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SEQUENTIAL AND PARALLEL
SYNCHRONOUS ALTERNATING ITERATIVE METHODS

JOAN-JOSEP CLIMENT, CARMEN PEREA, LEANDRO TORTOSA,
AND ANTONIO ZAMORA

ABSTRACT. The so-called parallel multisplitting nonstationary iterative Mo-
del A was introduced by Bru, Elsner, and Neumann [Linear Algebra and its Ap-
plications 103:175-192 (1988)] for solving a nonsingular linear system Az = b
using a weak nonnegative multisplitting of the first type. In this paper new
results are introduced when A is a monotone matrix using a weak nonnegative
multisplitting of the second type and when A is a symmetric positive defi-
nite matrix using a P-regular multisplitting. Also, nonstationary alternating
iterative methods are studied. Finally, combining Model A and alternating
iterative methods, two new models of parallel multisplitting nonstationary it-
erations are introduced. When matrix A is monotone and the multisplittings
are weak nonnegative of the first or of the second type, both models lead to
convergent schemes. Also, when matrix A is symmetric positive definite and
the multisplittings are P-regular, the schemes are also convergent.

1. INTRODUCTION

For the solution of a real linear system
(1) Ax = b,

where A is a given nonsingular, large, and sparse matrix, x is the unknown vector,
and b is a given vector, it is customary to consider an iterative method.

The nonstationary iterative methods based on the concepts of splitting and mul-
tisplitting (see Section [2 for definitions) can be expressed as a standard iterative
scheme

(2) Pt = 7R g®) L 0 =0,1,2,....

Let & be the exact solution of systems (). If we define the error vector at the
kth iteration as e®) = x(®) — £ then by @) we have that

(3) et = 7MW ek) — ) ph=1) . pM7Oe©)  k=01,2,....
Consequently, the convergence of the iterative process (2)) to the unique solution of
system () for any initial vector x(9) is equivalent to

(4) lim (T®7E=D MOy =,

k—o0
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which in turn is equivalent, by Theorem 2.4.2 of Young [27], to

lim ’T(’“)T(k_l) .77 H =0,

k—oo

for every matrix norm ||-||.
For the particular case in that T") = T, for k = 0,1,2. . ., we obtain the standard
stationary iterative scheme

(5) ) =™ L e k=0,1,2,....

It is well known that the iterative process (B) converges to the unique solution
of system () if and only if p(T') < 1, where p(T') denotes the spectral radius of the
iteration matrix 7', which is equivalent to equality (H) for T®) =T

There are many well-known convergence and comparison conditions for the iter-
ative process (B) depending on matrix A and the class of the splitting or multisplit-
ting considered. See, for example, Varga [24], Bermann and Plemmons [1], Miller
and Neumann [18], Csordas and Varga [9], O’Leary and White [22], Woznicki [26],
Nabben [20], and Climent and Perea [6],[7]. For convergence results for the iterative
scheme (), based on the concept of multisplitting, see, for example, Bru, Elsner
and Neuman [3,[4] and Migallén, Penadés and Szyld [19].

The purpose of this paper is to introduce new sequential and parallel synchronous
nonstationary alternating iterative methods. We start, in the next section, with the
notation and the preliminary results. In Section Blwe introduce the main results for
nonstationary sequential alternating iterative methods, as well as some results for
the corresponding stationary sequential alternating iterative method. On the other
hand, in Section [4 we present the parallel nonstationary Model A introduced by
Bru, Elsner and Neuman [3] extending some convergence results. Next, in Section b]
combining sequential alternating iterative methods introduced in Section Bland the
parallel nonstationary Model A, we introduce two new parallel iterative methods,
and we establish different convergence and comparison results for it. Finally, in
Section Bl we present some numerical results.

2. PRELIMINARY RESULTS

A real n x n matrix A = [a;] is called nonnegative (respectively, positive)
and denoted A > 0 (respectively, A > 0) if a;; > 0 (rvespectively, a;; > 0) for
1 <i,j <n. In accordance with this notation, if A, B are real n X n matrices, we
say that A > B (respectively, A > B) if A — B > 0 (respectively, A — B > 0) and
similarly for vectors. A real matrix A is called monotone if A is nonsingular and
A7t >0.

In the following definition we present the different types of splittings that appear
in this paper (see for example Varga [24], Berman and Plemmons [1], Marek and
Szyld [17], Ortega [23], Woznicki [26], and Climent and Perea [6, [7]).

Definition 1. Let A be an n x n matrix. The representation A = M — N is called
a splitting of A if M is a nonsingular matrix. In addition, the splitting is
convergent if p(M~1N) < 1;

regular if M~1 >0 and N > 0;

nonnegative if M~' >0, M~'N >0, and NM~! > 0;

weak nonnegative of the first type if M~' > 0and M~'N > 0; weak
nonnegative of the second type if M~! >0 and NM~! > 0;
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e P-regular if M7 + N is a positive definite matrix.

O’Leary and White [22] introduce the concept of multisplitting, as a generaliza-
tion of the concept of splitting, to solve linear system in parallel.

Definition 2. We say that the set of splittings {(M;, N;, E;)}]_; is a multisplitting
of A if

e A=M;— N, forl=1,2,...,p, is a splitting,
e £, >0,forl=1,2,...,p, are diagonal matrices called weighting matrices,
P

. Z FE; = I where [ is the identity matrix.
1=1

As a generalization of Definition [Il, we say that a multisplitting is regular, non-
negative, weak nonnegative of the first type, weak nonnegative of the second type,
or P-regular, respectively, if each splitting of the multisplitting is regular, nonneg-
ative, weak nonnegative of the first type, weak nonnegative of the second type, or
P-regular, respectively.

The necessity to distinguish between weak nonnegative splittings of the first type
and weak nonnegative splittings of the second type is motivated by the fact that
there exist convergent splittings that are weak nonnegative of the second type but
not of the first type, and therefore, using the known results for weak nonnegative
splittings of the first type (also called weak regular splittings for many authors),
we cannot ensure the convergence of the splittings (see Climent and Perea [6] Ex-
ample 2]).

For practical reasons, for the splitting A = M — N it is assumed that M is a
matrix for which efficient solution methods are known to exist. However, in some
practical problems arising in many areas of science and engineering, the matrices
are large-sized and sparse except in a few rows or columns that are dense. For
matrices with a few dense columns a natural splitting usually is of the first type
and for the matrices with a few dense rows a natural splitting usually is of the
second type.

Lanzkron, Rose, and Szyld [I5, Lemma 2.3] introduce the first part of the follow-
ing result which is very useful in studying alternating iterative methods (see also
Benzi and Szyld [2]) when considering nonnegative splittings of the first type. In a
similar way, we introduce the second part of the following result to be used when
considering nonnegative splittings of the second type.

Lemma 1. Let A and R be square matrices such that A and I — R are nonsingular.
Then

(i) there exists a unique pair of matrices By and Ci, such that By is nonsin-
gular, R = Bl_lCl and A = By — Cy; the matrices are By = A(I — R)™!
and Cy = By — A;

(ii) there exists a unique pair of matrices Bs and Cs, such that Bs is nonsin-
gular, R = CQB;I and A = By — Cy; the matrices are By = (I — R)™1A
and Co = By — A.

According with Lemma [[] we say that matrix R induces a unique splitting A =
By — C; such that R = B;101 and a unique splitting A = By — Cy such that
R = CyB;!'. Observe that both splittings are different unless matrices A and
(I — R)~! commute.
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As we will see in the next sections, Lemma [I] is fundamental in obtaining the
simplest way of tackling the question of convergence of different stationary iterative
methods. Moreover, under some hypotheses that we present in the following result,
we can establish an important relation between the splittings obtained in the above
lemma.

Lemma 2. Let A and R be square matrices such that A and I — R are nonsingular.
If A = By — Cy is the unique splitting induced by matriz T such that T = 3;101
and if A = By — Cy is the unique splitting induced by matriv ATA™' such that
AT A = 023271, then By = By and C; = Csy.

