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Abstract

We study theoretical properties of two inexact Hermitian/skew-Hermitian splitting (IHSS) iteration meth-
ods for the large sparse non-Hermitian positive definite system of linear equations. In the inner iteration
processes, we employ the conjugate gradient (CG) method to solve the linear systems associated with
the Hermitian part, and the Lanczos or conjugate gradient for normal equations (CGNE) method to solve
the linear systems associated with the skew-Hermitian part, respectively, resulting in IHSS(CG, Lanczos)
and IHSS(CG, CGNE) iteration methods, correspondingly. Theoretical analyses show that both IHSS(CG,
Lanczos) and IHSS(CG, CGNE) converge unconditionally to the exact solution of the non-Hermitian positive
definite linear system. Moreover, their contraction factors and asymptotic convergence rates are dominantly
dependent on the spectrum of the Hermitian part, but are less dependent on the spectrum of the skew-
Hermitian part, and are independent of the eigenvectors of the matrices involved. Optimal choices of the
inner iteration steps in the IHSS(CG, Lanczos) and IHSS(CG, CGNE) iterations are discussed in detail by
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considering both global convergence speed and overall computation workload, and computational efficien-
cies of both inexact iterations are analyzed and compared deliberately.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

We consider the solution of large sparse system of linear equations
Ax =b, A e C"" non-singular, and x, b € C", (1.1

where A is anon-Hermitian and positive definite matrix. Because the coefficient matrix A naturally
possesses a Hermitian/skew-Hermitian (HS) splitting [12,18,14,17] A = H + S, with

1 i 1 i}
H=2(A+A" and S=_(A-A%.

Baietal. [5] recently presented the following Hermitian/skew-Hermitian splitting (HSS) method to
iteratively compute a reliable and accurate approximate solution for the system of linear equations

(1.1):

The HSS iteration method. Given an initial guess x@ Fork=0,1,2,...until {x(k)}
converges, Compute

k+%) _ — e ®
:(a1+H)x D = (af — $)x® +b, 12

(@l + )x*tD = (@ — Hyx*+D) 4 p,
where o is a given positive constant.

The HSS iteration (1.2) converges unconditionally to the exact solution of the system of linear
equations (1.1), and the upper bounds of its contraction factor in a special weighted norm and its
asymptotic convergence rate are only dependent on the spectrum of the Hermitian part H, but
are independent of the spectrum of the skew-Hermitian part S as well as the eigenvectors of the
matrices H, S and A. In addition, the optimal value of the parameter o can be determined by the
lower and the upper eigenvalue bounds of the matrix H.

To invert the matrices o/ + H and al + S efficiently at each step of the HSS iteration in
actual implementations, Bai et al. [5] further proposed to solve the linear systems with coefficient
matrices o/ + H and o/ 4 S inexactly by iterative methods, e.g., solving the linear systems with
coefficient matrix «/ + H by the conjugate gradient (CG) method [15] and those with coefficient
matrix o/ + S by the Lanczos [12,18] or the conjugate gradient for normal equations (CGNE)
method [15], to some prescribed accuracies, and obtained two special but quite practical inexact
Hermitian/skew-Hermitian splitting (IHSS) iterations, briefly called as IHSS(CG, Lanczos) and
IHSS(CG, CGNE), respectively. See [1,9,7] for a similar approach.

The main aim of this paper is to study the convergence properties of both IHSS(CG, Lanczos)
and THSS(CG, CGNE) in depth and investigate the optimal numbers of inner iteration steps
in detail by considering both global convergence speed and overall computation workload. In
particular, we show that the asymptotic convergence rates of IHSS(CG, Lanczos) and IHSS(CG,
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CGNE) are essentially the same. In addition, the convergence rates of IHSS(CG, Lanczos) and
IHSS(CG, CGNE) tend to the convergence rate of HSS when the tolerances of the inner iterations
tend to zero as the outer iterations increase. We also investigate their computational efficiencies
of IHSS(CG, Lanczos) and IHSS(CG, CGNE). We find that they are quite comparable.

The organization of this paper is as follows. In Section 2, we establish IHSS(CG, Lanczos)
and IHSS(CG, CGNE) iterations. In Section 3, we review some useful lemmas. In Section 4, we
study their convergence properties. Their computational efficiencies are analyzed and compared
in Section 5, and numerical results for IHSS iterations are given in Section 6. Finally, in Section
7 we draw a brief conclusion and some remarks. In Appendix, we give the proofs of the theorems
presented in Section 4.

2. The IHSS iterations

The two-half steps at each HSS iterate require exact inverses of the n-by-n matrices ¢/ + H and
al + S.However, this may be very costly and impractical in actual implementations. To overcome
this disadvantage and further improve efficiency of the HSS iteration, we can solve the resulting
two sub-problems iteratively. More specifically, we may employ CG to solve the system of linear
equations with coefficient matrix o/ + H and some Krylov subspace method such as Lanczos or
CGNE to solve the system of linear equations with coefficient matrix o/ + S to some prescribed
accuracies at each step of the HSS iteration.? This results in the inexact Hermitian/skew-Hermitian
splitting (IHSS) iterations based on CG and Lanczos (IHSS(CG, Lanczos)), or based on CG and
CGNE (IHSS(CG, CGNE)), for solving the system of linear equations (1.1).

The tolerances (or numbers of inner iteration steps) for CG and Lanczos (or CGNE) may be
different and changed according to the outer iterate. Therefore, the resulted IHSS iterations are
actually two non-stationary iterative methods for solving the system of linear equations (1.1).
Moreover, when the tolerances of the inner iterations tend to zero as the outer iterations increase,
the asymptotic convergence rates of the IHSS iterations approach that of the HSS iteration.

2.1. IHSS(CG, Lanczos)

For the IHSS(CG, Lanczos) iteration, employing the CG to solve linear systems with coefficient
matrix o/ + H is quite natural, because o/ + H is Hermitian positive definite. For iteration solv-
ers for the linear systems with the coefficient matrix o/ + S, we can choose the Lanczos method
studied in [12,18]; it has a three-term recurrence form which has an unconditional convergence
property, and a comparable computation workload to that of CG.

The IHSS(CG, Lanczos) iteration method. Input an initial guess x©, the stopping
tolerancee¢ for the outer iteration,the largest admissible number kpmax of the
outer iteration steps, two stopping tolerances &; and &4, for the inner CG
and the inner Lanczos iterations, and two positive integer sequences {ui}
and {v} of the largest admissible inner CG and inner Lanczos iteration
steps, respectively.

1. k:=0.
2.r® =p — Ax® and g = |rP 3.

3 aI + H and af + S are called shifted Hermitian and shifted skew-Hermitian matrices, respectively.
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3. if . /pr < €||bll2 or k > kmax then goto 10.
4. call cg(H, a, r®, Pk» Mk» Ecgs y(”k)).
5. x D) = x® 4 G,
6. r(k+%) — ay(/tk) _ Sy(ltk) and Py L= ||r(k+%)||%.
7. call Lanczos (S, o, r&+2), Prad Ve Elan, 7).
8. x kD) — Ukt 4 ),
9.Setk:=k+1and goto 2.
10. Set x := x® and output x.
subroutine cg(H, o, 1, p, [, Ecg, ¥) subroutine Lanczos(S, o, r, o, V, €1an, y)
l.y:=0,p0:=pand £ :=0 l.Ly=w:=0,pp:=pand {:=0
2.1if pggaggpo orl > pu 2.if pggslzan,oo orf >v
then output y then output y
else else
(a)if £ =0thenv=r (a)if £ =0thenw=1
else else
— R
‘B_P and v :=r+ fv ﬁ_/)51and — w+pB
(b)u)—ozv—l—Hv ) w:= ar—(l—a))w
() o= £5 ()u =aw+ Sw
(d)y:=y+owv (dy=y+tw
(e)r:=r—ow e)r:=r—u
() per1 = 1713 (£) per1 = 1713
@t:=0+1 @l:=0+1
Subroutine of CG iteration for Subroutine of Lanczos iteration for
the linear system (ol + H)y =r the linear system (el + S)y=r

Assume that x (H) and y (S) are the flops required to compute the matrix-vector products Hy
and Sy, respectively, for a given vector y € C". Then straightforward computations show that each
step of the CG and the Lanczos iterations requires x (H) 4+ 12n and x (S) + 9n + 4 flops, respec-
tively, and each step of the IHSS(CG, Lanczos) iteration requires another x (H) + 2x (S) + 7n
flops besides the amount of operations of the cg and the Lanczos subroutines. Therefore, the
total workload at each step of the IHSS(CG, Lanczos) iteration is

(X (H) +12n) + v (x () +9n +4) + x (H) +2x(S) +7Tn

flops. If we assume that each row of the matrices H and S has at most 7;, and 73 non-zero entries,
respectively, then x (H) = 2ty — )n, x(S) = 2ty — 1)n, and the total workload at each step
of the IHSS(CG, Lanczos) iteration is therefore

W (th, T, ik, Vi) = Qrp + 1Dnpg + (2t + 8)n + 4]ve + 21y + 41, + 4)n.

