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AN ALGEBRAIC CONVERGENCE THEORY FOR
RESTRICTED ADDITIVE SCHWARZ METHODS
USING WEIGHTED MAX NORMS*
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Abstract. Convergence results for the restrictive additive Schwarz (RAS) method of Cai and
Sarkis [SIAM J. Sci. Comput., 21 (1999), pp. 792-797] for the solution of linear systems of the
form Az = b are provided using an algebraic view of additive Schwarz methods and the theory of
multisplittings. The linear systems studied are usually discretizations of partial differential equations
in two or three dimensions. It is shown that in the case of A symmetric positive definite, the
projections defined by the methods are not orthogonal with respect to the inner product defined
by A, and therefore the standard analysis cannot be used here. The convergence results presented
are for the class of M-matrices (and more generally for H-matrices) using weighted max norms.
Comparison between different versions of the RAS method are given in terms of these norms. A
comparison theorem with respect to the classical additive Schwarz method makes it possible to
indirectly get quantitative results on rates of convergence which otherwise cannot be obtained by the
theory. Several RAS variants are considered, including new ones and two-level schemes.
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1. Introduction. In this paper we bring forth results from multisplitting theory
to study the class of restrictive additive Schwarz (RAS) methods which were recently
introduced [11] as an efficient alternative to the classical additive Schwarz precondi-
tioner. Practical experiments have proven RAS to be particularly attractive because
it reduces communication time while maintaining the most desirable properties of the
classical Schwarz methods [9, 11]. RAS preconditioners are widely used in practice
and are the default preconditioner in the PETSc software package [1].

Up until now there is no general convergence theory for RAS. The purpose of
this paper is to provide such a theory for a general class of matrices including M-
matrices. Our convergence theory is developed in terms of weighted max norms and,
in some cases, in terms of the spectral radius of the iteration matrix. A disk in the
complex plane containing the spectrum of the preconditioned matrix is thus obtained.
Some of the tools we use were developed in [23] for the analysis of classical additive
Schwarz methods; see also [2]. Our results provide the theoretical underpinnings for
the behavior of the preconditioners as observed in [11]. The theory we develop is not
complete in the sense that we do not get quantitative results (like mesh independence
in the presence of a coarse grid, for example). However, as we shall stress later, such
results can be obtained indirectly by using some of the comparison results of section 6
and classical results for the usual additive Schwarz method.
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Our approach is purely algebraic, and therefore our results apply to discretization
of differential equations as well as to algebraic additive Schwarz. We believe that the
algebraic tools used here and in [2, 23] complement the usual analytic tools used
for the analysis of Schwarz methods; see, e.g., the books [31, 36] and the extensive
bibliography therein.

We formulate all our results in terms of a quantity r € [0, 1) which represents the
spectral radius of the respective iteration matrix or an upper bound for that spectral
radius. If we view the methods as preconditioners, our results may be restated as
saying that the spectrum of the preconditioned system is contained in the circle with
center 1 and radius r in the right half plane. Note that such a half plane condition,
together with the assumption of diagonalizability, guarantees restarted GMRES to
converge for any restart value [34]. Moreover, we may expect GMRES to converge
faster when r becomes smaller, although the precise convergence behavior of GMRES
does not depend only on the eigenvalues (and even less on circles containing those).

This paper is organized as follows. We start by giving algebraic representations of
the usual and the restricted additive Schwarz method and we introduce the splittings
associated with each of the methods. In section 3 we show that the RAS preconditioner
is a sum of oblique projections. The algebraic representation and the analysis in
section 3 holds for general nonsingular matrices, while in the rest of the paper we
generally assume that the matrix associated with the linear system is an M-matrix
(or more generally an H-matrix). Section 4 contains our central convergence theorem
for RAS, whereas in section 5 we study the effect of overlap on the quality of the
preconditioner. We then deal with several variants of the RAS preconditioner in
section 6. Both sections 5 and 6 also identify situations where one can compare
the rate of convergence of different RAS variants. In section 7 we indicate how to
study the case of inexact local solutions. We finish with some brief observations on
coarse grid corrections, i.e., two-level schemes (section 8), and on nonstationary and
asynchronous variants (section 9).