Proof. By Lemma [Tl taking into account the definition of B; and Bs. O

3. SEQUENTIAL ALTERNATING ITERATIVE METHODS

Consider the general class of alternating iterative methods for the solution of
system () of the form

1(j,k)—1
(6) kil (M 1N)H(J k) o (k40— 1)/(1)+l(jz): N)Mjflb,
i=1,2,....q k:o,l,z,...,zo
where
(7) A=M;—-N;, j=1.2...4q,

is a splitting of 4, (¥ is the initial guess, and w(4, k) is the number of iterations
with the jth splitting at the kth global iteration.

There are different methods belonging to this class; see for example Young [27],
Conrad and Wallach [8], Marchuk [I6], and Benzi and Szyld [2] for the case p = 2
and p(l, k) = u(2,k)=1for k=0,1,2,....

To analyze the converge of the alternating iterative method (6], we can eliminate
vectors £¥17/9) for j =1,2,...,q, obtaining in this way the single iterative process

q

—jt1k
8) a™V =] (a2 Nq—j+1)u(q T g

q—Jj+1
j=1
q |gq—i ) p(i,k)—1
DI | (L A Ll D SRV T 1
i=1 [j=1 1=0
k=0,1,2,
0
where we assume that H — J+1Nq,j+1)“(q7j+1’k) = I, which is of the form (2J),
with =
q
(9) Tk — H o ]H N,_ J+1)u(q—j+1,k) . k=0,1,2,....

Before we establish convergence results for the nonstationary iterative method
(), we introduce the following technical result.
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Lemma 3. For k =0,1,2,..., let Gy be a nonnegative matriz. Let P be a non-
singular matrix, and consider matrix

(10) F, =P 'GyP, k=0,1,2,....

Assume also that there exists a real number 0 < 3 < 1 and a vector x > 0 such that
(11) Gy < px, k=0,1,2,....

Then

lim (Gka,1 e GlGo) = lim (Fka,1 ce FlFo) = 0.
k—o0 k—o0

Proof. From (1)) it is easy to see that
GrLGr_1---G1Gox < (Fx
and using the fact that G > 0 and that > 0, we obtain
0< lim GyGry -+ G1Gox < lim Bz =0

and consequently klim (GrkGr—1---G1Gp) = 0.
Now, taking into account (I0), we have that klim (FeFe—1 - F1Fy) = 0. O
— 00

Next, we can establish the convergence of the nonstationary iterative process
®).

Theorem 1. Let A be a nonsingular and monotone matrix. Assume that splittings
([@) are weak nonnegative of the same type. Then the nonstationary iterative method
®) converges for any initial vector €(®) to the unique solution of system ().

Proof. Suppose that the splittings (@) are weak nonnegative of the first type. Then
from (@) we have that 7" > 0 for k =0,1,2,....
Since A=1 > 0, there exists a vector z > 0 (e.g. = A71(1,1,...,1)T) such
that Az > 0. So
@ — M;'Njz=M; Az >0
and for some suitable constants 0 < 3; < 1 we have that
Mj_lew <Bjz, j=12,...,q.

Now, if § = 1I£I§l<xq{ﬂj}’ then from (@) it is easy to see that

T(k)wgﬁm7 k=0,1,2,...,
and by Lemmal[3, we obtain that
(12) lim (P01 TOTO) g,
—00

So, the nonstationary iterative process (B) converges to the unique solution of sys-
tem ().
Now, suppose that the splittings (@) are weak nonnegative of the second type.

Then
q

§® =TT Nayr M, 25)" 7 20, k=012
j=1
Since A~! > 0, there exists a vector y > 0 (e.g. y* = (1,1,...,1)A71) such
that y7 A > 0. Then

yl — yTNjM;1 = yTAM;1 >0
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and for some suitable constants 0 < «; < 1 we have that
y N M <yt j=1,2,...,0

If v = max {v,}, then it is easy to see that
1<j<q

yTs® <Ay k=0,1,2,....
Now, by Theorem 3.1 of WozZnicki [26] we have that
M;INA™ = AN MY, =12,

and therefore TF) = A=18(® A, So, equality (IZ) holds by Lemma [3, and the
nonstationary iterative method (§) converges to the unique solution of system (IJ).
O

We remark that the number of iterations on each one of the splittings not only
depends of the splitting, but it also depends of the index of the present iteration.
But, if in the nonstationary process (§) we consider the particular case p(j, k) = p;,
for £k =0,1,2,..., that is, the number of iterations on each splitting depends only
of the splitting, then we obtain the stationary version of the iterative process (&)
which is of the form (&) with

a
(13) T= H(M;—ljﬂqujJrl)MHH
j=1

and a certain vector ¢. For this stationary method we introduce the following
results.

Theorem 2. Let A be a nonsingular and monotone matrix. Assume that splittings
(@) are weak nonnegative of the first (respectively, second) type. If pu(j,k) = p;, for
k=0,1,2,..., then the stationary version of the iterative method () is convergent.
Furthermore, the unique splitting A = B — C induced by matriz T in (I3) such that
T = B~'C is also weak nonnegative of the first (respectively, second) type.

Proof. By Theorem [l the stationary version of the iterative method () is conver-
gent; that is, p(T') < 1 and consequently matrix I — T is nonsingular.

Suppose that the splittings (@) are weak nonnegative of the first type, and by
Lemma [0 let A = B — C be the unique splitting induced by matrix 7' such that
T = B~'C. Then, from ([@3)) clearly B~*C > 0.

On the other hand, by Lemma [0 and some algebraic manipulation, we obtain
that

(14) B! = (I-T)A™!

pi—1
1 Hq—1+j 1 7 1
qul+qu—l+j> [Z (Mj Nj) ] M;
i=0

I
M=
—

i=1 |i=j
! 1 H2q—1 .
where we assume that H (qulegq_l) = 1. So, A= B - C is a weak

l=q
nonnegative splitting of the first type.
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Now, assume that the splittings () are weak nonnegative of the second type.
Clearly

q
(15) S = H (N(]—j-l-qu_,lj+1)Hq_J+l >0
j=1
and after some algebraic manipulation
(16) AN - S)
q i —1 ; j—1 fiet
- ZMJ_l [Z (VM) ] lH (NJ*ZMJ—ll) ] 0
j=1 i=0 =1

where we assume that H (Nl,lMl__ll)M_l =1.
1=1
Now, as in Theorem [ taking into account Theorem 3.1 of Woznicki [26], it
is easy to see that S = ATA~!, and therefore p(S) < 1; that is, matrix I — S is
nonsingular. Then, by Lemmal[2], the unique splitting A = B —C induced by matrix
T such that T = B~1C also satisfies CB~1 = S > 0 from (I5)), and

(17) Bl=A"Y1-9)>0
from (IG)). So, A= B — C' is a weak nonnegative splitting of the second type. O

For a monotone matrix A, Theorem [2] establishes the convergence of the station-
ary version of the iterative process (§) when the splittings (@) are weak nonnegative
of the first type or weak nonnegative of the second type. However, if not all the
splittings in (@) are weak nonnegative of the same type, then we cannot guarantee
the convergence of the stationary version of the iterative process () as we can see
in the following example.

Example 1. Consider the monotone matrix

1 -1 0
A= -1 2 0
0 0 1
and the splittings A = M1 — N1 = My — N, where
1 0 0 1 -1 0
Mi=1] -1 1 0 and My=10 1 0
0 0 1 0 0 1

It is easy to see that the splitting A = M; — N; is weak nonnegative of the
first type but not of the second type and that the splitting A = Ms — N5 is weak
nonnegative of the second type but not of the first type. Now, since

010
My 'NoM'Ny={ 0 1 0 |,
000

the stationary version of the iterative process ([§) does not converge.