Because in many applications (e.g., discretization matrices from partial differential equations) we
have T = 15, = 75 + 1, it immediately follows that

W(tv //Lk,Vk) = W(Ihsfsv Mk,Vk) (2 l)
= Qt+ 1Dnur +2[(r + 3)n + 2]y + 67n. ’



Z.-Z. Bai et al. / Linear Algebra and its Applications 428 (2008) 413—440 417
2.2. IHSS(CG, CGNE)

Besides the Lanczos method, we can also solve the sub-systems of linear equations with
coefficient matrix oo/ + S by other Krylov subspace methods such as CGNE [15] at each step of
the IHSS iterate. Like Lanczos, CGNE also has a three-term recurrence form, an unconditional
and monotonical convergence property, and a comparable computer storage and computation
workload to that of CG.

The THSS(CG, CGNE) iteration method. Input an initial guess x?), the stopping
toleranceefor the outer iteration,the largest admissible number kpy,y of the
outer iteration steps, two stopping tolerances & and &cgne for the inner CG
and the inner CGNE iteratioms, and two positive integer sequences {1}
and {vx} of the largest admissible inner CG and inner CGNE iteration steps,
respectively.

1. k:=0.
2.r® =p — Ax® and o = |rP 3.
3.1if . /pr < ¢||b|l2 or k > kpax then goto 10.
4' Call Cg(Hs a? r(k)s pks Mk? chs y(“k))'
5. xk+2) = x (O 40
6. r*k+3) = gyl _ gy(o and g, ,) = ||r(’<+%)||2.
7. call cgne(S, «, pkt) s Py s Vks Ecgnes 7).
8. x4 — D) 4 o
9.S8et k:=k+ 1and goto 2.
10. Set x := x® and output x.
subroutine cg(H, o, 7, p, i, &cg, y) subroutine cgne(S, o, 7, p, v, &cgne, ¥)

1.y:=0,p0:=pand ?:=0 1.y:=0,p0:=pand {:=0

2.if pp < sgg,oo orl > u 2.if pp < efgne,oo orf >v
then output y then outputy
else else
(a)if £ =0thenv =r (a)if £ =0thenv =r

else else
/3— andv—r—i—ﬂv ,3— and v :=r + Bv

(b)w—cxv—i—HU (b)w:otzv—S2
(©)w= £ () w= £
(d)y—y+wv dy:=y+owv
(e)r:=r—ow e)r:=r—ow
(£) per1 = 713 (£) per1 = 73
(gl:=0+1 gt:=0+1

Subroutine of CG iteration for Subroutine of CGNE iteration for

the linear system (@l + H)y=r the linear system (¢l + S)y=r

After straightforward computations we know that each step of the CG and the CGNE iterations
requires x (H) + 12n and 2x(S) + 14n + 1 flops, respectively, and each step of the IHSS(CG,
CGNE) iteration requires another x (H) 4+ 2x (S) + 7n flops besides the amount of operations
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of the cg and the cgne subroutines. Therefore, the total workload at each step of the IHSS(CG,
CGNE) iteration is

wie(x(H) +12n) + v Ry (S) +14n+ 1) + x(H) +2x(S) + 7n

flops. If we assume that each row of the matrices H and § has at most 7;, and t; non-zero entries,
respectively, then x (H) = 2t — Dn, x(S) = 2ty — 1)n, and the total workload at each step
of the IHSS(CG, CGNE) iteration is thereby

W, (th, Ts, i, Vi) = Qty + 1 Dnug + [dty + 14)n — vy + Q1 + 415 + 4)n.

When t = 15, = 73 + 1, it immediately follows that

Wo(fa /‘Lkv Uk) = WO(Thﬂ TSa I’Lkv Vk)
= 2t + 1Dnur +4[(t +2)n + 1]v; + 67n. 2.2)

In general, we could assume that the matrices H and S have the same sparsity as the matrix
A so that simpler formulas about the workloads W (ty,, T, ik, vi) and W, (T, Ts, Uk, Vk) can be
obtained, but this may be not always the case. For example, for a Hessenberg-type matrix A, the
numbers of the non-zero entries in H and S may be considerably different from that in A. So,
a more realistic assumption on the numbers of non-zero entries for the matrices involved in the
THSS iteration methods may be the one imposed on the matrices H and S rather than on the matrix
A itself, just as what we have done in the above.

It should be mentioned that if good preconditioners to the matrices o/ + H and o/ + S are
cheaply obtainable, we can employ the preconditioned conjugate gradient method and the precon-
ditioned Lanczos method (or the preconditioned conjugate gradient for normal equation method)
instead of CG and Lanczos (or CGNE) at each of the iteration steps so that the computational
efficiency of IHSS(CG, Lanczos) (or IHSS(CG, CGNE)) may be considerably improved.

3. Basic lemmas

For the positive definite matrix A € C*™*", let H = %(A 4+ A*) and S = %(A — A¥) be its
Hermitian and skew-Hermitian parts, respectively; represent the lower and the upper bounds of
the eigenvalues of the matrix H by y;, — pp and y;, + pn, and the upper bound of the absolute
values of the eigenvalues of the matrix S by p;. We note that the lower bound of the absolute
values of the eigenvalues of the matrix S is 0, and it always holds that y;, > pj,. Define

2
Kp = M and «ps =1+ 2,0s 7
Yh — Ph Vi — P},

If « is a positive constant, then both matrices ol + H and oI + S are non-singular. In this
situation, we can define a vector norm ||| x||| = ||(@l + S)x|l2» (Vx € C"), which naturally induces
the matrix norm ||| X ||| = (eI + $)X (I + S)"!» (VX € C™™).

Since S is skew-Hermitian, it holds that

lad = Sl = llel + Sll2 and (@l =)'l = ll(al + )" [l2.

Moreover, it follows from

Al + H)™' = [(al + H) — (aI — $)](al + H)™!
=1—(al —S)(al + H)™!,

Al + 87" =[(al +8) — (oI — H)|(al + 5)7!
=1—(al — H)(al +5)7!
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that

{IIA(OtI +H) o <1+ llad = Slali@l + H)™ 2,
Al + )72 <1+ llad = H2ll(@l + 57 2.

The following lemma summarizes the convergence property of the HSS iteration.
Lemma 3.1 [5]. Let A € C"*" be a positive definite matrix and a be a positive constant. Then
the iterative sequence {x®} generated by the HSS iteration can be equivalently expressed as
%D = M@)x® + G)b, k=0,1,2,...,
where
M) = (el + ) " (al — H)(al + H) (I — S)
and
G(a) =2a(al +8) (I + H)™".
Moreover, it holds that
o —A

M@l < Il + H) Nl — H)|l2 < max
o+ A

Yh—PhSALYh+0n

o —A [ 5
oH—)»H_ Yie T Pir

'EO’(O{) < 1.

