IB iteration method converges to the unique solution of the sys-
tem (3) for arbitrary initial guess x(?) if and only if the spectral radius of the iteration
matrix is less than 1, i.e., p(I") < 1.

3 Convergence analysis of the iteration method
In this section, we will discuss the convergence properties of the IB iteration method.

Lemma 3.1 Let T € R"*" be symmetric positive definite and W € R"*" be sym-
metric indefinite, then the eigenvalues of the matrix WT~"WT are all real and
nonnegative.

Proof Since the matrix T is symmetric positive definite, then according to [16], there
exists a symmetric positive definite matrix X such that 7 = X?. Therefore, we have

xwrlwrx'=xwr-'wx =x"wr-'wx. (12)

Then the matrix WT~'WT is similar to XWT~!WX. Since W € R™" is sym-
metric indefinite and 7 € R"™*”" is symmetric positive definite, then the matrix
XWT~'WX is symmetric positive semi-definite. Therefore, the eigenvalues of the
matrix WT ~!WT are all real and nonnegative. O

Theorem 3.1 Let T € R"™ " be symmetric positive definite and W € R"*" be sym-
metric indefinite, a, B be positive constants. Then the iteration matrix T" of the IB
iteration method has an eigenvalue O with multiplicity n. The remaining n eigenvalues
W satisfy

_af+ (B - wa +az

= , (13)
off +aay + Bay + a3
w*Tu wWWT~'Wu WWT'WTu
where a) = ,ay = , a3 = .
u*u u*u u*u

Proof 1Tt is not difficult to obtain that the matrix C; in (8) has the block-triangular

factorization
1 1 172
_ —Wl|[T+=W? 0 I 0
C‘_[o T ][ 0 al][ng' (14

Then the explicit expression of ﬁfg can be given by

2.} =aCy'c!
_ (T + W)™ (T +wHw (15)
T =BT Wa+iwh T @r+ T =iwa + twhHtwn |
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Consequently, we can obtain

P g — (T + swH™! (T +twhH~'w
1B —BI+T) ' W(T+iwH =t BI+D) N [-iwT+iwH w1
Joa-bhw—twr
0 BI
_[o (T +iwhH=l-Iwr +w)
Lo+ =-wT+ twhHTtw - twr) + 811
_To (T +iwhH=l'(-Lwr +w)
TLOBIAD)T=W(T + LwAhTtow - Lwr) + g1
. [0 S
“l0s ]

Here, S = (T + wH l(=lwr + w), S, = BI + T)7"'[-W(T +
éWz)_l(W — éWT) + BI]. Therefore, the iteration matrix I' = ,@;BIL%’[B has
eigenvalue 0 with multiplicity n.

On the other hand, we have

S = BI+T) =W+ Lw>~ W - Lwr) + I
=BI+T) "l + WT='W)"'WT='W(T —al) + BI]
— BI+T) Il + WT'W) aBl + (B —a)WT~'W + WTIWT].

Assume that (u, u) is an eigenpair of S, then the remaining eigenvalues of @;BI Hrp
satisfy the generalized eigenvalue problem:

(Bl + (B —)WT "W + WT'WTu = (el + WT'W)(BI + THu. (16)

*

Multiplying the (16) from left by —, we have
uru
af + (B —a)ax + a3 = u(af + aay + Baz + az). (17)

Thus, the remaining eigenvalues of the iteration matrix I" are of the form

_apt(B-—w)arta3
aftaar+ Bar+az’

Since the matrix T is symmetric positive definite, then a; > 0. By Lemma 3.1, we
can also obtain a; > 0, a3 > 0. Therefore, the denominator of u is not equal to 0.
The proof of this theorem is completed. O

Theorem 3.2 Suppose the conditions of Theorem 3.1 are satisfied. If a1 < ay, then

the IB iteration method for the linear system (3) is convergent for B > %
If a1 > ay, then the IB iteration method is convergent for Vo, B > 0.
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Proof From Theorem 3.1, we have

af+ (B —a)ar+az
N<1l<s <1l<& < 1. 18
() [ la,3+aa1+,3a2+a3| (18)

After simply computation, (18) can be reduced to

Bay — aar < aay + Bay, (19)
2a8 4+ 2az + 2Bay; > a(ay — ay).