2. The algebraic representation. The linear system in R" is given as

(2.1) Ax =b.

As in [11] we consider p nonoverlapping subspaces W;o, ¢ = 1,...,p, which are
spanned by columns of the identity I over R™ and which are then augmented to
produce overlap. For a precise definition, let S = {1,...,n} and let

p
S={JSio
i=1

be a partition of S into p disjoint, nonempty subsets. For each of these sets S; o we
consider a nested sequence of larger sets S; s with

(22) Si,O Q Si,l Q SLQ"' QS:{].,J’L},

so that we again have S = UY_| S; 5 for all values of ¢, but for § > 0 the sets S; s are
not necessarily pairwise disjoint, i.e., we have introduced overlap. A common way to
obtain the sets .S; s is to add those indices to S; ¢ which correspond to nodes lying at
distance § or less from those nodes corresponding to S;¢ in the (undirected) graph
of A. This approach is particularly adequate in discretizations of partial differential
equations where the indices correspond to the nodes of the discretization mesh; see
[6, 9, 10, 11, 16, 36].
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Let n;s = |S;,5| denote the cardinality of the set S; s. For each nested sequence
from (2.2) we can find a permutation m; on {1,...,n} with the property that for all
6 > 0 we have m;(S;s) = {1,...,n:5}

We now build matrices R; s € R™***" whose rows are precisely those rows j of
the identity for which j € S; 5. Formally, such a matrix R; s can be expressed as

| i

with I; 5 the identity on R""¢. Finally, we define the weighting matrices

Eis = Rz:(sRi,é <— mT[ 0’6 0 }m) € R™*

and the subspaces

(2.3) Ris = (L,

Wi,& = range(Ew), i=1,...,p.

Note the inclusion W; s O W; s for 6 > ¢', and in particular W; s O W, ¢ for all 6 > 0.
We view the matrices R; s as restriction operators and RZ& as prolongations. We

can identify the image of joé with the subspace W;s. For each subspace W; s we
define a restriction of the operator A on W; s as

Ais = R; sAR].

The classical additive Schwarz method consists of the following algorithm for
solving (2.1).
ALGORITHM 2.1 (additive Schwarz). Solve the equation

—1
MAS sAz = AS sb

by a Krylov subspace method, where the preconditioner is defined by

p
(2.4) Myds = RIsA {Ris.
i=1
In order to describe the restricted additive Schwarz method we introduce “re-
stricted” operators R; s as
(2.5) Ei,ﬁ =R;sE;o € R™i6%™
The image of RT = ZORZ s can be identified with W; g, so R 5 ‘‘Testricts” RT

in the sense that the image of the latter, W; s, is restricted to its subspace W, g,
the space from the nonoverlapping decomposition. The restricted additive Schwarz
method from [9, 11] replaces the prolongation operator Rzé by RZ«S in Algorithm 2.1,
i.e., one uses

P
-1 _ BT 4—1
(2.6) MRAS,& = Z Ri,é‘Ai,& Ris
i=1
instead of (2.4).1 For practical parallel implementations, replacing RiTé by R;‘Fé means
that the corresponding part of the computation will not require any communication,
I'We note that the representations (2.4) and (2.6) using rectangular matrices R; s and matrices

A; s of smaller size are consistent with the standard literature [12, 31, 36] and different than that of
[11], where n X n matrices are used.
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since the images of the Iﬂézﬁ do not overlap. In addition, the numerical results in
[11] indicate that the restrictive additive Schwarz method is at least as fast (in terms
of number of iterations and/or CPU time) as the classical one. Note that we lose
symmetry, however, since if A is symmetric, M;é s wWill be symmetric as well, whereas
M 1;1}1 5,5 Will usually be nonsymmetric.

As in [2, 23], the key to our analysis is a different representation for M§ ; and
Mﬁis,& in the spirit of multisplitting methods [8, 19, 20, 21, 29]. In fact, the RAS
preconditioning is the same as the overlapping block Jacobi multisplitting introduced
in [19, Definition 2.1].