Observe that if we take ¢ = 2, we assume that the splittings are weak nonnegative
of the first type, and we consider pu; = pz = 1. Then we obtain Theorem 3.2 of
Benzi and Szyld [2] as a corollary of Theorem
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On the other hand, as Benzi and Szyld [2, Example 3.1] show, the convergence of
the individual splittings in (7]) does not guarantee the convergence of the iterative
scheme (B]) for matrix T defined by (I3); that is, the stationary version of the
iterative method (&), and as a consequence, although we have the convergence
of the iterative process, we cannot ensure that it converges faster than some or
all of the iterative process corresponding with the basic splittings. However, in
the following results we introduce an upper bound for the spectral radius of the
iteration matrix T defined by ([[3]). The proof of the first part is similar to the proof
of Theorem 4.1 of Benzi and Szyld [2] using Theorem 3.7 of Woznicki [26] instead
of the lemma of Elsner [10].

Theorem 3. Let A be a nonsingular and monotone matriz. Consider the q split-
tings defined by @) and matriz T defined by [3)). Assume also that p(j, k) = p;
fork=0,1,2,....
(i) If the splittings are weak nonnegative of the first or of the second type, and
A = My — Ny is nonnegative, then
(18) p(T) < pl(M )]
(ii) If the splittings are weak nonnegative of the first or of the second type, and
A = M, — N, is nonnegative, then
p(T) < p[(M, " Ng)¥a].
Proof. Assume that the splittings are weak nonnegative of the first (respectively,
second) type. Consider matrices Ty = (M7 *Np)** and
q—1
_1 Hg—j+1
T = H (NQ*jJrqu—j-i-l) .
j=1
Since p(T1) < 1, by Theorem [ the unique splitting A = By — C; induced by
matrix T4 such that 71 = By 101 is nonnegative. Similarly, the unique splitting
A = By — C; induced by matrix T5 such that T, = B, 1, is weak nonnegative of
the first (respectively, second) type.
Clearly T = T»T; and p(T) < 1, and by Theorem [2 the unique splitting A =
B — C induced by matrix T such that T = B~!'C' is weak nonnegative of the first
(respectively, second) type. So, we can consider that A = B — C = By — C are
weak nonnegative splittings of different type.
Now, by Lemma [I]it is easy to see that
(19) B™'=B;'+By'CiBy > Byt
and by Theorem 3.7 of WozZnicki [26] (see also Climent and Perea [6, Theorem 7]
for a more general case), we have that
p(B71C) < p(BT1Cy)
and inequality (I8) holds.
Similar to part[(i)| considering
q
— Haq—j
T = H (Nq—j+1Mq3j+1) ™

j=2
and Ty = (M I N,)# and taking into account inequality
B™'=B;' + B 'CyB; !t > B!
instead of (I9). O
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Finally, applying recursively the above theorem, we obtain the following result
that was introduced by Benzi and Szyld [2, Theorem 4.1] for two regular splittings
A= M; — Ny = My — Ns.

Corollary 1. Let A be a nonsingular and monotone matrix. If the splittings (@)
are nonnegatwe and p(k,j) = p; for k=0,1,2,..., then the following upper bound
for the spectral radius of the iteration matriz T defined by ([I3)) holds:

p(T) < min {pl(M;'N;)"]}.

Now, using the matrix norm induced by a symmetric positive definite matrix,
we introduce the following result for the nonstationary iterative method (§) when
the splittings (7)) are P-regular.

Theorem 4. Let A be a symmetric positive definite matriz. Assume that splittings
(@) are P-regular. Then the nonstationary iterative method (§) converges for any
initial vector £ to the unique solution of system ().

Proof. Since the splittings (7)) are P-regular, by Theorem 2.4 of Frommer and Szyld
[13] there exist constants 0 < §; < 1 such that
[M7ING|| <85 G=1,2,....q.
Now, if 8 = jmax {B;}, then from (0) and the properties of matrix norms it is easy
<j<q
to see that
HT(k)HA <8, k=0,1,2,...,

and consequently, from (3) we obtain that

A~ k—oo

k—oo

and the nonstationary iterative process (Bl is convergent. (|

Moreover, if we consider the particular case u(j, k) = p;, for k =0,1,2, ..., then
we obtain the following result for the stationary version of the iterative process (g]).

Theorem 5. Let A be a symmetric positive definite matriz. Assume that splittings
@) are P-reqular. If u(j, k) = pj, for k =0,1,2,..., then the stationary version
of the iterative method ([§) converges to the unique solution of system (d). Fur-
thermore, the unique splitting A = B — C' induced by matriz T in (I3) such that
T = B~'C is also P-regular.

Proof. By Theorem Ml the stationary version of the iterative method (B is conver-
gent, that is, p(T') < 1, and consequently matrix I — 7' is nonsingular.

Again as in Theorem ] by Theorem 2.4 of Frommer and Szyld [13], for a suitable
constant 0 < 8 < 1 we have that

1M ING |, < B, G=12, 000,

and using the properties of matrix norms, from (I3]) we obtain that
q
_ Hg—3j
1T 4 < H ||Mq—1j+1NQ—j+1HAq B,
j=1

Consequently, by Lemma [Mland Theorem 2.4 of Frommer and Szyld [I3], the unique
splitting A = B — C induced by matrix T such that T = B~'C is P-regular. [
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Observe that if we take ¢ = 2, we consider u; = po = 1, and we assume that
the splittings are P-regular; then we obtain Theorem 3.5 of Benzi and Szyld [2] as
a corollary of Theorem Bl

4. PARALLEL SYNCHRONOUS ITERATIVE METHODS

With the development of parallel computation in the last decades, the utiliza-
tion of parallel algorithms for the solution of a large and sparse nonsingular linear
system has become effective. O’Leary and White [22] introduce the concept of
multisplitting (see Definition B) for the parallel solution of linear system (I). Let
{(M;, Ny, E;)};_, be a multisplitting and suppose that we have a multiprocessor
with p processors connected to a host processor, that is, the same number of pro-
cessors as splittings, and that all processors have the last update vector &*); then
the [th processor only computes those entries of the vector

M7 Nz® 4+ My

which correspond to the nonzero diagonal entries of E;. The processor then scales
these entries so as to be able to deliver the vector

E/(M; ' Niz™ + M 'b)

to a host processor, performing the parallel multisplitting scheme

P P
(20) e® D) =N EMTINE® + Y EMS, k=0,1,2,....
=1 =1

Many authors, such as Neumann and Plemmons [21], Elsner [10], Frommer and
Mayer [0, 12], Wang [25], Bru, Migallén, and Penadés [5], Nabben [20]], intro-
duce convergence conditions for different parallel algorithms based on the standard
parallel iterative scheme (20) for different types of matrices and multisplittings.

The parallel iterative process (20) implicitly assumes that processor [ has to
be synchronized between the formation of iterates *) and x(*t1). Moreover, in
practice, it is quite usual to consider the diagonal matrices F; > 0 for [ =1,...,p,
with zero or one entries; then in this case in each processor we must solve some
subproblems (a system of size less than n) that may be of different sizes.

Nevertheless, Bru, Elsner, and Neumann [3], with the aim of avoiding loss of
time and efficiency in processor use, establish the so-called Model A.

Model A: Each processor can carry out a varying number of
local iterations until a mutual phase time is reached when all the
processors are ready to contribute toward the global iteration.

Consider a multisplitting of A,
(21) {(My, N, Ey) 3y

Bru, Elsner, and Neumann [3] establish the mathematical formulation of Model A,
starting with an arbitrary vector (), as

p
(22) w(k-i—l) _ Z El(lelNl)u(k,l)w(k)
=1
p(k,l)—1

P
Y B DD (MTINY)| M,
=1

=0
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where p(k,1) > 0 denotes the number of local iterations in Ith processor for [ =
1,2,...,p at the kth global iteration for £ = 0,1,2,.... Observe that the above
parallel iterative method has the form (2) with

p
(23) TW =" E(M N)HED,
=1

Bru, Elsner, and Neumann [3] also introduce the following convergence result for
the parallel iterative method (22)) that we quote for further references.