(1) The first inequality of (19) is equivalent to a; > —ajy. Since a; > 0, a; > 0,
then this inequality holds true for Ve, 8 > 0.
(i) For the second inequality of (19), if a; < a», this inequality holds true for

B > %; If a; > a, then the inequality holds true for Vo, 8 > 0.

Therefore, if a; < ay, the IB iteration method for the linear system (3) is conver-

gent for g > %; if a; > ap, then the IB iteration method is convergent for
VYo, f > 0.
The proof of this theorem is completed. O

From (10) and (11), we can find that the system .«#'x = b is equivalent to the linear
system

(I —T)x = (@,—Bw) x=P b =c. (20)

This equivalent system can be solved by Krylov subspace methods ( such as GMRES
method ). Therefore, the matrix &5 can be seen as a left preconditioner for Krylov
subspace methods, that is, the Krylov subspace methods are used to accelerate the
convergence behavior of the IB iteration method.

4 Eigen information of the preconditioned matrix

In this section, we will analyze the spectral property of the preconditioned matrix
@I_Bld , since the convergence behavior relates closely to the eigenvalue distribution
of the preconditioned matrix. Based on Theorem 3.1, the following theorem describes
the eigenvalue distribution of the preconditioned matrix ﬁI_BI i

Theorem 4.1 Let the preconditioner Prp be defined in (8), o, B be real positive
constants. T € R™" is symmetric positive definite and W € R" " is symmetric
indefinite. Then the preconditioned matrix 9;31;% has an eigenvalue 1 with multi-

plicity at least n. The remaining nonunit eigenvalues ). of @,_Bl;z/ are of the form
a(a1+az)

*FTaa TBaTay and these nonunit eigenvalues satisfy

a(a) +az)

0< A< .
aay + Bas

Specially, if the parameters satisfy o« = B, then

0<i<l.
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Proof Since @;31427 =] — @;31%1 B, then from (16), the preconditioned matrix
,@fBl% has the form

_ I, -S
Py = [01 In_‘Sz]_ 1)

Therefore, @ﬁ;d has an eigenvalue 1 with multiplicity at least n. The remaining n
nonunit eigenvalues A are the same with those of the matrix /,, — S,. Thus,

f - af+(B—a)ar+az a(a; + a2) - a(ar + az) 22)
B af +aai +Par+a3  af taa +Par+az  aar+ Paz’

Since a; > 0, ay > 0 and a3 > 0, then

0<) <t a)
aaj + Bay
It can be easily obtained that if « = §,then 0 < A < 1.
The proof of this theorem is completed. O

Remark 4.1 Let0 < ap < +00,0 < By < +00, it follows that

(i) if the parameters « — 0, 8 — By, then A — 0;

(i) if the parameters « — +o00, § — +00, then A — 0;
(iii) if the parameters ¢ — «g, B — +00, then A — 0;
(iv) if the parameters « — +oo, 8 — Bo, then A —

© a(a1+a2)) — (0, 1).

> aar+pfaz

aj+ap
Botar”’

and the interval

The convergence rate of the corresponding Krylov subspace methods not only
depends on the eigenvalue distribution of the preconditioned matrix but also relies on
the structure of the corresponding linearly independent eigenvectors.

Theorem 4.2 Let the preconditioner &g be defined in (8), o, B be real positive
constants. Then the preconditioned matrix 9;31 o/ has n+i+ j linearly independent
eigenvectors which comprise

(1
(a) n eigenvectors of the form |:p [ ] (I = 1,2,---,n) that are associated
with the eigenvalue I, where p, ) (I = 1,2,---,n) are arbitrary linearly
independent;

2
(b) i (I < i < n) eigenvectors of the form |:pl(2)i| (1 <1 < i) that are
q

(2 (2)

associated with the eigenvalue 1, where p;”’ are arbitrary vectors, q;” satisfy
(T +WT'W)q? = (@l + WT~'"W)(BI + T)q> ,and (T — ocl)q(z) =0;
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(3
() j (< j <n)eigenvectors of the form |:pl(3) :| (1 <1 <) that correspond
4

to the nonunit eigenvalues, where ql(3) # 0, (T + WT’IW)qIO) = AMal +
@ (@ +WH™'w(T — Oll)q(s)
1= 1 -

