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Abstract. The use of block two-stage methods for the iterative solution of consistent singular linear
systems 1s studied. In particular, hypotheses are provided for the convergence of non-stationary methods,
i.e., when the number of inner iterations may vary from block to block and from one outer iterations to
another.
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1. Introduction. We are interested in the block iterative solution of consistent n X n
singular systems of linear equations of the form

(1) Ax = b,

where A is an M-matrix, i.e., when A can be expressed as A = s[ — B, with B > O (a
nonnegative matrix), s > 0, and p(B) < s, where p(B) denotes the spectral radius of B; see
e.g., [3], [45]. The M—matrix A is singular when s = p(B). By consistent, it is meant that b
is in R(A), the range of A. In particular, these methods can be used to find the stationary
probability distribution of a Markov chain, i.e., one is looking for a nonnegative vector z,
denoted x > 0, such that Bx = z, where B is a nonnegative column stochastic matrix, i.e.,
BTe = ¢, where e = (1,1,...,1)T. This implies that p(B) = p(BT) = 1; see e.g., [5], [41],
[45]. The vector of probabilities is normalized so that zZ¢ = 1. In this case, the system (1)
corresponds to A=1— B (i.e., s =1) and b = 0.

Let us assume that the set {1,2,...,n} is partitioned into r disjoint sets of n, elements
each, 1 < ¢ < r. Let us further assume that the equations and unknowns are rearranged
(permuted) so that the n x n coefficient matrix A has the form

All Al? e AlT

A?l A22 e A?T
(2) : : : ’

Arl AT2 e ATT

with the diagonal blocks Ay being square of order ny, 1 < < r, Z ny, = n, and the vectors
/=1
x and b are partitioned conformally. This partition may arise naturally due to the structure
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of the problem, or it may be obtained using some block partitioning algorithm; see e.g., [12],
[36]. We know of instances, e.g., the one described by Ciardo, Gluckman, and Nicol [13] that
the matrix A, or B, where A = [ — B, is generated in a distributed array of processors, with
groups of rows (or columns) computed in each processor. Thus, a partition of the form (2)
is readily available.

Classical block methods, such as Block-Jacobi, or Block Gauss-Seidel, can be used for the
solution of (1) partitioned as in (2). Description of these methods can be found, e.g., in the
books by Berman and Plemmons [5], Stewart [41], or Varga [45]. A study of the convergence
of such methods can be carried out without much difficulty by extending the results of the
corresponding point methods for singular systems as analyzed, e.g., by Barker and Plemmons
[2], Barker [3], Marek and Szyld [29], or Neumann and Plemmons [31]. For the solution of
singular systems using Krylov-type methods, see the survey by Philippe, Saad and Stewart
[37], and also Freund and Hochbruck [14].

At each step of these block iterative methods, linear systems of the form
(3) Ayv =g, 1 <0<,

need to be solved, where Ay are the diagonal blocks in (2). When the order of these diagonal
blocks, ny, are large, it is natural to approximate their solution using an iterative method,
and thus we are in the presence of a two-stage iterative method. This is in fact recommended
by Stewart [41, Section 3.3]. Two-stage methods, sometimes called inner-outer iterations,
were studied, e.g., by Nichols [33], Golub and Overton [20], [21], Lanzkron, Rose and Szyld
[26], Frommer and Szyld [18], [19], and Bru, Migallén and Penadés [9]. Bru, Elsner and
Neumann [7] recently studied two-stage methods for singular systems. When the number of
iterations to approximate each of the systems (3) is the same for all ¢, 1 < ¢ < r, and for
each (outer) step, ¢ = 1,2,..., it is said that the method is stationary, while a non-stationary
block method is such that different (inner) iterations are performed in each block and/or in
each iterative step, say ¢((,¢) iterations 1 < ¢ <r, 1 =1,2,...; see e.g., [9], [10], [18], [19],
[30].

In this paper, we study the convergence of certain non-stationary two-stage methods for
singular M—matrices. In particular, the convergence of the two-stage non-stationary Block-
Jacobi method for Markov chains is analyzed.