LEMMA 2.2. The following identities hold:

p
(2.7) MX;,& = Z EiﬁMi:Sl
i=1
and
P
(2.8) Mﬁ,}xs,a = Z Ei»OMijélv
i=1

where the matrices M, s are defined as

(2.9) M;s=nl { Ais O }m

O D.s

and D—; s is the diagonal part of the principal submatriz of A “complementary” to
Ai,&; z'.e.,

Dﬁiﬂs = dlag ([O|Iﬁ“§] TG A . 7TiT . [O‘Iﬁiﬁ]T)

with 1-; 5 the identity on R"™""°. Here, we assume that A; s and D—; s are nonsin-
gular.
Proof. Let us show that

pT A—1 -1 .
Ri,éAi,é Riﬁ = Ei,OML& 5 1= ]., ey Dy

which implies (2.8). The identity (2.7) follows in a similar manner; see also [2, 23].
Clearly, by (2.5) and (2.3), we have

(2.10) RIS A Ris = BioRTsA L Ry = Bion? [ Aéél g ] .
For any (n —mn;s) X (n —n;s) matrix X
Ei’owiT{g )O(:|7T = W?[Iéjo g szf{g )O(]m
[ 2][2 9] - o
Choosing X = D_; 5, we see that (2.10) yields
EgéAij@lRi,& = Ei,oﬂ'iT { Ag‘sl 8 ] = E7;707TiT Aég D?ilzs ] T = ELOMZ_;,
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since
AL O
M[l == { i.6 1 }m. O
0 0] Dﬁiv5

We note that with the RAS preconditioning the corresponding weighting matrices
satisfy

P
(2.11) > EBio=1,
i=1

consistent with the traditional multisplitting theory [8, 29], while for additive Schwarz
we have

P
(2.12) ol >y Eis>1,
i=1

where the inequalities are componentwise and

(2.13) g= max |[{i:j€ S;s}

Jj=1,....n
In the partial differential equation setting, ¢ is the maximum number of subdomains
to which each node of the mesh belongs.

3. RAS viewed as sums of projections. The theory of orthogonal projections
plays an important role in the analysis of classical Schwarz methods; see, e.g., [25,
Ch. 11], [36], and especially [5]. Let

Pis= Rz(sAi"gRi,&A = EMM;;A.

It is not hard to see that this is a projection onto the subspace W; s and that when
A is symmetric positive definite (s.p.d.) this projection is orthogonal with respect
to the A-inner product (z,y)4 = 27 Ay, i.e., P?s = Pis and AP;s = R%A; see,

g., [25, Ch. 11], [36]. Thus, the preconditioned matrix with the additive Schwarz
preconditioning (Algorithm 2.1) can be viewed as

p
—1
Mg A= ZPM,
=1

i.e., as a sum of A-orthogonal projections.
In the restrictive additive Schwarz method, the operator corresponding to P; s is

(3.1) Qis = RIs A7 RisA = EioM;; A.

As we show in the following lemma, this operator is a projection onto the subspace
Wi.0, but this projection is not orthogonal. Therefore, the preconditioned matrix with
RAS is

p
-1
MRAS,éA = Z Qis,

=1

i.e., a sum of oblique projections.
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LEMMA 3.1. Let Q; s be defined as in (3.1); then the following identity holds:
(3.2) Qi = EioP;s.

Furthermore, Q; s s a projection.
Proof. First we note that F; o F; s = E; o, which implies (3.2). To prove that Q; s
is a projection, we first observe that

Ii,O 0]

Ai_,(isiﬁARzZ:O = |: O O

:| c Rni,é Xni,b.