In particular, if

a* = argmin max
& |\ Y= Pr<ASYR+oh

then

o(a®)

_VmEei == _ | 1_(ph>2

vt eV —on on Vi

The following three lemmas describe convergence properties of CG, Lanczos and CGNE,
respectively, which are essential for us to establish convergence theorems for IHSS(CG, Lanczos)
and IHSS(CG, CGNE).

Lemma 3.2. Let H € C"*" be a Hermitian positive definite matrix, a be a positive constant, and
yH) be the pyth approximate solution generated by the uith step of CG iteration for solving the
Hermitian positive definite system of linear equations (al + H)y = b. Then y*® is of the form

Y = y* 4 pE (@l + H)(y O = y"),

where y* = (oI + H)7'b is the exact solution, y© is an initial guess, and p,i‘g,: is a polynomial
of degree less than or equal to i satisfying pff,z (0) = 1. Moreover, if

Rk
. Uk a+(ynt+pn) -1
on(at ) =2 <—VK(‘“+H)1> <o Vet 1
Vil +H)+1

[ at(yn+pn) ’
a+(yYh—pn) +1



420 Z.-Z. Bai et al. / Linear Algebra and its Applications 428 (2008) 413—440

then it holds that

Iy — y¥|la < an e, m)lly©@ — y*la,

where k (-) denotes the spectral condition number of the corresponding matrix.

Lemma 3.3 [18, 16]. Let S € C"*" be a skew-Hermitian matrix, a be a positive constant, and
vy be the vy.th approximate solution generated by the vith step of Lanczos iteration for solving
the non-singular system of linear equations (al + S)y = b. If

2%k
2/ + 11813 NE i
o a+,Ja? +ISI3

Yk
_ 2/a? + p2 <\/012—I—,052—01)L2J

h o a?+p2 +a

O (Ol’ Vk) =

then it holds that

Iy = 1l < o5 (@, v ly® = y*la,

where y* = (al + )~ b is the exact solution, y© is an initial guess, and | - | denotes the integer
part of the corresponding positive real.

Lemma 3.4 (See Lemma3.2). Let S € C"*" be a skew-Hermitian matrix, a be a positive constant,
and y“¥) be the vith approximate solution generated by the vith step of CGNE iteration for solving
the non-singular system of linear equations (oI + S)y = b. Then y“® is of the form

Y = y* 4 pE et — (Y =y,

where y* = (al + S)~'b is the exact solution, y©) is an initial guess, and pﬁf is a polynomial
of degree less than or equal to vy satisfying p,C,f (0) = 1. Moreover,

V(@2 —§2) -1 vk<2 Va4 p? —a *
Je@ll —sH+1) o2+ pl+a)

At the end of this section, we list some useful estimates related to the matrices o/ &= H and
al £ S in the following lemma.

|m$w%—s%m<z< 3.1)

Lemma 3.5. Ler H € C"*" be a Hermitian positive definite matrix, S € C"*" be a skew-
Hermitian matrix, and o be a positive constant. Then

1 1 1
nm1+Hrﬂb=mw{ : }: ,
a+ (ypn—pn) o+ (yn+ pon) o+ (yn — pn)
(@l + )72 =ma : : :
o 2= X T T =
o \Ja?+ p? o

lal — Hll2 = max {|la — (yn — o), le = (v + o)},

|l — S| = max {a, \/az + pg} = \/az + p2.
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Therefore,

Va2 + p?

en(@)=llal — Slhali(el + H) ' < Y2,
a+ (yn — pn)

_ 1
cs(@)=llal — Hlall(@l + 87"l < o max{ler = (yn = pw)l: lor = (vn + on)l}-

In particular, when o« = o™ = / Vh2 - pi, it holds that

N KhKh,s
cpla™) < X—— and c;(a®) < Jrp — 1.
h( ) S M"‘l s( ) X h

Proof. The equalities and inequalities follow from straightforward computations. [

4. Convergence analyses

Based on Lemmas 3.2-3.5, we can demonstrate the convergence theorems for IHSS(CG,
Lanczos) and IHSS(CG, CGNE). The proofs of the theorems in this section can be found in
Appendix.

4.1. Convergence of IHSS(CG, Lanczos)
The following theorem describes the convergence of IHSS(CG, Lanczos).

Theorem 4.1. Let A € C"*" be a positive definite matrix, H = $(A + A*) and S = $(A — A*)
be its Hermitian and skew-Hermitian parts, respectively, and o be a positive constant. Let {11}
and {vy} be two sequences of positive integers. If the iterative sequence {x®)} is generated by the
IHSS(CG, Lanczos) iteration from an initial guess x© then it holds that

[ ®FD — ¥ < (0 (@) + €@, i, vi) 16 ® — x*|1,

where x* € C" is the exact solution of the system of linear equations (1.1),

(o, pk, vie) = cp(@) (1 + cs (@) [(1 + ¢ (@))on(a, pi)os (@, vi)
+es(e)on (e, i) + o5 (e, vi)]
with o (&), op(et, pk) and os(a, vi) being defined as in Lemmas 3.1-3.3, respectively. Therefore,
if there exists a non-negative constant o™ () € [0, 1) such that
o (a) + €(ar, e, ve) < o™ (@), k=0,1,2,...,

then the iterative sequence {x®} converges to x* € C" with a convergence factor being at most
ihss
" ().

Theorem 4.1 presents an estimate for the contraction factor of the IHSS(CG, Lanczos) iteration.
Moreover, we can take o = a™, the optimal parameter determined in Lemma 3.1, to further
minimize the contraction factor and, consequently, accelerate the convergence speed of IHSS(CG,
Lanczos). More precisely, we have the following theorem.
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Theorem 4.2. Let A € C"*" be a positive definite matrix, H = %(A + A®)and S = %(A — A%)
be its Hermitian and skew-Hermitian parts, respectively, and o = a* = ,/yhz — ,0}21. Let {ui}
and {v} be two sequences of positive integers. If the iterative sequence {x®} is generated by the
IHSS(CG, Lanczos) iteration from an initial guess x O then it holds that

JKen — 1
[ EFD — ) < ( + €n.s (ks vk)) [ ® — x*1,

Vin +1
where
_2Kh\/% e — L\ s — 1
Gh,s(ﬂk,vk)——ﬂ_’_l [(«/"_—1)<—m+1) + Jxn (Jrs+1>

Therefore, if {iur} and {vi} are chosen such that

2
€ )< —, k=0,1,2,...,
n,s (k> Vi) NS
there exists a non-negative constant '™ (a*) € [0, 1) such that
D — )] < o™ @)1 ® —x*)ll, k=0,1,2,...,

and consequently, the iterative sequence {x®)Y generated by IHSS(CG, Lanczos) with the optimal
parameter a* converges to the exact solution x* € C" of the system of linear equations (1.1).

Theorems 4.1 and 4.2 show that the contraction factor of the IHSS(CG, Lanczos) iteration is
bounded by

Vin =1 + €n,s (ks Vi) = Vi1 +2Kh«/m<\/x_h_ 1) (m_ 1)M
JEn 41 Jin+1 Vo + 1)\ i +1
2kpkn,s [ NKns — 1 1F)
+m+1(¢m+1>
ducn Rk (i — 1\ (s — 1\ 12
+ Jen +1 (;4//<_+1) (m+1) ’

Jrn—1

whose dominant term NS is approximately equal to the contraction factor of CG applied

to the system of linear equations Hy = b. To make €, s (ux, vi) approach to zero quickly and
economically with increasing of ux and vg, we should choose the inner CG iteration step ¢ and
the inner Lanczos iteration step vy at the kth outer iterate such that the two factors

i — 1\ [ kg — 1\ 2 ks — 1\ L7
o () (1) e 2 (22
kn + 1 Yy + 1 kn + 1 Kns +1

approach to zero with comparable speeds. This could be achieved by letting

(Vkn — )(\4/*/;;1) =W<g—:i>m
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or in other words,

2_1n(M‘_‘)+Mk1n< W")—

for v; even,

Vg = - . - 4.1)
2 1n(M‘_‘)+Mk1n< W")
+ 1, for v; odd.