For the two-stage Block-Jacobi method, let us consider the splittings Ay = B, — CY,
1 <0 <r. Let the block diagonal matrix M consist of the diagonal blocks in (2), i.e.,

(4) M = Dlag (All,...,Au,...,ATT),

and consider the splitting A = M — N. We assume that the matrix M is nonsingular. We
show in Section 4 when this assumption is satisfied for the Markov chains problem. Consider
further the splittings M = F, — G, 1 < { < r, where F} is a block diagonal matrix having
the ny x ny nonsingular matrix B, in the {th block, and identity matrices of the appropriate
order in the other diagonal blocks. Moreover, let the n x n diagonal matrices F, have ones
in the entries corresponding to the diagonal block Ay and zero otherwise. Note that this
implies that

(5) S E =
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Thus, we have

(6) F, = Diag (I,....1, By, I,....1I), and

(7) E, = Diag (0,...,0,1,0,...,0).

With this notation, the following algorithm describes the non-stationary Block-Jacobi method
for the approximate solution of (1).

ALGORITHM 1. (NON-STATIONARY TWO-STAGE MULTISPLITTING). Given the initial
vector xg, and a sequence of numbers of inner iterations ¢(¢,¢), 1 <l <r,i=1,2,....

For : =1,2,..., until convergence.
For { =1tor
Yeo = Ti-1
For j =1 to ¢(¢,1)
(8) Fryej = Geyrjor + Naioy + 0
(9) T = ;Ezyz,q(u) :

This is a special case of Algorithm 4 in [10], where the matrix A is assumed to be
nonsingular. This algorithm is much more general than the Block-Jacobi method, if, for
example, M, F, and/or the weighting matrices E, are different than (4), (6), (7), respectively,
as long as the weighting matrices satisfy (5). In particular, this general formulation allows
us to include in our convergence results, e.g., the more general Block-Jacobi type two-stage
methods, see e.g., [19], or a method with overlap, i.e., where the matrices F, have some
nonzeros in entries other than those of Ay cf. [17], [23].

Algorithm 1 extends the multisplitting algorithm introduced by O’Leary and White [35],
and further studied and extended by many authors, e.g., by Frommer and Mayer [15], [16],
Jones and Szyld [23], [43], Neumann and Plemmons [32], or White [46], [47]. It is easy to
see that up to r different processors can be efficiently utilized in parallel, each computing the
iterations (8). The fact that for each block, i.e., for each ¢, 1 < ¢ < r, different number of
iterations ¢((,¢) are performed may be exploited to achieve better load balancing, especially
if the order of the diagonal blocks, n,, vary over a large range; see e.g., [10].

The global iteration matrix of Algorithm 1 changes at each (outer) iteration and can be

written as

(10) T = zrng FG ) z)j F'GHYESIN|, i=1,2,...,
= =0

or equivalently, as

(11) ZEg (F71G) D + (1= (PG MTIN], i=1,2,.

see e.g., [10]. In other words, if #* is a solution of (1), and e; = x; — 2*, then ¢; = TWe;_y,
for ¢+ = 1,2,.... Thus, to study the convergence of Algorithm 1 we need to show that
TOTED ... TWey converges to an element in A'(A), the null space of A, as i — oo, cf.
Keller [24]. This is precisely our main result, shown, under certain hypotheses, in Section
3. In Section 4 we show how our results apply to the Markov chain problem. In the next
section, we present some definitions and preliminaries used later in the paper.
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2. Notation and Preliminaries. Let T' € IR"™*", by o(T') we denote the spectrum of
the matrix 7. We define v(T') = max{|A| : XA € o(T), X # 1}, i.e., ¥(T") is the maximum
magnitude over all elements in o(T') \ {1}. We say that two subspaces S; and S on IR" are
complementaryif S1® 5, = IR", i.e.,if S51NS5; = {0} and S;+ 52 = R". The index of a square
matrix 7', denoted ind T, is the smallest nonnegative integer & such that R(T*t!) = R(T*).
By ind,T we denote the index associated to the value one, i.e., ind;T = ind({ — T'). Note
that when p(T') = 1, indyT < 1 if and only if ind;T = 1. We say that a matrix 7" € IR"*",
is zero-convergent if limy_.. T* = O. We say that T' is convergent if limy_. 1% exists. It
is well known that a matrix T is zero-convergent if and only if p(7') < 1. If, on the other
hand p(T') = 1, two different conditions need to be satisfied to guarantee convergence, as the
following result shows; see e.g., [31], [34].

THEOREM 2.1. Let T € IR™™ with p(T') = 1. The matriz T is convergent if and only if
the following two statements hold.

(a) 1€o(T)andv(T)<1, (b)) N(I-T)dsR(I-T)=1R".