WT'W)(BI + T)g", and p T

Proof Let A be an eigenvalue of the preconditioned matrix WI_BI &/ and |: 5 i| is the

corresponding eigenvector. Then from (21), we have

In _Sl P _ P
KPS MR HE @

since

Li—S =L,—BI+T) Y al+WT'W) eI+ (B—a)WT'WH+WT~IWT]
=aBI+T) Nl + WT'W)" (T + WT~'w),

(24)
then (23) can be rewritten as
(1=2)p=—(@T +WH™'W(T —alyq, 25)
(T +WT~'W)g = Aol + WTIW)(BI +T)q.

From Lemma 3.1, we know that the matrix W7 ~!' W is symmetric positive semidef-
inite. Then the matrices T + WT W, al + WT~'W, and BI + T are symmetric
positive definite for «, 8 > 0.

(i) When g = 0, it follows from the first equation of (25) that A = 1. Otherwise,

we will obtain p = 0, which contradicts with |:5 :| being a nonzero eigenvec-

1
P

tor. Therefore, there are n eigenvectors of the form |: 0 :| correspond to the

eigenvalue 1, where pl(l) (I=1,2,---,n) are arbitrary linearly independent.

(ii)) When g # 0 and satisfies the second equation of (25), we will discuss the
eigenvectors as follows:

First, we consider the case if « is the eigenvalue of the matrix 7', which

means the matrix T — «/ is singular. When g € ker(T — «l), then we can

obtain (A — 1) p = 0 from the first equation of (25), where ker(-) denotes the

null space of the corresponding matrix. Once A = 1, there willbe i (0 <i <
2

n) linearly independent eigenvectors of the form |:p 1(2) :| (I =1,2,---,0)

4

that are associated with the eigenvalue 1, where pl(z) are arbitrary vectors, and
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g satisfy a(T + WT~'W)g> = (al + WT~'W)(BI + T)q> ,and (T —

ozl)ql(z) = (. Otherwise, when (T — al)g # 0, we can obtain that A # 1 and

p#0.
Next, if « is not the eigenvalue of the symmetric positive definite matrix 7',
the matrix 7 — «/ is nonsingular, then it follows from the first equation of (25)
T+ WH'W(T —al
thatkyélandpz(a + ; 1( a)qyéO.

Therefore, in summery, there will be j (0 < j < n) linearly independent
3)
eigenvectors of the form |:p 1(3) :| (¢ =1,2,---,j) that correspond to eigen-
q,

values & # 1, where g # 0, (T + WT~'W)q"® = i(al + WT~'W)(BI +

3 5 (@T +WHTIW(T —al) 4
T)g”, and p” = "1 a”.

Finally, we validate the linear independence of these n +i 4 j eigenvectors.
Let k0 = (k" k" kDT @ = k@ kP kP and kD =
[k?), kf), e, kf)]T be three vectors with 0 < i, j < n. Itis left to show that

D A k§3)

) ) ‘ o) @ I 6) @
| 0 S R S ® N ol ) b) ©|=0
0 --- 0 W g? - g o) 9 - g

k k!

n

(26)

holds if and only if the coefficient vectors kD k@ and k@ are zero. Here
[( p}l))T, 01" (s = 1,...,n) denotes the sth eigenvector that corresponds to
the eigenvalue 1 for the case (a), while [(pt(z))T, (qta))T]T t =1,...,0)

is the rth eigenvector associated with the eigenvalue 1 for the case (b), and

s

values for h = 1, ..., j. By multiplying 321_3127 on both sides of (26), we
have

)T, (q,?))T]T is the hth eigenvector associated with the nonunit eigen-

jAS) AL )\lk?)