By multiplying this equation by Rg:o we get RZOA;,;RL&ART = RZO. Putting all

1/7

this together and using the identity E; o = RZoRi,O we have

Qi s = RigRioR[sA;  Ri s AR (Ri oR} s A; § Ri sA
= EioR[ A jRisA=Qis. O

The matrix F;o is also a projection which is orthogonal with respect to the
Euclidean inner product. Lemma 3.1 indicates that the projection @); s is the product
of two projections. These projections are orthogonal with respect to different inner
products, and thus the theory from [5] does not apply. In the case of A s.p.d., it
turns out that (); s is not in general an orthogonal projection (with respect to the
A-inner product). Therefore, the convergence theory developed using A-norms (or
energy norms) cannot be developed using the same analytical or algebraic tools as
for the classical additive Schwarz method (Algorithm 2.1); see, e.g., [2, 23, 25, 31, 36]
and the references therein.

This is why in this paper, we concentrate our study on the case where A in (2.1)
is a nonsingular M-matrix, and in particular an s.p.d. M-matrix (Stieltjes matrix).
Many of our results hold for more general H-matrices, and the proofs can be obtained
in a similar manner using the techniques found, e.g., in [22]. We will not dwell on
these here.

M-matrices arise naturally in discretizations of (non-self-adjoint) convection-
diffusion equations when the boundary conditions are such that the problem is of
“monotone kind” in the sense of Collatz [14]. See [14] and [15] for a detailed dis-
cussion and many physical examples. Discretizations which reflect monotone kind
result in M-matrices. In particular, this is the case for standard finite difference dis-
cretizations if the mesh size is small enough or if upwind differences are used for the
convection term [30]. It is also the case for exponentially adapted finite difference
or finite element discretizations, independently of the mesh size. This was recently
shown by Schrader [35].

4. Convergence of RAS. The purpose of this section is to show that for M-
matrices the spectral radius p(I — M g}ls, sA) of the RAS iteration matrix is less
than 1 for all values of 6 > 0. This implies in particular that the spectrum of the
preconditioned system o (M Jgjls, sA) is located in the right half plane and contained
in a disk of radius less than 1 around the point 1.

We start by recalling some basic terminology. The natural partial ordering <
between matrices A = (a;;), B = (b;;) of the same size is defined componentwise, i.e.,
A< Biff a;; <b;; for all 4,5. If A> O we call A nonnegative. If all entries of A are
positive, we say that A is positive and write A > O. This notation and terminology
carries over to vectors as well.
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A matrix A € R™™" is called a (nonsingular) M-matrix if it has nonpositive off-
diagonal elements and A~ > O. The following lemma states some useful properties
of M-matrices; see, e.g., [4, 40].

LEMMA 4.1. Let A, B € R™*" be two nonsingular M -matrices with A < B. Then
we have the following:

(i) EBvery principal submatriz of A or B is again an M-matriz.

(ii) Ewvery matriz C such that A < C < B is an M-matriz—in particular, if

A < C < diag(A), then C is an M-matriz.

(iii) B! < AL,

Our convergence results will be formulated in terms of nonnegative splittings
according to the following definition and theorem.

DEFINITION 4.2. Consider the splitting A = M — N € R™™"™ with M nonsingular.
This splitting is said to be

(i) regular if M~* > O and N > O,

(ii) weak nonnegative of the first type (also called weak regular) if M—' > O and

M~'N >0,

(iii) weak nonnegative of the second type if M=t > O and NM~! > O, and

(iv) nonnegative if M~ >0, M~*N > 0O, and NM~! > O.

THEOREM 4.3. Let A = M — N be a splitting satisfying one of the following
conditions:

(i) The splitting is regular.

(ii) The splitting is weak nonnegative of the first type.

(iii) The splitting is weak nonnegative of the second type.

(iv) The splitting is nonnegative.

Then p(I — M~YA) < 1 iff A is nonsingular and A=t > 0.

Proof. The case (i) goes back to Varga [40], case (ii) can be found in [30, 2.4.17],
and case (iii) is from [42]. Case (iv) follows from (ii) or (iii). O

Thus, in particular, if A is a nonsingular M-matrix, weak nonnegative splittings
of the first or the second type are convergent.

We are now able to formulate the central result of this section, which is very
similar to [19, Theorem 2.1].

THEOREM 4.4. Let A be a nonsingular M -matriz. Then for each value of § > 0,
the splitting A = Mpas,s — Nras,s, corresponding to the RAS method, is weak
nonnegative of the first type. In particular, the iteration matriz ng;sﬁNRAS,é =

I-— MEJ‘S’(SA satisfies
(4.1) p(I = Mpas54) < 1.