Condition (a) of Theorem 2.1 means that p(7') = 1 is the only eigenvalue in the unit
circle. Condition (b) is equivalent to having ind;T = 1; see e.g., [5], [42]. Alefeld and
Schneider [1, Theorem 2], show that condition (b) together with the hypotheses that T" > O,
having positive diagonal entries and p(T') = 1, imply that T' is convergent. Condition (b) is
also equivalent to the existence of the group inverse (I — T')#. We review in what follows the
definition of some generalized inverses; see e.g., [3], [11].

DEFINITION 2.2. Let A € IR™™", and consider the following matrixz equations.

(1) AXA = A, (2) XAX = X, and (3) AX = XA. A {1,2}-inverse of A is a matric X
which satisfies conditions (1) and (2). If, in addition, X satisfies condition (3), X is said to
be a group inverse of A.

We point out that the group inverse A# of a matrix A, if it exists, is unique. When A
is nonsingular, each generalized inverse coincides with A™!. The following two results are (a
part of ) Theorem 6.4.12 and Lemma 7.6.11 of [5], respectively.

THEOREM 2.3. Let T € R™", with T > O, and let C be a {1,2}-inverse of [ — T with
R(C) complementary to N (I —T), such that C is nonnegative on R(I —T), i.e., the matriz
C' satisfies the following four conditions.

(i) I-T=(I-TYC(I-T)

(it) C=C(I-T)C

(iii) N(I = T) & R(C) = R"

() Ifx € R(UI—=T), >0 then Cax > 0.

Then, p(T) < 1, and ind,(T) < 1.
LEMMA 2.4. Let T € IR™™" be convergent. Then ]}Lrgo T =T~ —-T)1I—-T)%*.

By Z™*" we denote the set of all real n x n matrices which have all nonpositive off-
diagonal entries. When A = sl — B is a nonsingular M-matrix, then p(B) < s. Thus
s7'B is zero-convergent. A general M-matrix A is said to have property c¢ if for some
representation of A = s — B, s > 0, B > O, the matrix s™'B is convergent. Obviously, a
nonsingular M-matrix always has property ¢. M—matrices with property ¢ were introduced
by Plemmons [38]. Several characterizations and sufficient conditions for matrices in Z"*" to
be M-matrices with property ¢ are given by Neumann and Plemmons [31]; see also Berman
and Plemmons [5]. For example, a matrix A € Z"*" having a positive vector @ such that
Az > 0, is an M—matrix with property ¢. Some other characterizations use the concept of
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regular splittings.

A splitting A = M — N is called a regular splitting if M~ > O and N > O. It is called
a weak regular splitting it M= > O and M~'N > O; see e.g., [5], [45].

THEOREM 2.5. [31] Let A € Z"". Let A= M — N be a regular splitting, and let
T =M"N. Then A is an M—matriz with property ¢ if and only if (a) p(T) <1, and (b)
NI-T)®aR(I-T)=1R".

In our convergence results, in Section 3, it is assumed that the matrix A of the system (1)
is an M-matrix with property c¢. In particular, as shown, e.g., in [5], matrices representing
finite homogeneous Markov chains satisty this property, and thus, our results apply to that
case; see further Section 4. Also, symmetric positive semidefinite matrices in Z"*" are M-
matrices with property ¢, and thus coefficient matrices for certain systems of linear equations
resulting from finite difference methods for partial differential equations, such as the Discrete
Neumann Problem in a rectangular region or the Poisson’s equation with periodic boundary
condition; see e.g., [3], [39].

A square matrix A = [a;;] is called column diagonally dominant if

(12) lajjl > D lagl, 1<j<n,
i=1,i#]

it is called strictly column diagonally dominant if strict inequality holds in (12), for j =
1,2,...,n, and irreducibly column diagonally dominant if A is irreducible and strict inequal-
ity of (12) holds for at least one j; see e.g., [5], [45]. The following results are part of
Theorem 6.2.3 and 6.2.7 of [5].

LEMMA 2.6. Let A € Z™*" satisfying one of the following conditions.
(a) A is strictly column diagonally dominant and the diagonal entries are positive.
(b) A is irreducible and there exists a positive vector x with Az > 0 and Ax # 0.
Then, A is a nonsingular M -matriz.