In this situation, the contributions from the inner CG and the inner Lanczos processes to the kth
outer IHSS(CG, Lanczos) iterate are well balanced, and it holds that

€n.s (k. k) =4Kh~/%(m_ 1) [(m_ 1>M +\/_<\4/K_h 1>2Mk}

JVkn+1 Yen +1 Yien + 1
and
2

Jrn — 1 JKenp — 1 Yy, — 1

-~ 2 . 4.2

Rt + €n,s (Ui, V&) < \/_+ ] 1+ 2kn4/Kn,s \/_—i— 7 4.2)
If uy is chosen so that

% — 1)\ infrzolkl
K]14/Kh,_y (W =C, (43)

with
1 [Jrn+1
R T (4.4)
2 JKep — 1

or in other words,

In (=)
SRE=)y

(4.5)

then we have

‘k+l>—x*|||<<2c+1>2f”+1|||x<k>—x*|||, k=0,1,2,....

The above analysis is summarized in the following theorem.

I1x

Theorem 4.3. Let A € C"*" be a positive definite matrix, H = %(A + A¥and S = %(A — A%)

be its Hermitian and skew-Hermitian parts, respectively, and o« = a* = ,/ yhz — ,0;21. Let {u} and

{vr} be two sequences of positive integers salisfying (4.1) and (4.5). Then the IHSS(CG, Lanczos)
iteration converges to the exact solution x* € C" of the system of linear equations (1.1), with the

convergence factor being less than (2¢ + 1)? \/*/: g where c is defined by (4.3) and satisfies (4.4).

Moreover, if lim yuy = lim vy = 400, then the asymptotic convergence factor of the IHSS(CG,

Lanczos) iteration tends to o (a™*) = f +1 of that of the HSS iteration.

In the HSS iteration (1.2), if the system of linear equations with coefficient matrix o/ + S
at its second-half step could be solved exactly by a direct method (see [15]), and the system of
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linear equations with coefficient matrix oo/ 4+ H at its first-half step is being solved inexactly by
conjugate gradient method, we can get a partially inexact Hermitian/skew-Hermitian splitting
(PIHSS) iteration method, which has the convergence behaviour

- Vi — 1
N ® D — ) < @0+ DY) ® —x*))), k=0,1,2,...,
JKen +1

where the constant

- (‘/_h_] infrso{nx}
=V

1
Jrn—1"°

and satisfies ¢ <

Note that ¢ < ¢ holds in general.

4.2. Convergence of IHSS(CG, CGNE)
The following theorem describes a tight expression for IHSS(CG, CGNE).

Theorem 4.4. Let A € C"*" be a positive definite matrix, H = %(A + A*)and S = %(A — A%)
be its Hermitian and skew-Hermitian parts, respectively, and o be a positive constant. Let {}
and {v} be two sequences of positive integers. If the iterative sequence {x®} is generated by the
IHSS(CG, CGNE) iteration from an initial guess x), then it is of the form

x®FD = x4 M (@, e, v (x® = 1), (4.6)

where

M (o, pg, vi) = M(a) + E(a, fg, Vi), 4.7

E(a, e, vi) = (el + 8) " Nal — H)p,2 (el + H)(al + H)™'A
+pS (@21 — %)l + 8) " Al + H) '@l — §)
+ e8Pl — SP) (@l + $) 7 ApE (@l + H)(al + H)'A, (4.8)

and M () is defined by (3.1).

According to Theorem 4.4, the iteration matrix M («, ug, vk) of IHSS(CG, CGNE) is a cor-
rection of the iteration matrix M («) of HSS by the correction term E(«, pg, vk). The following

result about the relationship between the iteration matrix M («, (g, vx) and the coefficient matrix
A holds.

Theorem 4.5. Let A € C"*" be a positive definite matrix, H = %(A + A% and § = %(A — A%)
be its Hermitian and skew-Hermitian parts, respectively, and o be a positive constant. Let {i}
and {v} be two sequences of positive integers and M (o, i, Vi) be the kth iteration matrix of
IHSS (CG, CGNE) defined in Theorem 4.4. Then

M(av Mk, Vk) =1I- G(av Mk, Vk)A, (49)

where

G(a, i, vi) =G (@) — (I + )" (al — H)pE (al + H)(al + H)™!

Mk
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—(al + 87 pEe?l — S*)(al — S)(al + H)™!

— (@I + 8) 7' pE®l — SHApSE (el + H)(al + H) ™, (4.10)
and the matrix G («) is defined by (3.1). Moreover, the matrix G (o, |4k, Vi) is non-singular if and
only if 2« is not an eigenvalue of the matrix

Fla, e, vi) = (el — H)pSE (] + H) + pS(@’l — $*)(al — S)

+ pE @l — SHApSE (al + H).

Next, we analyze the contraction factor (in the ||| - [||-norm) for the iteration matrices
M (o, pi, vi) (k=0,1,2,...) and, therefore, establish convergence theorem for the IHSS(CG,
CGNE) iteration.

Theorem 4.6. Let A € C"*" be a positive definite matrix, H = %(A 4+ A*)and S = %(A — A%)
be its Hermitian and skew-Hermitian parts, respectively, and « be a positive constant. Let {ix}
and {v} be two sequences of positive integers, and M («, W, vi) be the kth iteration matrix of
the IHSS(CG, CGNE) iteration defined in Theorem 4.4. Then

M (o, pek, vi)lll < o (o) + €(e, pi, Vi),

where o () is the contraction factor of the HSS iteration defined in Lemma 3.1, and the correction
error

e(a, i vi) = 0 (@) (1 + c5 @)1 pE (@l + H)ll2 + (1 + cr(@) | pE@*1 — $H)l12
+ (14 cn@) (1 + eg @) pE (el + H) 2| pSE (@1 — P2

Therefore, if there exists a non-negative constant o™ () € [0, 1) such that
(@) + €@, p, ) < oM@, k=0,1,2,...,

then the iterative sequence {x(k) } generated by the IHSS(CG, CGNE) iteration from an initial
guess xO converges to the exact solution x* € C" of the system of linear equations (1.1), with
the convergence factor being at most oS (a).

Theorem 4.6 presents an upper bound for the contraction factor of the IHSS(CG, CGNE)
iteration. Moreover, when the eigenvalue bounds of both Hermitian part H and skew-Hermitian
part S of the matrix A are available, we can use the optimal parameter o* determined in Lemma
3.1 to improve the contraction factor and, consequently, accelerate the convergence speed of
IHSS(CG, CGNE). More precisely, we have the following theorem.

Theorem 4.7. Let A € C"*" be a positive definite matrix, H = %(A + A*)and S = %(A — A%)
be its Hermitian and skew-Hermitian parts, respectively, and a be a positive constant. Then,

when a = o* = ,/yh2 - ,0,%, we have
e — 1 4 1\ M
e(@”, i, vi) < 2/kn ( il ) < i )
Jrn + 1 Hep + 1
+2 <1 N ./Khlfh,s) (./Kh,s - 1>v"
JKkn + 1 JEns +1
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+4¢K—(1+ v”h“fw) (m— 1)’“ (J_h - 1>”k
"M a1 a1 ins + 1

=ep s (Uk, Vi)

and

\/_
Jin +1
where i and vi are the inner CG and the inner CGNE iteration steps at the kth outer iterate of
the IHSS(CG, CGNE) iteration, respectively. Therefore, if {x} and {v} are chosen such that

1M (e, p, violll < +€h s (Wi, Vi),

2
ens(uk, k) < ——, k=0,1,2,...,

Jkn+ 1’

there exists a non-negative constant o™ (a*) € [0, 1) such that
WM @*, pe volll < o™@®), k=0,1,2,...,

and consequently, the iterative sequence {x®©} generated by the IHSS(CG, CGNE) iteration with
the optimal parameter o* from an initial guess x©) converges to the unique solution x* € C" of
the system of linear equations (1.1).