Theorem 6 (Theorem 2.1 of [3]). Let A be a nonsingular and monotone matriz.
Assume that the multisplitting (21)) is weak nonnegative of the first type. If

(24) pwk,)>1, 1=1,2,....p, k=01,2,...,

then the parallel iterative method (22) converges for any initial vector (9 to the
unique solution of system ().

If in Theorem [f] we replace “first type” with “second type” and introduce the
additional hypothesis “AE; = FjA for [ = 1,2,...,p”, we obtain the following
convergence result.

Theorem 7. Let A be a nonsingular and monotone matriz. Assume that the
multisplitting 21l) is weak nonnegative of the second type and AE, = E;A for
1=1,2,...,p. If @4) holds, then the parallel iterative method [22)) converges for
any initial vector £©) to the unique solution of system (d).

Proof. Since the multisplitting is weak nonnegative of the second type, we have
that

p
S® =N"ENMTY D >0, k=0,1,2,..,
=1

and by an argument similar to that in Theorem [ we have that 7 S®) < T for
a suitable constant 0 <y < 1 and a vector > 0.

Now, as in Theorem [II taking into account Theorem 3.1 of Woznicki [26], and
using the fact that AF; = EjA for  =1,2,...,p, we obtain that A=1S*) 4 = T7(*)
for k =0,1,2,..., where matrix T) is defined by (Z3).

Then, by Lemma[3] ler{:O(T(k)T(kfl) e T(I)T(O)) = 0 and therefore the iterative

method [22)) converges for any initial vector () to the unique solution of system

(@). O

Now if we consider a symmetric positive definite matrix A and a P-regular
multisplitting with the additional hypothesis “E; = oI for I = 1,2,...,p", then
we can establish the following convergence result for the parallel iterative method

22).

Theorem 8. Let A be a symmetric positive definite matriz. Assume that the
multisplitting 1)) is P-regular and that E; = oyl for1=1,2,...,p. If ) holds,
then the iterative method 22) converges for any initial vector () to the unique
solution of system ().

Proof. As in the proof of Theorem H] there exists a suitable constant 0 < 8 < 1
such that
HMl_lNlHA <B, 1=12...,p,
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and consequently
p p
HT(k)HA < Zal ||M171N1H5;(k7l) < Zalﬁ = 67 k= 07 ]-a 27 RN
=1 =1

where matrix T is defined in (23), and the proof follows as in Theorem [@ ]

Note that as Bru, Elsner, and Neumann [3] remark for Theorem [ also for
Theorems [[]and [§, assumption (24]) can be weakened as follows:

(25) wlk,)>0, 1=1,2,....,p, k=12,...,
and for infinitely many k’s
(26) plk, ) >1, 1=1,2,...,p.

The difference between condition (24)) and conditions (25)—(26]) is that conditions
(25)—(28) permit, if necessary, any processor to skip its condition to any major step
of the iteration provided that infinitely often all processors contribute simultane-
ously toward a global iteration.

Recently, Migallén, Penadés, and Szyld [19] introduce a similar result to Theo-
rem [§] when the additional hypothesis “E; = «;I” was changed by a condition on
the number of local iterations p(k, ).

Theorem 9 (Corollary 2.3 of [19]). Let A be a symmetric positive definite matriz
and assume that the multisplitting 21) is P-regular. Given a fixed positive number

P
0<1,letn=20/ <Z ||El||A>- Let U be such that
=1
||(M171Nl)’7HA§77, v>r, 1=1,2,...,p.
If the sequence of the number of iterations satisfies
(27) plk,) >0, 1=1,2,....p, k=0,1,2,...,

then the iterative method converges for any initial vector (9 to the unique
solution of system ().

In a similar way, using Theorem 2.1 of Migallén, Penadés, and Szyld [19], we can
change the additional hypothesis “AE; = EjA for [ =1,2,...,p” in Theorem [7 for
a condition on the number of local iterations u(k,!) obtaining the following result.
Here, ||-|| denotes any matrix norm such that ||I| = 1.

Theorem 10. Let A be a nonsingular and monotone matriz and assume that the
multisplitting (BI) is weak nonnegative of the second type. Given a fized positive

p
number 0 < 1, let n =10/ Z |EL|| ). Let o be such that
=1

[ N[ <, w25, 1=12,..p.

If the sequence of the number of iterations satisfies inequality (210), then the iterative
method (22) converges for any initial vector £°) to the unique solution of system

(m.
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If in the nonstationary parallel iterative method (22) we consider the particular
case in which the number of local iterations only depends of the Ith processor,
that is, pu(k,l) = w; for k =0,1,2,..., then we obtain a stationary version of that
method whose iteration matrix is

p
(28) T =Y E(M;'N)".
=1

Consider also matrix

D =1
(29) R=>E (Z (Mllle) M
1=1 i=0
Now, with the purpose of introducing similar results to Theorems Pland [5] for the
stationary version of the parallel iterative method (22]), we introduce the following
lemma. The proof of the first part can be found in Elsner [10], the second part in

Climent and Perea [7], and the last part in Nabben [20].

Lemma 4. Let A be a nonsingular matriz. Let {(M;, Ny, Ey)}_, be a multisplitting
of A and consider matrices

P P

H= ZElMl—lNl and G = ZE;Ml_l.

1=1 1=1

(i) If A is monotone and the multisplitting is weak nonnegative of the first type,
then G is nonsingular and the splitting A = G~ — (G~! — A) associated
with the multisplitting is also weak nonnegative of the first type.

(ii) If A is monotone, the multisplitting is weak nonnegative of the second
type, and AE; = EjA forl = 1,2,...,p, then G is nonsingular and the
splitting A = G~ — (G~ — A) associated with the multisplitting is also
weak nonnegative of the second type.

(iii) If A is symmetric positive definite, the multisplitting is P-regular, and
Ey =ol forl=1,2,...,p, then G is nonsingular and the splitting A =
G~! — (G=! — A) associated with the multisplitting is also P-reqular.

As Elsner [10], Climent and Perea [7], and Nabben [20] show, it is easy to see that
H = G(G~! — A) for matrices H and G of Lemmall So, A =G~ — (G ! - A)is
the unique splitting induced by matrix H satisfying the above equality in the sense
of Lemma .

Finally, using the above lemma, we introduce the following results for the sta-
tionary version of the parallel iterative process ([22)).

Theorem 11. Let A be a nonsingular matriz. Let {(M;, Ny, Ey)}_, be a multi-
splitting. Assume that p(k,l) = > 1 for k=0,1,2,..., and consider matrices T
and R defined by @8) and 29), respectively.

(i) If A is monotone and the multisplitting is weak nonnegative of the first
type, then the stationary version of the parallel iterative method 22)) is
convergent. Moreover, matriz R is nonsingular and A = R~ — (R™! — A)
s the unique weak nonnegative splitting of the first type induced by matriz
T such that T = R(R™! — A).

(ii) If A is monotone, the multisplitting is weak nonnegative of the second
type, and AE; = EjA for | = 1,2,...,p, then the stationary version of
the parallel iterative method (Z2) is convergent. Moreover, matriz R is



704 J.-J. CLIMENT, C. PEREA, L. TORTOSA, AND A. ZAMORA

nonsingular and A = R™' — (R™' — A) is the unique weak nonnegative
splitting of the second type induced by matriz T such that T = R(R™!—A).

(iii) If A is symmetric positive definite, the multisplitting is P-regular, and
E, = ol forl = 1,2,...,p, then the stationary version of the parallel
iterative method (22) is convergent. Moreover, matriz R is nonsingular
and A = R™Y — (R™! — A) is the unique P-regular splitting induced by
matriz T such that T = R(R™ — A).

Proof. By Theorem [0, the stationary version of the parallel iterative method
(22) is convergent.