1 1 1 2 2 1 3) 3)
I T I el R A N Sy
: @ @ : 3 6) L=
0 0 () EL @ | L9 9 5
k! K¢ 2k

27
Subtracting (27) from (26), we obtain
3)
3 @7 | ®1— Dk
Py P . —0
3) 3) : =Y

: A TRV
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G .. 0
Since A, # 1 (h = 1,...,j) and the column vectors of |: %3) p{3):|

ql e qj
are linearly independent, then we have k}(f) =00 =1,...,j). Since the

vectors qt(z) (t =1,...,1) are also linearly independent, then we have k,(z) =0
(t =1,...,1). Thus, the (27) reduces to

e

(1 ¢)) 1
|:() 0:| ’

W

o M 0
|:p (1) p ’6 i| are also linearly independent, then ks " =0 (s = 1,...,n).

Therefore, the n 4 i + j eigenvectors are linearly independent.

The proof of this theorem is completed. O

The idea of preconditioning is trying to improve the spectral properties, such that
the total number of iterations required to solve the system to within some tolerance
will be indeed decreased. The iterative method employed will terminate when the
degree of the minimal polynomial, or the dimension of the corresponding Krylov sub-
space, is achieved [23]. The next theorem provides detailed analysis to the dimension
of the Krylov subspace J#° (9”53] o, b).

Theorem 4.3 Let the preconditioner P g be defined in (8), then the dimension of the
Krylov subspace & (331_31% , b) is at most n + 1. Specially, once the matrix I,, — S

has k (1 < k < n) distinct eigenvalues 0; (1 < i < k), of respective multiplicity m;,
k

where Y m; = n, the dimension of the Krylov subspace (:@I_L;sz , b) is at most

i=1

k4 1.

Proof From (21), the preconditioned matrix L@;BIM is a block upper triangular
matrix of the following form:

- I, =S
‘@13”2[0 I,,—Sz]'

Assume A; (i = 1,---,n) be the eigenvalues of the matrix I, — S, then they are
also the nonunit eigenvalues of the preconditioned matrix 91_31 /. According to the
eigenvalue distribution described in Theorem 3.1, the characteristic polynomial of
the preconditioned matrix 91_31% is

det(P; g o/ — Al) = (h — 1)" ]—[(x — ).

i=1
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n
Expanding the polynomial (33;31 o —1) H(@;BI o/ —\iI) of degree n+ 1, we have
i=1

=S [ Je@ =1 =)

(P j ) = (P — 1)]_[(32 A1) = i=1
i=1 0 =S [Jc1=x)1 = $2)

i=1

Since A; are the eigenvalues of matrix I,, — S», by the Cayley-Hamilton theorem, then

[T =21 =52 =0.

i=1

Therefore, the degree of the minimal polynomial of QI_BIM is at most n + 1. Con-
sequently, the dimension of the corresponding Krylov subspace £ (5 o7, b)is at
most n + 1.

Once the matrix I, — S> has k (1 < k < n) distinct eigenvalues 6; (1 <
i < k) of respective multiplicity m;. We write the characteristic polynomial of the
preconditioned matrix @I_BI o/ as

(Pgd — D" 1]‘[(9 o — Q"N (P — 1)]_[(9 o —61).

i=1 i=1

Let U(P; 3 o) = 1)]‘[(9 o — 6;1), then

k
=Si[ [ =61 = $2)

U = l'?l
=S [ [ =1 —$2)

i=1
k
Since l_[((l —6;)I — S2) = 0, then \IJ(BZI_B1 &7 is a zero matrix. Therefore, in this
i=1
case, the dimension of the Krylov subspace % ('@\71])1358*‘2{ ,b) is at most k + 1.
The proof of this theorem is completed. O

Remark 4.2 Theorem 4.2 indicates that although the linear system (3) becomes dou-
bled in size, the iteration steps will not increase compared with the original linear
system (1), i.e., the iteration steps will not exceed n 4+ 1 when the IB-preconditioned
GMRES method is used for solving the system (3). Sometimes, the termination will
even occur in at most k + 1 (1 < k < n) steps.
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Now we shall touch upon some computational aspects of the preconditioner &?; .
When applying the preconditioner &?;p within a Krylov subspace method, a linear

system P;pz = r needs to be solved at each step, where 7z = [zl ,22]T =
[VIT, FZT]T, 21,22, 11,2 € R". If n is large, then computing z = 913r directly is

impractical for memory reason. Thus, we avert such ostensibly “feasible” approach.
Based on the matrix factorization (8) and (15), we have

al_ i1 0 I olfa@+iwhHt o1 iw][n
o] "% 0 @r+n || -iw i 0 o1 Jlrl

(28)
Hence, the following implementing process about the preconditioner &7;p can be
derived:
Algorithm 1 For a given r = [r] T mr,
following steps:

compute 7 = [z1 ,zz] by (28) from the

(1) Compute d] =r + éWVZ;
(i) solve (T + 1w?)zy =d;;
(iii) compute dy = ry — Wz, solve (BI + T)zo = ds.