The product of zero-convergent matrices is not necessarily zero-convergent and may not
tend to zero; see e.g., Johnson and Bru [22], or Robert, Charnay and Musy [40]. A sufficient
condition to assure the convergence to zero of a product of different matrices is given in the
following lemma by Bru and Fuster [8].

LEMMA 2.7. Let AW, i =1.2...., be a sequence of square complex matrices. If there ex-
ists a matriz norm ||-|| such that |AV|| <0 <1, 1=1,2,..., then lim ADACD ... AW = O,

The following result is a tool used in our convergence analysis. It is stated without proof
in [27], [28], [29], [42], and used implicitely by Krieger [25].

THEOREM 2.8. Let T € IR™™". T is convergent if and only if T = P + Q, where
P*=P, PQ=QP =0, and p(Q) < 1. Moreover, P is a projection onto N'(I —T).

Proof. Suppose T is convergent. Let P = ]}LIEOT’“ By Lemma 2.4, we have P =
I— (I -T)(I—-T)* We then set Q = T — P. Tt easy to show, using the properties of
the group inverse in Definition 2.2, that P? = P and PQ = QP = O. Moreover, since
Q¥ = (T — P! =T% — P, we have ]}Lm Q% = O and thus p(Q) < 1. On the other hand, as
(I —=T)P = 0, it follows that P is a pl?gjection onto V(I — T'). The converse is obvious. O

3. Convergence of Non-stationary Methods. We begin by showing that the itera-
tion matrix at each (outer) step of Algorithm 1 has index 1 associated to the value one. This
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result generalizes Lemma 4.1 of Bru, Elsner and Neumann [7] to the case where we have r
different splittings M = F, — Gy, 1 < ¢ < r, and thus, to the non-stationary Block-Jacobi
method.

THEOREM 3.1. Let A be an M—matriz with property c. Let the splitting A= M — N be
reqular, and the splittings M Fy— Gy, 1 <l <r, be weak reqular. Then, the matrices T
defined in (10) satisfy p(TW) <1 and ind, T® <1 for all i =1,2,. ...

Proof. From (11), it follows that [ — T = (I — HO)(I — M~'N), i = 1,2,..., where

ZEg ng )i =1,2,.... Since M~* > O and the splittings M = F, — G,

1 <7 § r , are weak regular, then we have that H() > O, and also, as shown, e.g., in [6],
that p(H®) < 1. Therefore, (I — H®)~™" exists and it is a nonnegative matrix.

To conclude our proof we exhibit a matrix C' which satisfies conditions (i)-(iv) of Theorem 2.3.
Let C' = (I — M7'N)#(I — H9)=' where (I — M~'N)# is the group generalized inverse
of (I — M~'N). Tts existence follows from Theorem 2.5. Clearly, using Definition 2.2,
the matrix C satisfies conditions (i) and (ii). Furthermore it easy to show that R(C) =
R((I — M~*N)Y*)=R(I — M~'N) and

(13) NI =Ty =N - M'N)=N(A).

Since, again by Theorem 2.5, R(I — M~*N) and N(I — M~*N) are complementary, (iii) is
shown. Finally, let © € R(I —TW), « > 0, then (I — HY) 'z € R(I — M~'N) and also
(I — H(i))_lx > 0. Since M~'N > O and (I — M~' N)# exists it follows from Plemmons [38,
Theorem 2] that (I — M~*N)# is nonnegative on R(/ — M~ N). Then Cz > 0. O

Thus, we have shown that the iteration matrices T satisfy condition (b) of Theorem 2.1,
i =1,2,.... A way to insure that condition (a) holds is to find, as done by Bru, Elsner and
Neumann in [7], a matrix norm H || such that T(') is paracontracting with respect to this
norm (i.e., for every vector z, TWx # 2 & ||[TWz| < ||z||). However, in many cases the
matrices are not paracontracting. For example, if condition (a) is not satisfied, that norm
never exists and then another tool is needed.