Since A is monotone and for [ = 1,2,...,p, the splitting A = M; — N; is weak
nonnegative of the first type, by Theorem 7.5.6 of Berman and Plemmons [I] (see
also Climent and Perea [6, Theorem 3]), we have that p(M; 'N;) < 1. Next, using
the fact that M; 'N; > 0, we obtain that p[(M; 'N;)"] < 1, and consequently
matrix I — (M; ' N;)* is nonsingular.

Now, as in the proof of Theorem P] for weak nonnegative splittings of the first
type, it is easy to see that the unique splitting A = B; — C} induced by matrix
(M;"'N;)# such that (M; 'N;)* = B;'C) is weak nonnegative of the first type.
So, {(By, Ci, Ey)},_, is a weak nonnegative multisplitting of the first type.

Now, by Lemmas [l and and equality (29) we have that

p
Z E B
=1

I
M=

Ey (I —(MN)m) A~

N
Il
i

I
NE

m—1
5 (z (Mllle) =
1 =0

~

is a nonsingular matrix and A = R~! — (R™! — A) is the unique weak nonnegative
splitting of the first type induced by matrix T such that T = R(R™* — A).

Similar to part using a similar argument as in the proof of Theorem [2
for weak nonnegative splittings of the second type, using Remark 3 of Climent and
Perea [6], and using part instead of part of Lemma [l

Similar to part|(i)| using a similar argument as in the proof of Theorem [J
instead of Theorem[2], using Theorem 7.1.9 of Ortega[23] and using part instead
of part [(i)| of Lemma [4]. O

Observe that condition “AFE; = EjA for [ = 1,2,...,p” in Lemma and
Theorem [Jii)] is valid if “E; = eyl for 1 =1,2,...,p".

5. PARALLEL SYNCHRONOUS ALTERNATING ITERATIVE METHODS

With the aim of establishing more efficient parallel synchronous iterative meth-
ods, we introduce in this section two new methods that we call Model 1 and Model 2.
These new methods combine Model A with the alternating iterative method intro-
duced in Section[3. Also, we present convergence and comparison results for both
methods.

Model 1: Let

(30) {(Mj,laNj,lan,l)}g):p J=12..4q
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be ¢ multisplittings of A. We alternate ¢ global iterations of
Model A obtained with each one of the ¢ multisplittings.

Model 2: Let
(31) {(Mj,l;Nj,laEl)}le j:1527---aq7

be ¢ multisplittings of A, each one with the same weighting matri-
ces {Ei}_,. In each processor we apply the alternating iterative
method (B) until a mutual phase time is reached when all proces-
sors are ready to contribute toward the global iteration, similar
to Model A.

5.1. Convergence results for Model 1. First, we consider the mathematical
formulation of Model 1. For the ¢ multisplittings ([B0) let

14
WD = N (M N, )R g (G0
=1
P w(d,k,1)—1 A
+ZEN Z (JMJT;NJ’J)z MJTZIb
=1 =0

where u(j, k,1) denotes the number of local iterations in the Ith processor at the
kth global iteration using the jth multisplitting.

As in the sequential alternating iterative method of Section B, we can eliminate
vectors ¥13/9 for j =1,2,...,q — 1, obtaining the single iterative process

q P
(32) 2D H ( Eqj+1,l(Mq_1j+17quj+1,l)“(q_j+1’k’l)> 2
=1

q q—m p .
_ w(g—j+1,k,0)
+> (Z Eq—jt1a (qujﬂ,qu—jH,l) )

m=1 | j=1 =1
D p(m,k,l)—1 A
D Bmr | D (M iNwd)' | My b,
1=1 i=0
for k=0,1,2,
0 p .
wlg—j+1,k,0)
where we assume that H (Z Eqy_jt14 (Mq_joJNq_j+17l> ) = 1,
j=1 \i=1

which is of the form @) with

q p
(33) T = H (Z Eqi+1J(M(1_—lj+1,quj+1,l)“(q””“”) :
j=1 \i=1

Now, in a similar way to the sufficient convergence conditions for the nonstation-
ary iterative method (22)) introduced in the above section, we introduce sufficient
convergence conditions for the nonstationary iterative process (32).

Theorem 12. Let A be a nonsingular matriz.
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(i) Assume that A is monotone and that the multisplittings B0) are weak
nonnegative of the first type. If

(34) (i k) >1, j=1,2,....¢q,1=1,2,...,p, k=1,2,...,

then the iterative method [B2) converges to the unique solution of system
(@ for any initial vector (),

(ii) Assume that A is monotone, that the multisplittings BQ) are weak non-
negative of the second type, and that E;; = o, for 1 =1,2,...,p and
j=1,2,...,q. If (34) holds, then the iterative method [B2) converges to
the unique solution of system ([l) for any initial vector x(©),

(iii) Assume that A is symmetric positive definite, that the multisplittings (30)
are P-regular, and that E;; = o1 forl =1,2,...,pandj =1,2,...,q. If
B4) holds, then the iterative method (32) converges to the unique solution
of system () for any initial vector x(%).

Proof. Each part follows by an argument similar to that in Theorems[6], [[] and B]
respectively. O

Observe that, in a way similar to how we remark after Theorems [6] [[] and Bl
assumption (B34 can be weakened as follows:

(35) M(j’k7l)20’ l:172""7p7j:1727"'7Q?k:071727"'7
and infinitely many k’s
(36) M(j’k7l)21’ l:1’27"'?p7j:1727"'?q'

On the other hand, in a way similar to as in Theorems 0] and [I0, we can change
the additional hypothesis “E;; = ol for [ = 1,2,...,pand j = 1,2,...,¢” of
parts and of Theorem 2l by a condition on the number of local iterations
(g, k,1). First we introduce the following result similar to Theorem 2.1 of Migallén,
Penadés, and Szyld [1Y].

Theorem 13. Let A be a nonsingular matriz and assume that each splitting of
BQ) is convergent; that is, p(MjTlle,l) <1lforl=12,....,pand j=1,2,...,q.
Given a fized positive number 6 < 1, let

0 )
(37) nj:piv ]:172a"'7q7
> IEil
=1
where ||-|| denotes any matriz norm such that ||I|| = 1. Let ©; be such that
(38) |t N0 | <y

forallv; >v;, 1=1,2,...,pand j =1,2,...,q. If the sequences of the number of
iterations satisfy
(39) [kl > T

forg=1,2,....q,1=1,2,....p, and k = 1,2,..., then the iterative method (32
converges to the unique solution of system () for any initial vector (),
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Proof. From ([B3), (B7), and (B8), it follows that

H <Z | Eq—j1.l H . j+1l Ny_ji10)Ma™ j+1,k,l)H>
H <Z ”Eq ]+ll||77]>

j=1
< #1<O<1.

IN

7]

IN

So klim ’T(k)T(kfl) .70 H = 0, and consequently the iterative method (32)
—00
is convergent. O

Now, taking into account that the weak nonnegative splittings of the second
type of a monotone matrix are convergent and that the p-regular splittings of a
symmetric positive definite matrix are also convergent, we obtain the following
result similar to Theorems [ and [0}

Corollary 2. Let A be a nonsingular matriz and consider a fized positive number
0 <1.