Remark 4.3 From Algorithm 1, we can find the IB preconditioner only needs real
arithmetic in actual implementation. Meanwhile, suppose all matrices and vectors
involved are dense, then in step (i), it requires & (n?) flops. In step (ii), we need to
solve a linear system of size n, which requires &(n3) flops, and in step (iii), it requires
O(n* 4 n?) flops. Therefore, solving the linear system Z;zz = r needs &' (n* + n>)
flops. In practical, the involved matrices are generally sparse, then the total cost will
be reduced.

For DPSS preconditioner &1, we can also derive the computational process in
Algorithm 2:
]T

Algorithm 2 For a givenr = [r1 , 7,17, compute z = [le, zzT 17 from the following

steps:

(i) computed; =r; + éWVz;
(i) solve (@ + T + 1w?)z; = dy;
(iii) compute dy = r; — Wzy, solve (al + T)z2 = ds.

From Algorithm 1 and Algorithm 2, we can find that the IB preconditioner has
almost equal computational cost comparing to the BS preconditioner [27] and DPSS
preconditioner & in the inner iteration. Here we should mention that it is not neces-
sary to compute the inverse of the matrices involved directly, especially the inverse of
the matrices T + (lx W2andal+T+ al W?2, since the cost could be very expensive. For
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each of these two algorithms, we only need to solve two symmetric positive definite
subsystems (with the coefficient matrices 7 + $W2 and BI 4 T for the precondi-
tioner Zrp, ol + T + éWz and al + T for the preconditioner &), respectively.
Therefore, in inexact manner, we can employ the conjugate gradient (CG) method
to solve the two sub-linear systems, or they can be solved exactly with the sparse
Cholesky factorization.

5 Numerical experiments

In this section, we carry out some numerical experiments of complex symmet-
ric linear systems to validate the effectiveness of the IB preconditioner &?;p. For
comparison, we also choose the HSS preconditioner and DPSS preconditioner &7
coupled with GMRES(30) [22]. Both of them are induced by alternating direction
splitting iterative methods. The HSS preconditioner is defined as

al +T —(I+ gT)W}

1

No preconditioner HSS preconditioner

8 1
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Fig.1 The eigenvalue distributions of original matrix ./ and preconditioned matrices W;g g, P fl o,
and W;Bl o/ for the Example 5.1
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here, H = (o + /1) /2, S = (& —«/T)/2. All runs are implemented using double
precision float point arithmetic in MATLAB (version R2015a). In actual computa-
tions, we set the initial guess to be xo = zeros(2n, 1) and the stopping criterion

% < 107, where ri = b — @/x;. The iteration steps, CPU time, and the relative

Table 1 Iter, CPU, and RES for the preconditioned GMRES(30) method in Example 5.1