THEOREM 3.2. Let A be an M—matriz with property c. Let the splitting A= M — N be
reqular, and the splittings M = Fy — Gy, 1 < { <r, be weak regular. Assume further that the
diagonal entries of F,7'Gy, 1 < £ < r, are positive. Then, the matrices TY defined in (10)

are convergent, for all 1t =1,2,....
r g(£3)—1
Proof. By the hypotheses, ZEg (F;7'Gy)Y F7'N| are nonnegative matrices and

/=1 7=0

the diagonal entries of the matrices ZEg( 1)1 are positive. Therefore, the matrices
/=1

T®, = 1,2,..., are also nonnegative and have positive diagonal entries. Since, by The-
orem 3.1, TW, i = 1,2,..., satisfy condition (b) of Theorem 2.1, using the result in [I,
Theorem 2|, the proof is complete. a

In Theorem 3.2 we have assumed that the matrices F;'G,, 1 < ¢ < r, have positive
diagonal entries. However, the iteration matrices of the classical Jacobi or Gauss-Seidel
methods do not have this property. Then, to insure that condition (a) of Theorem 2.1 holds,
we may use a standard device by shifting the matrix, so that the value 1 is the only eigenvalue
on the unit circle; see e.g., [3], [25], [31]. We thus have the following result.
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THEOREM 3.3. Let A be an M—matriz with property c. Let the splitting A = M — N

be regular, and the splittings M = F, — Gy, 1 < { < r, be weak regular Then, for each

€ (0,1), the matrices TS = oT® + (1 —a)l, i = 1,2,..., with T defined in (10), are
convergent.

Proof. From Theorem 3.1 and using that [ — T) = o(I — TW), i =1,2,..., it follows,
for each a € (0,1), that p(T\)) <1 and NI =T @RI - TD) =IR", i = 1,2,.... On
the other hand, by the hypotheses on the splittings and from (10), 7 > O. Thus (see e.g.,
[5, Exercise 6.4.3]), T)) has only the eigenvalue one on the unit circle, and by Theorem 2.1,
T is convergent for all o € (0,1). 0

Consequently, if need be, one can replace equation (9) in Algorithm 1 by

(14) T, = O‘ZEﬁM,q(f,i) + (1 —a)zi, O0<a<l.
=1

We can now prove the convergence of Algorithm 1 when ¢((,¢) = ¢({), ¢ = 1,2,.... This
means that the number of inner iterations performed in each block can be different from each
other, but stays fixed in each outer step. In practice, this allows us to counterweight the
work in each processor, producing a good overall load balance. Note that one can find good
values of ¢((,7) = ¢({) by experimenting first with a few outer iterations, varying ¢(¢,¢) for
each 1.

THEOREM 3.4. Let A be an M—matriz with property c. Let the splitting A= M — N be
reqular, and the splittings M = Fy — Gy, 1 < < r, be weak regular. Assume further that for
all 0, 1 <0 <r, there exists an integer q({) such that ¢((,7) =q(l), i=1,2,..., 1 <{ <.
Then the following two results hold.

(a) If the diagonal entries of F;'Gy, 1 < { < r, are positive, the non-stationary two-stage
multisplitting Algorithm 1 converges to a solution of the consistent linear system Ax = b, for
any initial vector xg.

(b) The non-stationary two-stage multisplitting Algorithm 1 with the modification (14), con-
verges to a solution of the consistent linear system Ax = b, for any initial vector xq.

Proof. Since ¢((,1) = q({), e =1,2,..., 1 < { < r, then there is a single iteration matrix,
ie.,

r g9(0)—1

cf. (10). Let * be a solution of (1), and ¢; = x; —2*, then ¢; = Te;_; = T'ey, fori =1,2,.. ..
We show that the sequence {e; }32, converges to a vector in N(A). Since, by Theorem 3.2, T is
convergent, by Lemma 2.4, lim e; = hm Teo=[I—-(I-T)I—- T)#]eo € N(I —T). Then,

1—00 — 00

by (13) the convergence is proved. The proof of part (b) is analogous using Theorem 3.3. O

We now formulate a basic theorem to insure the convergence of a product of convergent
matrices. This result generalizes Lemma 2.7.

THEOREM 3.5. Let AY, i = 1,2,..., be a sequence of square complex matrices such
that each group inverse (I — AUY# exists. Suppose that there is a subspace S salisfying
NI —=AD) =8, i =1,2,.... If there exists a matriz norm ||| such that the set {||AD ||}z,
remains bounded and ||AD(T — AT — A#|| <0 <1, i=1,2,..., then
(15) lim ADAGD .40 = p

11— 00

Y
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where P is a projection matriz on the subspace S.

Proof. Let vy be arbitrary, and let v; = AWv,_; = AOACD .. AWy for ¢ =1,2,....