(i) Assume that A is monotone and that the multisplittings B0) are weak
nonnegative of the second type. Let

0 .
Ny = —H ]:172a"'7q7

P
ZIIENII

where ||-|| denotes any matriz norm such that ||I|| = 1. Let ; be such that

H(MJTIINM)” H <

forall vy > 05, 1 =1,2,...,p and j = 1,2,...,q. If the sequences of
the number of iterations satisfy inequality @) for j = 1,2,...,q, I =
1,2,...,p, and k = 1,2,..., then the iterative method ([B2) converges to
the unique solution of system () for any initial vector x(0),

(ii) Assume that A is symmetric positive definite and that the multisplittings
BQ) are P-regular. Let

0 .
77]:;,7; ]:1527"'aq'

D Bl
=1

Let v; be such that

1
o o

forallv; > 05, 1 =1,2,...,p, andj =1,2,...,q. If for j =1,2,...,q
the sequences of the number of iterations satisfy inequality [B9) for j =
1,2,...,q,1=1,2,....p, and k = 1,2,..., then the iterative method (32))
converges to the unique solution of system () for any initial vector x(©),

S??j

If in the iterative process (B2) we consider the particular case u(j, k,1) = p(j,1),
for k =0,1,2,..., that is, the number of iterations on each multisplitting depends
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only of the multisplitting, then we obtain a stationary version of that method whose
iteration matrix is

q
(40) T = H <Z Eq_ji1.( q J+1 qujJrl,l)”(q_j-i_l’l)) )
j=1

Consider also the matrix

4 m ulg—j+1,0)
DR H( Byt (M0 N0

p m(m,l)—1 ‘
Z Yo (MhNwg)' | M)
=1 1=0

Theorem 14. Let A be a nonsingular matrixz. Consider the g multisplittings defined
by B, assume that (4, k, 1) = u(43,0) > 1 fork =0,1,2,..., and consider matrices
T and R defined by @) and [@I), respectively.

(i) If A is monotone and the ¢ multisplittings are weak nonnegative of the first
type, then the stationary version of the iterative method [B2) is convergent.
Moreover, matriz R is nonsingular and A = R~ — (R~ — A) is the unique
weak nonnegative splitting of the first type induced by matrix T such that
T=R(R-A).

(ii) If A is monotone, the q multisplittings are weak nonnegative of the sec-
ond type, and we consider the additional hypothesis E;; = a; I, for
l=1,2,....,pand j = 1,2,...,q, then the stationary version of the it-
erative method ([B2) is convergent. Moreover, matriz R is nonsingular and
A= R'—(R™1—A) is the unique weak nonnegative splitting of the second
type induced by matriz T such that T = R(R™! — A).

(i) If A is a symmetric positive definite matriz, the ¢ multisplittings are P-
reqular, and we consider the additional hypothesis E;; = ol for 1 =
1,2,...,pand j = 1,2,...,q, then the stationary version of the iterative
method B2) is convergent. Moreover, matriz R is nonsingular and A =
R~ — (R — A) is the unique P-regqular splitting induced by matriz T
such that T = R(R™! — A).

Proof. By Theorem [[2] the stationary version of the parallel iterative method
(B2) is convergent; that is, p(T") < 1.

For j =1,2,...,q, consider matrices
P .
_ 1,1l

(42) n::Z@N%ﬁm> ,
1=1
p [r(D-1 i

reo= X () | g

1=1 i=0

defined by (28) and (I?EI) respectively, for the multisplitting { M, Nji, Ej i},

By Theorem [f(1)} p(7}) < 1, matrix R; is nonsingular, and A = R; ' —(R; '~ A)
is a weak nonnegative sphttlng of the ﬁrst type induced by matrlx T; such that
T; = Rj(R;' — A).
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Now, it is easy to see that
q q q—m
T=][Tss+1. R=>_ |][Zss+1|Bm, and RA=I-T.
j=1 m=1 \ j=1

Clearly, R is nonsingular because p(T) < 1 and therefore T = R(R~! — A).

Finally, that A = R~! — (R™! — A) is a weak nonnegative splittings of the first
type follows from the above equalities and the fact that A = R;l — (R;1 —A)is
the unique weak nonnegative splitting of the first type.

(i1)| Similar to part [(1)| using Theorem [T1)(ii)| instead of Theorem [IIfi)|
(ii1)| Similar to part |(i)| using Theorem [[(iii )| instead of Theorem [TIi(i)| d

To finish this subsection, we introduce the following comparison result whose
proof follows by Theorem T4l and Corollary [

Theorem 15. Let A be a nonsingular and monotone matrix. Assume that the
q multisplittings defined by B0) are nonnegative and that E;; = a;I for 1 =
1,2,...,pand j=1,2,...,q. If u(4,k,1) = p(4,0) > 1 for k=0,1,2,..., then
T) < mi T,
p(I) < min {p(T5)},

where matrices T and T; for j = 1,2,...,q are defined by (@Q) and [@2)), respec-
tively.

5.2. Convergence results for Model 2. We consider the mathematical formu-
lation of Model 2.
For I = 1,2,...,p we consider the iterative process (8) for the splitting A =

MjJ — Nj’l in (B:D):

(43) pF+1) — Tl(k)a: + Rl(k)b
where
q .
b _ w(q—j+1k,0)
(44) Tz( ) = H (Mq—ljJrl,qu—j-i-l,l)
j=1

and

q |q—i . p(ik,l)—1

(k) _ _ w(g—j+1,k,0) _ m

By = Z H (Mq—1j+1,qu*j+1»l) Z (Mi,lei,l) Mi,ll

i=1 |j=1 m=0

Next we consider the parallel iterative method

P p
2t =3 BT Ma® 3" BRMb, k=0,1,2,...,
=1 =1

which is of the form (2)) with

P
(45) ™ =N"EBT", k=012,
1=1
where matrices Tl(k) are defined by (@4).
Now, as in the previous cases, we start with the convergence of the nonstationary
iterative method (@3]) proving the following result.

Theorem 16. Let A be a nonsingular matriz.
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(i) Assume that A is monotone and that the q multisplittings defined by (1)
are weak nonnegative of the first type. If

(46) u(]7k7l)217 j:1727"'?q7l:1727"'?p7k:07172?"'7

then the iterative method @3) converges for any initial vector €(®) to the
unique solution of system ().

(ii) Assume that A is monotone, that the q multisplittings defined by (B
are weak nonnegative of the second type, and that AE;; = E; A forl =
1,2,...,pandj=1,2,...,q. If {@-) holds, then the iterative method (43)
converges for any initial vector ) to the unique solution of system ().

(ili) Assume that A is symmetric positive definite, that the q multisplittings
defined by BIl) are P-regular, and that Ej; = o1 forl=1,2,...,p and
j=1,2,...,q. If @8) holds, then the iterative method [@3) converges for
any initial vector €9 to the unique solution of system @.

Proof. For a fixed [ with 1 < [ < p, as in the proofs of Theorem [1 for weak
nonnegative splittings of the first type and Theorem [6] since A~! > 0, there exists
a vector > 0 and a suitable constant 0 < 8 < 1 such that

Mz <pr, k=0,1,2,...,
and by (#5) we have that
TWg < Bz, k=0,1,2,....
So, klir{:o(T(k)T(k_l) - TOTO) = 0 by Lemma Bl because T*) > 0 for k =

0,1,2,..., and then the iterative process (@3] is convergent.

As in part , similar to the proofs of Theorem [ for weak nonnegative
splittings of the second type and Theorem [7.

As in part , similar to the proofs of Theorem [ and Theorem 8] U

Here, as in Theorem [I2], assumption (@G) in Theorem [[6 can be weakened by
conditions (33) and (Bg).

On the other hand, in a way similar to as in previous sections, we can change
the additional hypothesis “AE;; = E;;A for l =1,2,...,pand j = 1,2,...,¢"
and “Ej; = aj I for I = 1,2,...,pand j = 1,2,...,¢" of parts[(ii)] and [(iii)] of
Theorem by a condition on the number of local iterations pu(j, k,l) in a way
similar to as in Theorem[I3 and Corollary [2

Theorem 17. Let A be a nonsingular matriz and assume that each splitting of
() is convergent; that is, p(M;lle,l) <1lforl=1,2,....pandj=1,2,...,q.
Given a fixed positive number 6 < 1, let

1/q
0
n=1—» )
> lEl
=1
where ||| denotes any matriz norm such that ||I|| = 1. Let U be such that

H(M]leNj,l)”H <n
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forallv >0, 1=1,2,...,p, and j =1,2,...,q. If the sequences of the number of
iterations satisfy

(47) u(js k1) =2 0

forjg=1,2,....q,1=1,2,....p, and k = 1,2,..., then the iterative method (4H)

converges to the unique solution of system () for any initial vector (),

Corollary 3. Let A be a nonsingular matriz and consider a fized positive number
6 <1.
(i) Assume that A is monotone and that the multisplittings @) are weak
nonnegative of the second type. Let

1/q
0
n=\—-» )
> lE]
=1
where ||-|| denotes any matriz norm such that ||I|| = 1. Let U be such that

[CrEng B
forallv > v, 1 = 1,2,....p, and j = 1,2,...,q. If the sequences of
the number of iterations satisfy inequality @) for j = 1,2,...,q, 1 =
1,2,...,p, and k = 1,2,..., then the iterative method (EH) converges to
the unique solution of system () for any initial vector (®).