From Theorems 4.6 and 4.7, we know that the contraction factor of the IHSS(CG, CGNE)
iteration is bounded by

e A = 1 (4R = 1V
WJFE’”(“"’W‘) \/_+1Jr “/_<M+1)<m+1>

+2(1+ “/m) (M—l)”k

JKen +1 [Kn,s + 1
AR (1 N «/Kh/(h,s> <«4/Kh — l)”k <«/Kh,s - 1>”k
Jrn 41 e + 1 [kns + 1 ’

where the first term is the contraction factor of the HSS iteration, the second and the third terms
are the contraction factors of the inner CG and the inner CGNE iterations, respectively, and the
last term is a higher-order error due to the inexactness of the iteration, at the kth outer iterate

of IHSS(CG, CGNE). Evidently, the best possible case of |||M (a*, w, vi)ll| is ﬁ%—l , which
is approximately equal to the contraction factor of CG applied to the system of linear equations
Hy = b. To make €, s (1tk, vi) approach to zero quickly with increasing of p; and vg, we should
suitably choose the inner CG iteration step py and the inner CGNE iteration step vy at the kth

outer iterate such that the two factors
-1 Y — 1\ Knk Kns — 1\
AEED () ()
V1) \ v+ Ve + 1) \ s + 1

approach to zero with comparable speeds. Therefore, it is reasonable for us to choose i and v
such that

A (EE) (- R
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or in other words,

in (e (Ya)) + i (F57)
Uk = ln (m_l) . ( . )

«/Kh,x+1

In this situation, the contributions from the inner CG and the inner CGNE processes to the kth
outer iterate of IHSS(CG, CGNE) are well balanced, and it holds that

“f(f)(f)(fﬂf)

Jrn+ 1 Hep + 1 Jrn 41 Y +1
and
Jkn — 1 Yicn — 1 2
1M (@, pe, violll < 142y (L . (4.12)
VKn + S+ 1 J—+ 1
If g is chosen so that
“icn — 1 infyoo{pi}
K (m) =C (413)
with
1 1
c<§< —V"”l_l), (4.14)
JKn —
or in other words,
In (L)
NG
Mk = W, (4.15)
“(WH)
then we have
M (o™, g, v < Q2c+ 2K < 1.
M (a™, i, violll < ( )f+1

Therefore, it follows from (4.6) that

(k1) < Qe 12 YR |||x<’<>—x*|||, k=0,1,2,....

f+1

The above analysis is summarized in the following theorem.

I1x - XMl <

Theorem 4.8. Let A € C"*" be a positive definite matrix, H = %(A + A% and S = %(A — A%)

be its Hermitian and skew-Hermitian parts, respectively, and a = a* = 1/J/h2 - p,%. Let {ur}
and {vi} be two sequences of positive integers satisfying (4.11) and (4.15). Then the IHSS(CG,
CGNE) iteration converges to the exact solution x* € C" of the system of linear equations (1.1),
f+1’ where c is defined by (4.13) and
satisfies (4.14). Moreover, if lim p; = lim vy = 400, then the asymptotic convergence factor of

the IHSS(CG, CGNE) iteration tends to o (a*) = “/;_H of that of the HSS iteration.

with the convergence factor being less than (2c + 1)2




428 Z.-Z. Bai et al. / Linear Algebra and its Applications 428 (2008) 413—440

At the end of this section, we remark that the number of inner iteration steps i can be
optimized according to the computing efficiency of the IHSS iterations. When such a nearly
optimal pj is obtained, the nearly optimal v; can be determined by (4.1) for the IHSS(CG,
Lanczos) iteration and by (4.11) for the IHSS(CG, CGNE) iteration, respectively. This makes both
IHSS(CG, Lanczos) and IHSS(CG, CGNE) can achieve their maximum computing efficiencies.
See [1,7] and references therein for analogous analyses.

5. Efficiency analyses

A simple calculation shows that the memory required for the THSS iterations is to store x®,
b, and five auxiliary vectors in the CG-type methods; see [9,1]. Moreover, it is possible for us
not to store the matrices H and S, as all we need is two subroutines that perform the matrix-
vector multiplications with respect to these two matrices. Therefore, the total amount of computer
memory required is ()(n), which has the same order of magnitude as the number of unknowns.

From the above convergence analyses we know that the workload of the Lanczos is one time less
than that of the CGNE, but its convergence speed is one time slower than that of CGNE, when they
are employed in the IHSS iteration to solve the system of linear equations with coefficient matrix
ol + S. Therefore, it is not obvious whether the IHSS(CG, Lanczos) iteration is comparable to the
IHSS(CG, CGNE) iteration from only their asymptotic convergence rates or their computational
workloads, although they possess almost the same contraction factor. A more reasonable and
objective standard for assessing and comparing the effectiveness of these two iterations may be
their computational efficiencies.

Without loss of generality, assume that each row of the matrices H and S has at most t and
T — 1 non-zero entries, respectively, and denote by

SN R SN ¥/ 2)
* e+’ o Nl 0 Vrkn(Rns+D+1° (5.1)
op = %_1 JEns—1 and 6 = In(op,) '

In(op,5) *

Vot Ohs T G

Then we know from (2.1) and (4.2) that the computational efficiency &(u) of the IHSS(CG,
Lanczos) iteration can be defined by

—In (0x[1 + 2kn /Kn 505 1)

E(w) = :
) = e T T + 2z + 3)n + 2w () + 62n
where
VG0 = W, for v(u) even,
Il(al%(a—m +1, forv(u)odd,

and from (2.2) and (4.12) that the computational efficiency &,(n) of the IHSS(CG, CGNE)
iteration can be defined by

—In (0u[1 + 2 /K0 1%)
2t + 1D)np + 4t + 2)nv,(n) + B8t + D’

Eo() =

where
In(8,0%) + p In(op)
In (on ,8 )
Here, we remark that the efficiency functions &(w) and &, () are well-defined under the restric-
tions

vo(u) =
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ol + 2knknsof 1* <1 and o[l +2knof' 1 <1, (5.2)

respectively.
To find positive integers w such that £ (1) and &, (1) are maximized, we can solve the non-linear
equations

4/<hmg;f In(oy,)
(14 2kn /i s0p) In(ox[1 + 265 /K 507, 17)
2t 4+ 1D)nlIn(oy,s) +40(r 4+ 3)n + 2] In(op)
" In(on, [T + 1D+ 2((t + 3)n + 2)v(u) + 6tn]

0=f(w=

(5.3)

and

4@0‘# In(op,)
(1 + 2 /kpoy) In(ox[1 + 2, /K50 17)
Q21 + 1D)nIn(op.s) + 4(x + 2)n In(op)
T In(on)[Q2T + 1Dnp 4 4(t 4 2)nv, () + (87 + D)’

0= folw) =

54)

respectively, e.g., by the Newton’s method iterating for several steps. Note that

f0)f(+00) <0 and  f5(0)fo(+00) <0,

we know that f(u) and f,(u) have positive roots which satisfy (5.2), respectively. Let u* and
W be the smallest ones of such roots of the functions f () and f,(u), correspondingly. Then we
have

4k /Kn 50}, In(on) In(op,s)

(I + 2ip /xcn 505, )21 + 1Dnln(oys) + 4((x + 3)n + 2) In(op)]
and
4 thuii In(oy) In(op )
Eo(uk) = — = V¥R, ul ) (5.6)
(1 + 2 /kpoy, )2t + 1D)nIn(op,s) + 4(t + 2)nIn(os)]
It then follows that
1 Mo
W) _ w-wy [ 2@ + oy 27 + 11 + (47 + 8)8 5
Eops) thjm +o ) \2r+ 11+ @t +12+ 89 ‘

2t + 11+ (47 + 8)0

~ A landn> 1
e+ 11+ @r 129 Ok > landn >

1 460 c T+2
B 2t + 11 +4(t + 3)0 743 )7

This implies that &(u*) > (%)@%(/Lj) in general, and &(u*) ~ &,(u}) when 6 is small.