Preconditioner k 10 20 30 40 50
m? 16 322 642 1282 2562
HSS Iter 6 6 12 26 81
(2=0.01)
CPU 0.0144 0.0748 0.5524 9.4723 87.0941
RES 4.4e — 08 9.6¢ — 08 3.4e —07 2.5¢ — 07 8.9¢ — 07
DPSS Iter 6 6 12 5 81
(2=0.01)
CPU 0.0143 0.0665 0.5459 5.3561 85.9648
RES 4.5¢ — 08 1.0e — 07 3.4e —07 2.8¢ — 07 9.2¢ — 07
(azo})]%ﬁzl) Iter 3 2 3 6 8
CPU 0.0093 0.0376 0.2135 1.4186 9.8164
RES 1.7¢ — 10 3.6e — 07 6.3¢ — 08 2.8¢ — 06 1.1e — 07
(. 011%3:0.1) Iter 3 3 3 4 8
CPU 0.0110 0.0358 0.1988 1.1969 10.2638
RES 1.6e — 09 1.6e — 10 5.8¢ — 07 2.8¢ — 07 9.7¢ — 07
(a:O.O{I?‘Z:O.OI) Iter 3 3 4 6 8
CPU 0.0092 0.0496 0.1982 1.3776 8.9928
RES 2.1e — 10 1.0e — 10 2.9¢ — 04 1.0e — 08 1.0e — 07
DPSS Tter 4 4 5 8 94
(2=0.001)
CPU 0.0203 0.0678 0.4367 9.4248 108.3084
RES 1.8¢ — 08 1.6e — 09 3.6¢ — 07 9.6¢ — 07 6.1e — 07
(a=0.(¥(})3; o) Tter 2 2 2 3 8
CPU 0.0089 0.0271 0.1563 1.0293 5.0648
RES 2.1e — 07 3.4e —09 1.2¢ — 07 2.2e — 07 1.6e — 07
1B Tter 2 2 3 5 4
(2=0.001,8=0.1)
CPU 0.0096 0.0286 0.1564 1.0058 5.0438
RES 1.4e — 11 3.3e — 08 53¢ — 10 9.6¢ — 09 9.3¢ — 08
(a:0.0011].3/3:0.01) fter 3 2 3 4 4
CPU 0.0091 0.0270 0.1583 1.0091 4.9531
RES 1.5¢ — 11 3.0e — 07 4.5¢ — 09 8.8¢ — 09 8.6¢ — 07
(a:o})]i)’,ﬁ:()) Iter 4 3 4 7 10
CPU 0.1169 0.1919 2.8705 100.6862 1.8579

RES 4.3e —12 1.8e — 07 7.1e = 07 2.2¢ —09 8.0e — 07
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residual error are denoted by Iter, CPU (in seconds) and RES, respectively. The max-
imum number of iteration steps allowed is set to 1000. The symbol “~” in these tables
indicates that the corresponding method fails to reach the required accuracy within
the prescribed number of restarts. The sub-linear systems arising from the application
of the preconditioners are solved by direct methods. In MATLAB, this corresponds
to computing the Cholesky or LU factorization in combination with AMD or column
AMD reordering.

Example 5.1 We consider the following complex symmetric linear system [27]
[(Ton ® Iy + I ® Ty — kK*h* (I @ In)) + i02(In ® L) Jx = b,

where T, = tridiag(—1,2 — 1) is a tridiagonal matrix with order m and k denoting
the wavenumber. We choose the matrices W =7, ® I,,, + [, ® T,,, — k2h2(1m & Iy)
and T = oo(I,, ® I,), where h = m#ﬂ and oo = 1074 T is symmetric positive
definite. In actual implementations, we set the right-hand side b = o7 *ones(2m?, 1).
Fig. 1 demonstrates the eigenvalue distributions of the original coefficient matrix <7,
the HSS preconditioned matrix 3”;,}9 S.;af , the DPSS preconditioned matrix @1_ % s
and the new preconditioned matrix 93;31,@/ form = 32, « = 0.1,8 = 1, and
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Fig. 2 The eigenvalue distributions of original matrix ./ and preconditioned matrices W;g g, P fl o,
and W;Bl of for the Example 5.2 with M = 51, »
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o = 0.1, 8 = 0.1. The numerical results for different choice of «, 8, k, and m are
listed in Table 1.

From Fig. 1 and Table 1, some conclusions can be obtained. In Fig. 1, we find that
the eigenvalue distribution of the new preconditioned matrix 3”531@/ is much better
than that of the other preconditioned matrices. Moreover, the preconditioned matrix
91_3142% has at least 1024 = 322 eigenvalues 1, and the nonunit eigenvalues are also
well distributed. This phenomenon confirms the theoretical analysis in Section 3.