(ii) Assume that A is symmetric positive definite and that the multisplittings
E) are P-regular. Let

1/q

0
n =

=| ——
D IIE,
=1

Let U be such that
Jorzisr], <

forallv > v, 1 = 1,2,....p, and j = 1,2,...,q. If the sequences of
the number of iterations satisfy inequality (@D) for j = 1,2,...,q, I =
1,2,...,p, and k = 1,2,..., then the iterative method (EH) converges to
the unique solution of system () for any initial vector x(®).

As in the previous section, if in the iterative process (@4]) we consider the par-
ticular case u(j, k,1) = u(4,0) > 1 for k = 0,1,2,..., then we obtain a stationary
version of that method, whose iteration matrix is

(48) T

p
Z ET;
=1

p
S
=1

q )
(R
j=1
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Consider also matrix

p
(49) R = Y ER
1=1
P q |q—¢ :
_ wlg—j+1,0)
- ZEl Z H(quj+1,qu—j+17l)
1=1 i=1 | j=1

i) —1 .
x Z (Mi_llNiJ) Mi_zl
m=0

Then, with an argument similar to that in Theorem [I4, we can establish the
following result

Theorem 18. Let A be a nonsingular matrixz. Consider the g multisplittings defined
by BI), assume that u(j, k, 1) = u(y,1) > 1 fork =0,1,2,..., and consider matrices
T and R defined by [@8) and [@9), respectively.

(i) If A is monotone and the q multisplittings are weak nonnegative of the first
type, then the stationary version of the iterative method [@3) is convergent.
Moreover, matriz R is nonsingular and A = R='— (R~ — A) is the unique
weak nonnegative splitting of the first type induced by matriz T such that
T=R(R'-A).

(ii) If A is monotone, the q multisplittings are weak nonnegative of the sec-
ond type, and we consider the additional hypothesis AE;, = EA, for
1 =1,2,...,p, then the stationary version of the iterative method (@3) is
convergent. Moreover, matriz R is nonsingular and A = R~ — (R™! — A)
is the unique weak nonnegative splitting of the second type induced by ma-
triz T such that T = R(R™! — A).

(iii) If A is a symmetric positive definite matriz, the ¢ multisplittings are P-
reqular, and we consider the additional hypothesis E; = oyl for I = 1,
2,...,p, then the stationary version of the iterative method (&3) is conver-
gent. Moreover, matriz R is nonsingular and A = R™1 — (R~ — A) is the
unique P-regular splitting induced by matriz T such that T = R(R™! — A).

To finish this section, we establish an upper bound for the spectral radius of
matrix T defined by (ER).

Theorem 19. Let A be a nonsingular and monotone matriz. Assume that the q
splittings defined by (31) are weak nonnegative of the first type and that p(j, k,1) =
w(g,l) for k =0,1,2,.... Consider also a weak nonnegative splitting of the second
type A= M — N, such that

(50) M, <M, 1=12,...,p, j=1,2,....q.
Then
(51) p(T) < p(M7IN) <1

where T is the matrixz defined by (45).
Proof. Clearly p(M~'N) < 1.
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Let
4 u(g—3j+1,0)
H( (IJ+1l lZJJrll) , 1=12,...p.

By Theorem [2 p(Tl) < 1 and the unique splitting A = B; — C} induced by ma-
trix 1; such that 1T; = B, 1C; is weak nonnegative of the first type. Consequently
{(Bi,Cy, Ey)}_; is a weak nonnegative multisplitting of the first type, and by The-
orem l.a of O’Leary and White [22],

p(T)=0p (Z BllCl> < 1.

1=1
Now, by Lemmal[Tl (see also ([4) and (&) we obtain that
Bl_le]_’lle717 Z:1)27"'7p7.j:172)"'7q;

that is, B; < M for l = 1,2,...,p, and by Theorem 3.3 of Climent and Perea [7],
inequality (BI) follows. O

6. NUMERICAL RESULTS

In this section we present numerical results on Models A, 1 and 2 introduced
previously. We have run our experiments, coded in Fortran using BSPlib [I4],
in an IBM SP2 computer. To implement these methods, we have considered the
Laplace equation satisfying Dirichlet boundary conditions in the rectangle 2 =
[0,a] %[0, a]. We discretized the domain 2 with v/n X y/n points equally spaced. This
discretization yields the linear system () where A = tridiag[—1I,C, —I]is a /nx+/n
block tridiagonal matrix, I is the /n x \/n identity and C' = tridiag[—1,4, —1] is a
V/n x y/n tridiagonal matrix.

In order to define the splittings A = M; — N, for [ = 1,2,...,p, we consider
matrix A as

where B = tridiag[—1,C,—1I], for I = 1,2,...,p. In all three models we consider
that each processor P, for [ = 1,2,...,p, makes a fixed number of local iterations
(g, k) for the jth splitting at the kth global iteration. The stopping criterion used

was
n

i=1

A < 10712,




714 J.-J. CLIMENT, C. PEREA, L. TORTOSA, AND A. ZAMORA

For Model A we consider the multisplitting (2I) defined by

0
~.

M, = @

and N; = M;— A where L, is the lower triangular part of B;. Matrix Fj is partitioned
accordingly with M; changing L; by I and 41 by the zero matrix.
For Model 1 we consider ¢ = p and the multisplittings ([B30) defined by

il

and N;; = M;; — A where L;, is the lower triangular part of

B(j+1-1) mod p -

Matrix Ej;; is partitioned accordingly with M, ; changing L;; by I and 41 by the
zero matrix.

Finally, for Model 2 we consider the multisplittings (31I)) as in the previous case,
but matrix Ej is defined as in Model A.

Experiments were performed with different sizes of matrices and different values
for u(j, k), obtaining analogous results for all cases. We find that Model 1 needs
fewer iterations than the other ones. Table [l shows the number of global iterations
for Models A, 1 and 2 as a function of the matrix size.

Figures [l and B] show the results obtained for n = 1024 and p = 2 and for
n = 4096 and p = 4, respectively.
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TABLE 1. Global iterations for models A, 1 and 2.

n
1024 4096
Model Model
p | puli k)| A 1 2 A 1 2

1 2957 1338 2005 | 11054 5024 7489
2 5 649 286 431 | 2390 1070 1602
10 340 148 224 | 1239 550 826
1 3057 983 1240 | 11244 3684 4610
4 5 690 210 268 | 2468 784 987
10 368 109 139 | 1293 403 510
1 3235 620 710 | 11581 2322 2631
8 5 768 133 152 | 2616 494 564
10 421 69 78 1395 254 291

REFERENCES

A. BERMAN AND R.J. PLEMMONS. Nonnegative Matrices in the Mathematical Sciences. Aca-
demic Press, New York, 1979. Reprinted by SIAM. Philadelphia, PA, 1994. MR [95e:15013

M. BeNzI AND D.B. SzyLD. Existence and uniqueness of splittings for stationary itera-
tive methods with applications to alternating methods. Numerische Mathematik, 76: 39—
321 (1997). MR [98c:65041

R. Bru, L. ELSNER, AND M. NEUMANN. Models of parallel chaotic iteration methods. Linear
Algebra and its Applications, 103: 175-192 (1988). MR [90b:65255

R. Bru, L. ELSNER, AND M. NEUMANN. Convergence of infinite products of matrices and
inner-outer iteration schemes. FElectronic Transactions on Numerical Analysis, 2: 183—
193 (1994). MR 195i:65046

R. BRU, V. MIGALLON, AND J. PENADES. Chaotic methods for the parallel solution of linear
systems. Computing Systems in Engineering, 6: 385-390 (1995).