Theorem 5.1. Let A € C"*" be a positive definite matrix, H = %(A + A*)and S = %(A — A%)

be its Hermitian and skew-Hermitian parts, respectively, and o = a* = ./ th - ,02.
(a) If {ur} and {vi} are, respectively, the sequences of inner CG and inner Lanczos iteration
steps of the IHSS(CG, Lanczos) iteration such that {uyx} = {u*} and {vy} = {v*}, where u* is the
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smallest positive root of the non-linear function f (i) in (5.3) satisfying o4 (1 4 2« /K, sa}/f*)z <
1 and

2(ln(00)+u ln(dh))
_ _ hs)
vE=vinh) = { 2niogrp 1n<<rh)>

In(op,s)

when v*(u*) is even,

+ 1, when v*(u*) is odd,

then the IHSS(CG, Lanczos) iteration converges to the exact solution x* € C" of the system of
linear equations (1.1), with the convergence factor being less than o, (1 + 2«y, MU;LL*)Z, and
with the computational efficiency & (™) being given by (5.5).

() If {ux} and {vi} are, respectively, the sequences of inner CG and inner CGNE iteration
steps of the IHSS(CG, CGNE) iteration such that {ux} = {}} and {vi} = {v}}, where /Lﬁ is the

smallest positive root of the non-linear function f, (1) in (5.4) satisfying o, (1 + 2./kp0y, ”)2

and
In Ven (Jrp+1) Ve —1 T u*In Yip—1
. o VAN e AW ES! Ho ™M\ w41
v, =v,(u,) = : ] ,
1 <m+1)
then the IHSS(CG, CGNE) iteration converges to the exact solution x* € C" of the system of

linear equations (1.1), with the convergence factor being less than o (1 + 2, /iy a“”)z and with
the computational efficiency &,(1}) being given by (5.6).

Furthermore, the efficiency &(u*) of IHSS(CG, Lanczos) is about 1 — Mﬁ% times as
much as the efficiency &,(u}) of IHSS(CG, CGNE) whenn > 1 and py, > 0. Here, the constants

O, 00, Oh, Oh.s, 0o and 0 are defined by (5.1).

In actual computations, we easily know the stopping tolerance ¢ and the corresponding CPU
time J (or 7 ,) required by the IHSS(CG, Lanczos) (or the IHSS(CG, CGNE)) iteration. There-
fore, we can define the average computational efficiencies & and 30 of IHSS(CG, Lanczos) and
IHSS(CG, CGNE) by

— In(g) — In(e)
éa = — d (5& - )
7 M =T

respectively, which are computable approximations to the asymptotic computational efficiencies
&(n) (or &(u*)) and &y (o) (or &»(})). In this sense, when 7 and 7, are available, we
can easily make comparison between the computational efficiencies of IHSS(CG, Lanczos) and
IHSS(CG, CGNE) iterations as Fﬁ = J;_” . See [2] for more discussions about the average and the
asymptotic computational efficiencies.

We remark that for specific linear systems arising from applications the quantities «p and kj, ¢
may be simply expressed in the orders of magnitudes with respect to certain problem parameters,
e.g., the discretization stepsize & and the mesh Reynolds number R, for a finite-difference matrix
of a partial differential equation. It then follows that the constant factors appearing in Theorems
4.2,4.3,4.7,4.8 and 5.1 can be intuitively expressed in the orders of magnitudes with respect to
those problem parameters. See [5].

6. A numerical example

In this section, we test the IHSS iterations by numerical experiments. All tests are started from
the zero vector, performed in MATLAB with machine precision 10716, and terminated when
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the current iterate satisfies ||r®|2/]|r©@ |l < 107, where r® is the residual of the kth IHSS
iteration.
We solve the two-dimensional convection—diffusion equations

—(uxx + Myy) + gexp(x + y)(xuy + yuy) = f(x,y)

on the unit square 2 = [0, 1] x [0, 1] with the homogeneous Dirichlet boundary conditions. The
numbers N of grid points in the two directions are the same, and the linear systems with respect to
the N2-by-N? coefficient matricesa/ + H and ol + S are solved by the preconditioned conjugate
gradient (PCG) method, and the preconditioned Lanczos (PLanczos) or preconditioned CGNE
(PCGNE) method, respectively, with transform-based preconditioners [5]. The use of the precon-
ditioning techniques can speed up the convergence of the inner iteration solvers for the shifted
Hermitian and the shifted skew-Hermitian linear sub-systems. Here we remark that n = N2. In
our computations, the inner PCG and the inner PLanczos/PCGNE iterates are terminated if the
current residuals of the inner iterations satisfy

(€] ()
P

_— —— < 1x 10"35,
Ir® 1y = [l ® |

where p/) and ¢'/) are, respectively, the residuals of the jth inner PCG and the jth inner PLanc-
zos/PCGNE iterates at the kth outer THSS iterate. Here 6y and 85 are the control tolerances
for iterations about the shifted Hermitian and the shifted skew-Hermitian linear sub-problems,
respectively. In our tests, we take g and 85 to be 1, 2, 3 and 4.

In Tables 6.1-6.6, we list numerical results for the centered difference scheme for N = 64
when g = 10, 100 and 1000. The optimal parameters « are set to be the values given in Table 5.1
of [5]. In the tables, “xx” denotes that the number of THSS iterations is larger than 1000. We remark
that the numbers of HSS iterations are 127, 39 and 53 for ¢ = 10, 100 and 1000, respectively,
where in each HSS iteration, we solve the linear systems with the coefficient matrices o/ + H
and o/ + S exactly by using direct solvers.

Table 6.1
Number of outer (average inner PCG, average inner PLanczos) iterations for ¢ = 10
Su 8s
1 2 3 4

1 Kok 372 (1.73,3.96) 281 (1.72,7.04) 296 (1.72,11.18)
2 *ok 353 (3.37,4.03) 348 (3.17,7.46) 240 (3.34,13.37)
3 Kok 327(5.01,4.24) 242 (5.14,7.63) 239 (5.02,13.03)
4 Kok 332 (7.28,3.92) 242 (7.48,7.12) 239(7.23,12.83)
Table 6.2
Number of outer (average inner PCG, average inner PLanczos) iterations for ¢ = 100
du 3s

1 2 3 4
1 45 (1.82,1.56) 40 (2.00,4.55) 40 (1.88, 8.30) 40 (1.75,15.53)
2 46 (3.33,1.50) 39(3.79,4.51) 39(3.72,7.97) 39 (3.54,15.21)
3 47 (5.19,1.51) 40 (5.53,4.73) 39 (5.56,7.87) 39 (5.15,14.97)
4 46 (7.15,1.52) 40 (7.92,4.63) 39 (7.67,7.85) 39 (7.26,15.02)
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Table 6.3
Number of outer (average inner PCG, average inner PLanczos) iterations for ¢ = 1000
8H 8s

1 2 3 4
1 54 (1.13,3.63) 55(1.13,7.49) 56 (1.14,11.71) 56 (1.14,14.48)
2 64 (2.09,3.02) 65 (2.08,6.29) 65 (2.08,10.06) 65 (2.09, 12.49)
3 65 (3.00,2.91) 65 (2.94,6.20) 66 (2.94,9.86) 66 (2.94,12.26)
4 65 (4.26,2.85) 65 (4.14,6.32) 65 (4.18,9.98) 66 (4.21,12.27)
Table 6.4
Number of outer (average inner PCG, average inner PCGNE) iterations for ¢ = 10
SH 8s

1 2 3 4
1 623 (1.59,1.15) 290 (1.73,1.65) 305 (1.71,4.34) 293 (1.71,7.18)
2 224 (2.74,1.78) 227(3.37,1.92) 238(3.16,3.95) 241 (3.33,7.13)
3 214 (4.72,1.89) 218 (5.08,1.94) 239 (5.14,3.18) 241 (5.01,6.36)
4 214 (7.00,1.79) 218(7.27,2.02) 240 (7.48,3.15) 241 (7.24,6.24)
Table 6.5
Number of outer (average inner PCG, average inner PCGNE) iterations for ¢ = 100
SH 8s