The first part of the proof consists of showing that the sequence {v;}2, converges to a vector

inS. Let P,=1—(]—- A(i))(] — A(i))# and (; = A(i)(] — A(i))(] — A(i))# be the matrices
defined in Theorem 2.8 where A = P, 4+ Q;, i =1,2,.... It is easy to show that

(16) PZ'P]‘:P]‘ and QZ'P]‘:O, i,j:1,2,....

Note that from Theorem 2.8 and from the hypotheses, F;, ¢ = 1,2,..., are projections
matrices onto the same subspace S. Thus, from Theorem 2.8 and (16) we have that

1—1
(17) ADACD oA — poy Z P (QrQr_y - Q1) + QiQiy - Q1.
k=1

By hypothesis

(18) Qi <0 <1, i=1,2,...,
and using Lemma 2.7, we have that

(19) }iglo QiQi—1-- Q1= 0.

Then, by (17), if the limit of {v;}52, exists, it lies on S.

To conclude the first part of the proof we show that the sequence {v;}:2, is a Cauchy sequence,

and thus convergent. Let a, b be positive constants so that ||ve|]| < band a > sup ||F] > 1.
1=1,2,...

From (19), it follows that for every € > 0, there exists an index ¢y such that

(20) |QiQiz1 - Q1 < 2—66(1 —0), forall i > .
a

Let s,t be integers such that s > i, t > 19 and, without loss of generality, let s > ¢t. Thus,
using the bounds (18) and (20), it follows that, for all £ > 1

| PrirQepr1 - Qepr Qe Qull < || Pryrl| |Qean—all -+ [[Qegall Qs+ Qul|
< a1 0) = ugk—l_
2a 2b

Then, by the expression of the products of the matrices A® in (17)

HA(S)A(S—l) c AWy — AW A=) A(l)voH

[os = vf

< NP QiQir - Q1+ PrppQu1 Qi+ Qu 4o 4+ PoQs 1Qu g+ Q1
—I_QSQS—I e Ql - QtQt—l e QlH HUOH
s—1
< E(l_g) 1+0+02+...+05‘H+0 +l
2 a a

€

< Sa—py 1L fa—g)<e
< S0 (-0 <

Hence, the sequence {v;}32, converges to an element in S, for any w.
Thus, we have that for each column of the identity ¥, k = 1,...,n, im ADAGD ... oDk

11— 00
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exists and lies in S. Thus, the limit (15) exists and each of the columns of P lies in S, i.e.,
for any vector y, Py € S. Furthermore, if € S, we have that AWz =2 ,7=1,2,..., and
thus Pz = z. Then P? = P, i.e., P is a projection. a
We point out that the upper bound ||@Q;|| <0 <1, ¢ = 1,2,..., cannot be omitted, as
we illustrate with the following example.
ExXAMPLE 1. Consider the matrices

It follows that

10 0 0 .
PZ'—[O Ol,anin—[ ], 1 =1,2,...,

0 con—%)
with p(Q;) < 1, ¢ = 1,2,.... Since limp(Q);) = 1, there is no matrix norm || - || such that
1Q:l < 0 < 1, for all i = 1,2,.... All equations v = ADv have the unique normalized
solution v = (1,0)7, but the sequence vy = (1,1)7, v; = AWv;_; converges to the vector

(1, exp(—)).

We use Theorem 3.5 to prove the convergence of Algorithm 1 for any bounded sequence
q(l,7), t = 1,2,..., 1 < ¢ < r. This condition is very realistic in practice, since there is
always a maximum number of inner iterations for each block.

THEOREM 3.6. Let A be an M—matriz with property c. Let the splitting A = M — N
be regular, and the splittings M = F, — Gy, 1 < { < r, be weak regular. Suppose that
there exists a matriz norm || - || such that ||[TO(I — TOYI — TOY#|| < 1, i = 1,2,...,
where T are defined in (10). Then, for any bounded sequence of number of inner ilerations
q(l,0) > 1, 1 =1,2,..., 1 < <r, the non-stationary two-stage multisplitting Algorithm 1
converges to a solution of the consistent linear system Ax = b, for any initial vector xg.

Proof. The proof is an immediate consequence of Theorems 3.1 and 3.5. O

We note that the convergence results of Theorem 3.4 can be regarded as corollaries of
Theorem 3.6.

We point out that, in light of Theorem 3.6, from the proof of Theorem 3.5, one can find
all solutions of (1) by finding one of them first, and then finding a basis of N (A) using the
columns of the identity as initial vectors in Algorithm 1, modified with (14) if needed, and
with b= 0.