J.-J. CLIMENT AND C. PEREA. Some comparison theorems for weak nonnegative splittings
of bounded operators. Linear Algebra and its Applications, 275/276: 77-106 (1998). MR
99i:65043

J.-J. CLIMENT AND C. PEREA. Convergence and comparison theorems for multisplittings.
Numerical Linear Algebra with Applications, 6: 93-107 (1999). MR [2000c:65023

V. CONRAD AND Y. WALLACH. Alternating methods for sets of linear equations. Numerische
Mathematik, 32: 105-108 (1979). MR 80b:65042

G. CsORDAS AND R. VARGA. Comparisons of regular splittings of matrices. Numerische Math-
ematik, 44: 23-35 (1984). MR [85g:65043

L. ELSNER. Comparisons of weak regular splittings and multisplitting methods. Numerische
Mathematik, 56: 283-289 (1989). MR 85g:65043

A. FROMMER AND G. MAYER. Convergence of relaxed parallel multisplitting methods. Linear
Algebra and its Applications, 119: 141-152 (1989). MR [90£:65049

A. FROMMER AND G. MAYER. On the theory and practice of multisplitting methods in parallel
computation. Computing, 49: 63-74 (1992). MR 93e:65158

A. FROMMER AND D.B. SzyLD. Weighted max norms, splittings, and overlapping additive
Schwarz iterations. Numerische Mathematik, 83: 259-278 (1999). MR [2000g:65023

J.M.D. HiL, B. McCoLr, D.C. STEFANESCU, M.W. GOUDREAU, K. LANG, S.B. Rao,
T. SueL, T. TsaNTIiLAS, AND R.H. BisseLING. BSPlib: The BSP Programming Library.
Parallel Computing, 24: 1947-1980 (1998).

P.J. LANZKRON, D.J. ROSE, AND D.B. SzyLD. Convergence of nested classical iterative meth-
ods for linear systems. Numerische Mathematik, 58: 685-702 (1991). MR [92e:65045

G.I. MARCHUK. Splitting and alternating direction methods. In P.G. CIARLET AND J.L. LIONS
(editors). Handbook of Numerical Analysis, Vol. 1, pages 197-462. North Holland, New York,
NY, 1990.


http://www.ams.org/mathscinet-getitem?mr=95e:15013
http://www.ams.org/mathscinet-getitem?mr=98c:65041
http://www.ams.org/mathscinet-getitem?mr=90b:65255
http://www.ams.org/mathscinet-getitem?mr=95i:65046
http://www.ams.org/mathscinet-getitem?mr=99j:65043
http://www.ams.org/mathscinet-getitem?mr=2000c:65023
http://www.ams.org/mathscinet-getitem?mr=80b:65042
http://www.ams.org/mathscinet-getitem?mr=85g:65043
http://www.ams.org/mathscinet-getitem?mr=85g:65043
http://www.ams.org/mathscinet-getitem?mr=90f:65049
http://www.ams.org/mathscinet-getitem?mr=93e:65158
http://www.ams.org/mathscinet-getitem?mr=2000g:65023
http://www.ams.org/mathscinet-getitem?mr=92e:65045

SEQUENTIAL AND PARALLEL ALTERNATING METHODS 717

[17] 1. MAREK AND D.B. SzyLD. Comparison theorems for weak splittings of bounded operators.
Numerische Mathematik, 58: 389-397 (1990). MR 921:65070

[18] V.A. MILLER AND M. NEUMANN. A note on comparison theorems for nonnegative matrices.
Numerische Mathematik, 47: 427-434 (1985). MR 87a:65062

[19] V. MIGALLON, J. PENADES, AND D.B. SzyLD. Nonstationary multisplittings with general
weighting matrices. SIAM Journal on Matriz Analysis and Applications, 22: 1089-1094
(2001). MR 2001m:65046

[20] R. NABBEN. A note on comparison theorems for splittings and multisplittings of Hermit-
ian positive definite matrices. Linear Algebra and its Applications, 233: 67-80 (1996). MR
YT7a:15035

[21] M. NEUMANN AND R.J. PLEMMONS. Convergence of parallel multisplitting iterative methods
for M—matrices. Linear Algebra and its Applications, 88/89: 559-573 (1987). MR [88k:65143

[22] D.P. O’LEARY AND R.E. WHITE. Multi-splittings of matrices and parallel solution of lin-
ear systems. SIAM Journal on Algebraic and Discrete Methods, 6: 630-640 (1985). MR
86h:65047

[23] J.M. ORTEGA. Numerical Analysis, A second course. Academic Press, New York, NY, 1972.
Reprinted by SIAM, Philadelphia, PA, 1992. MR 190k:65005

[24] R.S. VARGA. Matriz Iterative Analysis. Prentice-Hall, Englewood Cliffs, NJ, 1962. MR
28:1725

[25] D. WANG. On the convergence of the parallel multisplitting AOR algorithm. Linear Algebra
and its Applications, 154/156: 473-486 (1991). MR 92h:65210

[26] Z.I. WoZNICKI. Nonnegative splitting theory. Japan Journal on Industrial and Applied Math-
ematics, 11: 289-342 (1994). MR [95g:65051

[27] D.M. YOUNG. lterative Solution of Large Linear Systems. Academic Press, New York, NY,
1971. MR 46:4698

DEPARTAMENT DE CIENCIA DE LA COMPUTACIO T INTEL-LIGENCIA ARTIFICIAL, UNIVERSITAT
D’ALACANT, Ap. CORREUS 99, E-03080 ALACANT, SPAIN
E-mail address: jcliment@dccia.ua.es

DEPARTAMENTO DE ESTADISTICA Y MATEMATICA APLICADA, UNIVERSIDAD MIGUEL HERNANDEZ,
ESCUELA POLITECNICA SUPERIOR DE ORIHUELA, E-03550, ORIHUELA, SPAIN
E-mail address: perea@umh.es

DEPARTAMENT DE CIENCIA DE LA COMPUTACIO 1 INTEL-LIGENCIA ARTIFICIAL, UNIVERSITAT
D’ALACANT, AP. CORREUS 99, E-03080 ALACANT, SPAIN
E-mail address: tortosa@dccia.ua.es

DEPARTAMENT DE CIENCIA DE LA COMPUTACIO 1 INTEL-LIGENCIA ARTIFICIAL, UNIVERSITAT
D’ALACANT, ApP. CORREUS 99, E-03080 ALACANT, SPAIN
E-mail address: zamora@dccia.ua.es


http://www.ams.org/mathscinet-getitem?mr=92f:65070
http://www.ams.org/mathscinet-getitem?mr=87a:65062
http://www.ams.org/mathscinet-getitem?mr=2001m:65046
http://www.ams.org/mathscinet-getitem?mr=97a:15035
http://www.ams.org/mathscinet-getitem?mr=88k:65143
http://www.ams.org/mathscinet-getitem?mr=86h:65047
http://www.ams.org/mathscinet-getitem?mr=90k:65005
http://www.ams.org/mathscinet-getitem?mr=28:1725
http://www.ams.org/mathscinet-getitem?mr=92h:65210
http://www.ams.org/mathscinet-getitem?mr=95g:65051
http://www.ams.org/mathscinet-getitem?mr=46:4698

	1. Introduction
	2. Preliminary results
	3. Sequential alternating iterative methods
	4. Parallel synchronous iterative methods
	5. Parallel synchronous alternating iterative methods
	5.1. Convergence results for Model 1
	5.2. Convergence results for Model 2

	6. Numerical results
	References