1 2 3 4

1 53 (1.26,1.23) 42 (1.93,4.19) 41 (1.90,7.10) 41 (1.76, 8.68)
2 45 (3.40,1.42) 39(3.77,4.23) 40 (3.60,7.18) 40 (3.45,8.83)
3 46 (5.33,1.35) 40 (5.45,4.23) 40 (5.45,6.68) 40 (5.13,8.73)
4 46 (7.11,1.28) 40 (8.00,4.08) 40 (7.48,6.88) 40 (7.13,8.85)
Table 6.6
Number of outer (average inner PCG, average inner PCGNE) iterations for ¢ = 1000
Su 8s

1 2 3 4
1 65 (1.70,3.09) 58(1.12,5.72) 57(1.12,8.18) 57 (1.12,12.54)
2 81 (1.69,2.36) 69 (2.00,4.57) 66 (2.06,6.91) 66 (2.09,11.32)
3 81 (2.40,2.28) 69 (2.75,4.43) 67 (2.97,6.69) 67 (2.88,11.18)
4 82(3.36,2.22) 69 (3.93,4.36) 67 (4.07,6.71) 67 (4.18,11.01)

In Figs. 6.1-6.3, we further show the number of IHSS iterations, the total number of inner PCG

iterations, and the total numbers of inner PLanczos and inner PCGNE iterations for different values
of o, §y and 85, when ¢ = 100 and N = 64.

In the following, we summarize the observations from Tables 6.1-6.6 and Figs. 6.1-6.3:

e When g is large, the numbers of IHSS(PCG, PLanczos) and IHSS(PCG, PCGNE) iterations

are about the same as those of HSS iterations required for convergence. However, when ¢ is
small, the numbers of IHSS(PCG, PLanczos) and IHSS(PCG, PCGNE) iterations are larger
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Fig. 6.1. Number of IHSS(PCG, PLanczos) (left) and IHSS(PCG, PCGNE) (right) iterations for different «r, 8 7 and §g.

350

300}

250

total number of PCG iterations

alpha

25

total number of PCG iterations

400

350}
300}

250+

200} °

150+

50

0.5

alpha

Fig. 6.2. Total numbers of inner PCG iterations in IHSS(PCG, PLanczos) (left) and IHSS(PCG, PCGNE) (right) for

different o, 87 and §g.

than those of HSS iterations required for convergence. These results suggest the use of inexact
iterations when the skew-Hermitian part is dominant.
e We also record the number of operations required by each iteration. We find that the total
computational cost of IHSS(PCG, PCGNE) iteration is smaller than that of IHSS(PCG, PLanc-
70s) iteration. These results imply that the computational efficiency of IHSS(PCG, PCGNE)
iteration is higher than that of IHSS(PCG, PLanczos) iteration. See (5.7).
e When §y or §s increases linearly, the number of inner PCG, inner PLanczos or inner PCGNE

iteration also increases linearly.

e For different values of § and §g, the optimal parameters a;jpgss for both IHSS(PCG, PLanczos)
and IHSS(PCG, PCGNE) iterations are about the same as the optimal parameters for the HSS

iterations.

e In most cases, we find that the total computation cost is the least when 6y = 1 and §g = 1 are
used in IHSS(PCG, PLanczos) or IHSS(PCG, PCGNE). These results suggest that we can use
the inexact iterations with large tolerances.
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IHSS(PCG, PCGNE) (right) for different o, 7 and dg.

e For o < atjpgs OF @ > @rjpss, the number of IHSS iterations is significantly larger than that of
THSS iterations when o = ajpgs, but the total number of inner PCG iterations is slightly larger
than that for the optimal case. It is interesting to note that the total number of inner PLanczos
or inner PCGNE iterations is almost the same for o > ajhss. This phenomenon appears for
different values of §y and §s. Again, these results show that the inexact iterations can be
applied especially when the skew-Hermitian part is dominant.

7. Conclusion and remarks

For the non-Hermitian positive definite system of linear equations, we study two specific
but very practical inexact Hermitian/skew-Hermitian splitting methods based on some Krylov
subspace iterations such as CG, Lanczos and CGNE, and demonstrate that they, like the Hermi-
tian/skew-Hermitian splitting method, converge unconditionally to the exact solution of the linear
system.

Moreover, instead of Lanczos and CGNE, we can employ other efficient CG-type methods
to solve the system of linear equations with coefficient matrix «/ + S involved at each step of
the HSS iteration. In particular, when GMRES is applied to the linear system with coefficient
matrix o/ + S, it automatically reduces to a three-term recurrence process, and its convergence
property is only dependent on the eigenvalues, but independent of the eigenvectors, of the shifted
skew-Hermitian matrix o/ + S. The corresponding convergence theory of the resulted inexact
iteration can be demonstrated in an analogous way to IHSS(CG, CGNE).

Recently, the preconditioned HSS iterations and the extension of the HSS method to positive
definite and positive semidefinite linear systems have been studied in [6,10,4,11,13,8,3]. In these
papers. the authors have studied how to precondition HSS iteration to speed up the convergence
rate of the method, and extended the HSS method to a larger class of linear systems. However,
the inexact HSS iterations were not investigated in these works. We remark that the results and
techniques in this paper can be equally employed to the preconditioned HSS iterations and the
extensions of the HSS iteration as well.
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8. Appendix

The proofs of the convergence theorems presented in Section 4 are listed in this section.

Proof of Theorem 4.1. For a fixed iterate index k, define x**2 and x*+1:9 by

x®+39) = (of + H)"[(al — $)x® + b],

x®HLD — (of + )7 (@l — H)x®+D) 4+ p), &1
respectively. Then from Lemmas 3.2 and 3.3 we have
e — xEF29 s < o, ) 2 ® — 6T 8.2)
and
D EFLD ) < o, ) KD — EHLO (8.3)

Because x* is the exact solution of the system of linear equations (1.1), it satisfies the sub-systems
of linear equations

(al + H)x* = (al — S)x* + b,
{(ozl + S)x* = (ol — H)x* + b. 8.4
After subtracting x* from (8.1) and making use of (8.4), accordingly, we obtain
(I + H)x*3% _ 3%y = (af — $)(x® — x*),
{(ozl 4 8)(x*F10) — ¥y = (af — H)(xkF2D) — x%), ®->
The equalities in (8.5) straightforwardly yield
KD k(o] 4 ) Nl — H)(x® D) — %)
= (al + )" (al — H)(x*+2) — xk+3.9)
+ (el + )Mol — H)(x®F 10 — x¥)
= (al + 8) " (al — H)(x®+D) — x*+3.9)
+ (@l + S) (I — H)(al + H) ol — $)(x® — x*) (8.6)
and
kL) x(k+%,*) = (e ey (x(k+%,*) —x%
— (@l + 8) "M@l — H)(x®+2) — xk+39)
+ @I + 8 Nl — HY(al + H) (I — $Hx® —x*)
— (I + H) 'l = $)(x® —x*)
= (@l + 8) Nl — Hy(x®+D) — xkt39)
+ [l +8) (@l — H) — IN(«l + H) ' (al — $)(x® — x*).
Therefore,

xktz) ) — (hebg) gy el (k)

=1 — (@I + 8) Yol — H)](x*+2) — xk+3.9)
+I = (@l + 8 Yol — (el + H) "l —$)x® — x*).
(8.7)
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Besides, from (8.1) and the equations b = Ax™ we can get
x® 630 = x® (o 4 H) M (l — $)x® + b
= (ol + H) '[(af + H)x® — (I —5)x® —p)
= (al + H)'A® — x%), (8.8)
and from (8.6) we can get
xKHD _r = D ey Rl ey
= (x&D _ x &Ly L (of + §) "Nl — H)(x(k+%) - x(k+%’*))
+ (@l + 8 Nl — H)(al + H) Yol — S)(x® — x*).
It then follows that
D — < QD — 9y
i@l +8)7 @l — EI|] - [l — x ety
+ll@l + )" @l — Hy@l + )l = )] - [[lx® = x*|||.
(8.9)
From (8.2) and (8.8) it holds that
(k%) _ (k43