We conclude the section with a few remarks.

If equation (8) is relaxed with some 0 < w < 1, i.e., if it is replaced with

Yo; = wF;  (Goyejor + Naisy +6) + (1 — w)yeia,

the induced splitting (see [4], [26]) is also weak regular, and thus theorems 3.1-3.4 and 3.6
hold as well. Hence the relaxed non-stationary two-stage multisplitting algorithm to solve
the consistent linear system Az = b converges to a solution.

In theorems 3.1-3.4 and 3.6, the fact that A is an M-matrix with property ¢ is only
used to guarantee the existence of (I — M~ N)#. The existence of this group inverse can be
obtained by some other hypotheses; see e.g., [5]. Here we mention two of them. One is that
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A € IR™™™ is range monotone, i.e.,if Ax >0 and x € R(A), then & > 0; this hypothesis was
used in [7]. Another condition is that there exists a positive vector  such that Az > 0.

On the other hand, in the mentioned theorems, we have the hypotheses that A is an
M-matrix with property ¢, and that the splitting A = M — N is regular. This implies, by
Theorem 2.5, that p(M~'N) < 1, but this fact is not used explicitly in the proofs of the
theorems. We note that if one were to replace the hypothesis of property ¢ by the apparently
less restrictive hypothesis of the existence of (I — M~ N)#, this assumption together with
the regularity of the splitting A = M — N actually implies that p(M~'N) < 1; see e.g., [5].

4. Application to finite Markov chains. As mentioned earlier, if B is a transition
matrix of a Markov chain, the matrix A = [ — B is an M-matrix with property ¢, and thus the
convergence of the non-stationary two-stage multisplitting Algorithm 1 with the modification
(14), if need be, is guaranteed when the splittings are chosen as in theorems 3.4 and 3.6. In
particular, the two-stage non-stationary Block-Jacobi method can be used to find a stationary
probability distribution, i.e., a (normalized) solution of Az = 0. When the Markov chain is
ergodic, i.e., when B is irreducible, there exists a unique stationary probability distribution
vector. In this case, the mentioned algorithm produces this (normalized) vector. However,
if the Markov chain is not ergodic, N'(A) has dimension greater than one. All stationary
probability distributions can be found by repeated use of the algorithm, with initial vectors
being each column of the identity. This procedure was proposed by Tanabe [44] in the context
of the conjugate gradient method, and by Marek and Szyld [29] using semi-iterative methods.

In what follows, we present conditions that guarantee that the Block-Jacobi splitting is
a regular splitting, and thus satisfy the hypotheses of our convergence theorems.

THEOREM 4.1. Let B be a transition matriz of a finite homogeneous Markov chain.
Consider A =1 — B partitioned as in (2) and the Block-Jacobi splitting A = M — N defined
in (4). If each matriz Ay, 1 < 0 < r, is either strictly or irreducibly column diagonally
dominant, then, the splitting A= M — N s regular.

Proof. Since B is nonnegative and each column sum is 1, if Ay is strictly column
diagonally dominant then its diagonal entries are positive. Moreover, as Ay € Z"*" from
Lemma 2.6 (a), Ay is a nonsingular M-matrix.

On the other hand, if Ay is column diagonally dominant with at least one strict inequality
(12), then AZ(1,1,...,1)T is a non zero nonnegative vector. Then since Ay is irreducible,
from Lemma 2.6 (b), Ay is a nonsingular M—matrix.

Since, in addition, N is always a nonnegative matrix, it follows in both cases that the splitting
A= M — N is regular. O

It is easy to see that, for any matrix in Z"*", the Block Gauss-Seidel splitting is regular
if and only if the Block-Jacobi splitting is. Then, Theorem 4.1 remains valid for the Block
Gauss-Seidel splitting.

We conclude by giving equivalent conditions for the two hypotheses of Theorem 4.1. First,
each matrix Ay, 1 < ¢ < r,is strictly column diagonally dominant if and only if each column
of N has at least one nonzero entry. Second, the matrix Ay, 1 < ¢ <r, is column diagonally
dominant with at least one strict inequality (12) if and only if at least one column for each cor-
responding blocks in V. i.e, each of the matrices [—Aﬂ, R _AﬁT—M’ o7, _A€T+1,€7 o — Al T,
1 <0 < r, has at least one nonzero entry.
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