Table 1 shows that by choosing different parameters, the IB preconditioner is
superior to the DPSS and HSS preconditioners in terms of CPU time, iteration steps,
and relative residual error, which confirms that the new preconditioner can virtually
improve the convergence behavior of the GMRES(30). Additionally, if we choose
suitable o and B, the numerical results of IB preconditioner are expected to be much
better than the BS preconditioner (see the case of « = f = 0.01). With the size of
problem increasing, the iteration steps of IB preconditioner remain stable and compu-
tational costs are inexpensive ( in most cases, the CPU times are less than 11 seconds
, while those of the DPSS and HSS preconditioners go beyond 80 seconds ). Besides,
we can find that the IB preconditioner is more insensitive to the parameters « and
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Fig. 3 The eigenvalue distributions of original matrix ./ and preconditioned matrices W,;g g, P fl o,
and W;BI of for the Example 5.2 with M = 501,,>
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B than the DPSS and HSS preconditioners. As a consequence, our proposed pre-
conditioner is more effective and practical for solving the complex symmetric linear
system (3). But we can also observe from the last row of Table 1 that if we choose
B = 0, the numerical results will not always be absolutely excellent; see the CPU
time when k = 40, m = 128.

Example 5.2 'We consider the following complex symmetric linear system [8, 24]
[(~0*M + K) +i(@Cy + Cr)lx = b.

where M and K are the inertia and stiffness matrices and Cy and Cy are the
viscous and hysteretic damping matrices, respectively. w is the driving circular
frequency. K = 1, Vi, + V,, ® Iy, Vi = h’ztridiag(—l, 2,—1) € R™*" jg
a tridiagonal matrix, h = ﬁ’ Cv = %M, Cu = uK with g being a damping
coefficient.

We choose the matrices W = h2(—w?*M + K) and T = h%(wCy + Cg) and set
o = 2m and pu = 0.02. For M = 51,2, 101,2, 201,,2, 3012, 4012, 501,,2, 7012,
901,, and 1001,,>, we can easily show that the matrix W is symmetric indefinite and
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Fig. 4 The eigenvalue distributions of original matrix ./ and preconditioned matrices W;g g, P fl o,
and W;Bl of for the Example 5.2 with M = 701,,>
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Fig. 5 The eigenvalue distributions of original matrix <7 and preconditioned matrices z@l;}g @, P fl o,

and @;BIQ/ for the Example 5.3 with m =32

the matrix 7 is symmetric positive definite. In this example, we set m = 32 and the

right-hand side b = o % ones(2m?, 1).

Table 6 Iter, CPU, and RES for the preconditioned GMRES(30) method in Example 5.3 witha =1, 8 =

0.001
Preconditioner m 16 32 64 128
HSS Iter 490 408 - -
(a=1)
CPU 1.9356 61.1594 - -
RES 1.0e — 06 1.0e — 06 - -
DPSS Iter 44 50 78 108
(a=1)
CPU 0.1639 0.9870 8.1601 59.4973
RES 8.5¢ — 08 8.8¢ — 07 9.6e — 07 9.9¢ — 07
1B Iter 43 49 75 100
(a=1,=0.001)
CPU 0.1537 0.9650 7.7582 54.9888
RES 9.6e —7 8.7¢ — 07 9.5¢ — 07 1.0e — 06
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Table 7 Iter, CPU, and RES for the preconditioned GMRES(30) method in Example 5.3 with ¢ =
10, 8 = 0.001

Preconditioner m 16 32 64 128
HSS Iter 276 595 - -
(a=10)
CPU 1.1183 11.7187 - -
RES 9.7¢ — 07 9.9¢ — 07 - -
DPSS Iter 25 39 74 139
(x=10)
CPU 0.0921 0.8323 8.0476 76.2899
RES 5.3¢ — 08 9.7¢ — 07 9.5¢ — 07 9.6¢ — 07
1B Iter 22 38 70 130
(@=10,=0.001)
CPU 0.0835 0.8254 7.7649 73.0925
RES 5.5¢—7 9.2¢ — 07 9.9¢ — 07 9.7¢ — 07

Eigenvalue distributions of the original matrix ¢, HSS preconditioned matrix
3”;1}93,;27 , DPSS preconditioned matrix &7 Lo , and new preconditioned matrix
5”1_3152% forM = 51,2,M =501, and M = 701> are displayed in Figs. 2, 3, and
4. In these figures, we only test « = 0.1, § = 0.001. Numerical results with differ-
ent o and B are listed in Tables 2, 3, 4, and 5. The conclusion obtained from these
figures and tables is similar to that of Example 5.1. The performance of the IB pre-
conditioned GMRES(30) is better than that of its two counterparts. Furthermore, we
can also observe that the iteration steps of the GMRES(30) are stable with the inertia
matrix M for the new preconditioner &, p.