1
) ”2 < Uh(Ol, /,Lk)”_x(k) — )C(k+2’*)||2

= op(at, w)ll (@l + H) P AE® — x|,
<onla, wollal + H) P Al + ) al1x® — x|,

llx

and from (8.3) and (8.7) it holds that
1
D — x B9 oy, v [ EF D) — xEFL9,

<oy, vl = @I + 8) " (al — H)|lx*+2) — xEF39,
+ U = (el + 8)" I — H)l(el + H)™!
x (oI — S)al + ) olllx® —x*|I}
< o5, vl — (@I + )" al — B>
x oot w)ll (@l + H) Al + 8)7 'l
+ I = (I + 8) "l — H)](«l + H)™!
x (@I — Sl + ) x® —x*|].
Through substituting these two estimates into (8.9), applying Lemma 3.5, and considering the
fact that
O() = (al — S)(al + )"

is a Cayley transform and thus unitary, we obtain

e N L7 o

+ i@l — Hy@l + 8)  allal + S|pflx*+D — xE+29),
+ (el — H)(al + H) (@l — S)(al + )7 21l1x® — x|
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<A{lle! + Sllaog (e, vi) I — (el + 8) ™ (el — H)|2
x an (e, w) @l + H) Al + 8)7 1l
+ lloeI + Slaoy (o, vOIILI — (e + 8) " (@l — KDl + H) Y2
+llal + Sl2ll(el — H)(al + )72
x oo, w)ll(el + H)" Al + $) 7 2
+ (el — HY(aI + H) ) []x® — x¥||]

<Alleed + Sl — (@I + )" al — H)I(al + H) 'l
x (I = (@I + )" Nl — H)ll20y (e, vi)on (e, pk)
+ oy, ve) + (@l — H)(al + 8) " laop (e, )]
+ (el — H)(al + H) ) [1x® = x¥||]

<l + Sl2liel + H) a1+ (@l + )" 2llel — Hll2)
x [(L+ (@l + )" l2llel — Hll2)on (e, mi)os (e, vg)
+og(or, vi) + lal — Hll2ll (@l + 8) ™ [l20m (e, )]
+ (@l — H)(al + H)~ 2}1x® — x*||

= {en(@)(1 + cs(@)[(1 + c5(@))op (e, mr)os (e, vg) + o5 (e, vg)
+ s (@)on (e, i)l + o (@)} Ix® — x|

= (o(@) + €@, pr, vi)|l1x® — x*[||.

Therefore, the conclusion what we were proving follows. [

Proof of Theorem 4.2. By substituting « = o™ = 1/)/h2 - p}% into the quantities oy, (o, ®g) in

Lemma 3.2, o(c, vg) in Lemma 3.3, as well as e(«, uk, vi) in Theorem 4.1, respectively, and
. . 71 1,5

noticing that o (@*) = @+1 and that ¢ (™) < fvz’il and ¢;(a*) < /kj, — 1 from Lemma 3.5,

we can obtain the estimates

e — 1

Y +1

m—1>“z”

oy (o, <2 vy
(o™, pk) ( NS

Mk
) k] Us(a*a Vk) < 2\/ Kh,S (
and

€(o™, pr, vi) < €p5 (ks VE).

Therefore, the conclusion what we were proving follows immediately from Theorem 4.1. [J

. . 1
Proof of Theorem 4.4. For a fixed iterate index k, define x®+3.%) and x*+1% be the exact
solutions of the systems of linear equations

(al + H)x®t5% = (@1 — §)x® +p, (8.10)
(@I + $)x®19 — (@I — H)x®+) 4+ p, '
respectively. Then by Lemmas 3.2 and 3.4, we have
PSS N(CS RO P (al + H)y(x® — x(k+%’*)) (8.11)

and

1
x(kH) - x(kH’*) = Pﬁf(azl - 52)(X(k+7) - x(k+1’*))- (8.12)
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By multiplying the matrix o/ 4+ H on both sides of (8.11) and the matrix «/ 4 S on both sides
of (8.12), we get

b+ (xl — S)x(k) — (al + H)x(k+%)
= pE(al + H)[b+ (@l — Hx® — (al + H)x®)]
and
b+ (ol — H)x(’“f%) — (aI + S)x**D
= (&P = SDb + (@l — H)x*2) — (@l + $)x*+D),

Let x* be the exact solution of the system of linear equations (1.1). Then x* satisfies (8.4). A
combination of (8.10) and (8.4) results in the identity

x*F 20 _ = (ol + H) Mol — $)(x® — x%).
By applying this identity to (8.11) we obtain
LD _x*:(x(k+%) _ x(k+%,*)) n (x(k+%,*) —x*)
=pE(al + H)(x® — x 439y 4 o *+29 )
= pE(al + H)x® — x*) +[1 = pE (af + H)](x®+3%) — x*)
={pE(al + H)+[I — pE (el + H)l(al + H) ' (al — S)}
x (x® — x*). (8.13)
On the other hand, by using (8.10), (8.12) and (8.4) and following a similar argument to (8.13),
we have
D — = (pE (Pl — S?) + (I — pE(a®] — S|l + ) (@l — H))
x (xk+2) — x¥). (8.14)

Substituting (8.13) into (8.14), we then immediately obtain (4.6), where

M(a, g, vi) = {pE @I — $*) + [I — pE(e®l — S*)I(al + )" (] — H)}
X {plﬁ(al +H)+[I - pfﬁ(al + H)(al + H) (I — 9)}.
Finally, it straightforwardly follows from A = H + S that the matrix M («, i, vi) can be ex-

pressed as the sum of the matrices M («) and E(«, pg, vg). U

Proof of Theorem 4.5. According to Lemma 3.1 we know that M (o) = I — G(x)A. Because

Al + H)Y Yol — S)A™ = A(al + H) " '[(al + H) — A]A7!
=1—A(al + H)!
=[(al + H) — Al(al + H)™!
= (al — S)(al + H)™',
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(4.9) and (4.10) follow straightforwardly from (4.7) and (4.8), respectively. Moreover, Noticing
that

(@l +8)G(a, g, vi) (@l + H) =2al — (al — H)p;& (al + H)
— pE(@*l — SH)(al — S)
— pSE(@*l — SHApE (al + H)
=2l — F(a, pk, Vi),
we immediately see that G («, k, vi) is non-singular if and only if 2¢ is not an eigenvalue of the
matrix F (o, g, vr). O
Proof of Theorem 4.6. We note from Theorem 4.4 that
M (e, ke, viOlll = [[IM () + E(a, i, violll < M ()] + II1E (e, i, violll,
and from Lemma 3.1 that
M ()] < o(a).
In addition, from (4.8) we can obtain
E (@, pr volll = Il + S)E(et, . vi) (@l + 8)7 2
<|IpE @I + Hy(al + H) (o — H)A(el + )7l
+IpE @] = SHA@I + H) (@l = (el + 7|2
+IpE @l — SHApSE (ol + H)(al + H) Al + 87,
<|IpE @I + H)llall(el + H) 'l — H)|2llAt@l + 872
+ P58 @ = SHal| Al + H) 7'l
+ P58 @2 = SH)al|Aled + H) 7'l
x P (@I + H)[2| Al + 8)7"[l2
S e€(a, pks vi)-

Therefore, the conclusion what we were proving follows immediately. [

Proof of Theorem 4.7. By substituting o = o* =,/ yhz - ,0}21 into the quantities oy, (o, g), the
upper bound of (3.1), ¢j, (o) and ¢ (o) in Lemma 3.5, as well as € («, ug, vi) and ||| M («, ik, vi)lll
in Theorem 4.6, respectively, we then obtain the estimates about ¢ (@*) and ¢; (™) in Lemma
3.5, as well as

4Kh_1 Mk
C(a*l + H <2 —
1pSE (@*1 + H)ll2 (J_thH)
and
ks — 1\
IS (@) — P2 < 2 (”—) :
[kns + 1

and thereby, € (a*, ug, vi) and |||M (o™, wk, vi)|||, correspondingly. [
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