Example 5.3 We consider the following complex symmetric linear system [6, 19]

[(K— (3 —V3)&?l,2) +i(K+ 3+ 3)72L)lx =b,

Table 8 Iter, CPU, and RES for the preconditioned GMRES(30) method in Example 5.3 with ¢ =
100, 8 = 0.001

Preconditioner m 16 32 64 128
HSS Iter 49 139 318 -

(2=100)
CPU 0.2062 2.7704 32.9252 -
RES 1.0e — 06 9.9¢ — 07 9.9¢ — 07 -

(]a)fls()ﬁ) Iter 13 26 43 71
CPU 0.0530 0.5359 4.5402 39.6449
RES 9.9¢ — 08 7.2e — 07 9.7¢ — 07 9.6e — 07

(a:mo?,]?:oom) Iter 13 24 38 66
CPU 0.0431 0.4687 3.1354 34.2463
RES 4.2¢ —17 6.7¢ — 07 9.5¢ — 07 9.4e — 07
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Table 9 Iter, CPU, and RES for the preconditioned GMRES(30) method in Example 5.3 with ¢ =
1000, B = 0.001

Preconditioner m 16 32 64 128
HSS Tter 11 20 42 -
(a=1000)
CPU 0.0530 0.4319 4.4682 -
RES 4.4e —07 7.9¢ — 07 8.9¢ — 07 -
DPSS Tter 12 15 23 37
(a=1000)
CPU 0.0473 0.2995 24310 21.5431
RES 5.3¢ — 08 4.4e — 07 7.2¢ — 07 7.8¢ — 07
(a=100(},Bﬂ=0.001) Iter 9 13 21 35
CPU 0.0356 0.2691 1.2315 12.5431
RES 1.8¢ =7 6.7¢ — 07 9.5¢ — 07 9.1e — 07

where K=1,QV, + V@ I, o =107, T =21, h = m+_l,N=m2ande =
h_ztridiag(—l, 2, —1) € R™™ ig a tridiagonal matrix. We choose the symmetric
indefinite matrix W = K—(3—+/3)w? I,,» and the symmetric positive definite matrix

T =K+ 3+ 3)&?L,0.

Figure 5 shows the eigenvalue distributions of the original matrix <7, the HSS pre-
conditioned matrix & g ¢ and the preconditioned matrices & o7 and @1_31425/
with m = 32, « = 100, and 8 = 0.001. Numerical results for different ¢, 8, and m
are listed in Tables 6, 7, 8, and 9.

From Tables 6, 7, 8, and 9, we can see that the HSS preconditioned GMRES(30)
sometimes does not converge for m > 64, and the IB preconditioner returns better
numerical results than the HSS and DPSS preconditioners in terms of the iteration
steps, CPU time, and relative residual error. Moreover, we also find the numerical
results for the IB preconditioner &?;p in Table 9 (when ¢« = 1000, 8 = 0.001)
are much better than the other cases. This result echoes the conclusion obtained in
Section 2 that when @« — oo and 8 — 0, the preconditioner £ p is much closer
to the coefficient matrix .o, then the rate of convergence will be rapid, i.e., the
GMRES(30) will terminate within a small number of steps.

6 Conclusion

To solve a class of complex symmetric indefinite linear systems, an improved block
splitting preconditioner is proposed in this paper. By adopting two iteration param-
eters and the relaxation technique, the new preconditioner not only remains the
same computational cost with the block preconditioner but also is much closer to
the original coefficient matrix. Theoretical analysis proves that the corresponding
iteration method is convergent under suitable conditions and the preconditioned
matrix has a well-clustered eigenvalue distribution with a reasonable choice of the
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relaxation parameters. Numerical experiments are presented to illustrate the pre-
sented preconditioner is competitive with other existing block preconditioners.
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