Proof. By Lemma 2.2, we have that the identity (2.8) holds with M; s of the
form (2.9). Clearly, A < M, s < diag(A), since M, s arises from A by setting those
off-diagonal elements to zero which do not belong to the block defined by the indices
in S; 5. Therefore, by Lemma 4.1(ii) each M, s is an M-matrix with Mi}l > 0, and
therefore

P
-1 _ -1
MRA&& - ZEZ‘,OMi,é > 0.

i=1

In addition, since A < M; s, we obtain, after multiplication by M[é-l > O, that
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M;JA<TIfori=1,...,p. Using (2.11) we therefore get

P p
I—MpghgsA=1- ZELOM;;A >71— ZELO = 0.

=1 =1

This shows that the RAS-splitting is weak nonnegative of the first type. Theorem 4.3
therefore yields (4.1). o0

We point out that in general a convergence result such as (4.1) does not hold
for the classical additive Schwarz preconditioner (2.4). To guarantee convergence,
a damping (or relaxation) parameter § > 0 is introduced. It can be shown that if
0 < 1/q, then p(I — M 5 ,A) < 1, where ¢ is defined in (2.13); see [2, 23] and
also [25]. Thus, one of the attractive features of the RAS preconditioner is that no
damping parameter is needed for convergence.

5. The effect of overlap on RAS. We study in this section the effect of varying
the overlap. More precisely, we prove comparison results on the spectral radii and/or
on certain weighted max norms for the corresponding iteration matrices

Trass =1 — MpagsA

for different values of 6 > 0.

We start with a result which compares one RAS splitting, defined through the
sets S; s with another one with more overlap defined through sets S; 5, where S; 5 C
Sis,4=1,...,p. Weshow that the larger the overlap (6 > ¢’), the faster RAS method
converges as measured in certain weighted max norms. This is consistent with the
experiments in tables 1 and 2 of [11], where an increase of the overlap is associated
with fewer iterations.

For a positive vector w we denote ||z|,, the weighted max norm in R™ given by

|z]|w = max |z;|/w;.
i=1,...,n

The resulting operator norm in R"*" is denoted similarly and for B = (b;;) € R™*"
we have (see, e.g., [32])

(5.1) 1Bllw =, max ; [bij|w; | [w;.
The following lemma follows directly from (5.1).

LEMMA 5.1. Let T, T be nonnegative matrices. Assume that Tw < Tw for some
vector w > 0. Then ||T||w < [|T]w-

THEOREM 5.2. Let A be a nonsingular M-matriz and let w > 0 be any positive
vector such that Aw >0, e.g., w = A~ v with v > 0. Then, if 6§ > &',

(5.2) 1Tras sllw < [TrRAS,8 | w-

Moreover, if the Perron vector ws of Tras,s' satisfies ws > 0 and Aws: > 0, then
we also have

(5.3) p(Trass) < p(Trass)-
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Proof. Since S; 5 € Si5,i =1,...,p, we have A < M; s < M; 5 < diag(A). Since
A is an M-matrix, this yields

(5.4) M} > Mg for i=1,....p,

so that we obtain for all w > 0 such that v = Aw > 0,

P P
0 < TRAS,éw = <I — ZEivoMiT61A> w=w — ZEi’OMi;SlU
=1

i=1

P
~1
<w-— E EioM; 50 =Tras,sw,
i=1

and using Lemma 5.1, we get (5.2). Now, if the Perron vector ws can be chosen as
w, we have HTRAS,é’Hwé-/ = p(TRAS’(S/)7 so that (5.2) yields HTRAS’ﬁ”wé/ < p(TRAsygl),
and since the spectral radius is never larger than any operator norm, thus we have
(5.3). d

In the case that (5.3) holds, Theorem 5.2 indicates that the spectrum of the pre-
conditioned matrix is included in a possibly smaller disk when the overlap is increased.

We remark here that (5.2) (as well as most results using the weighted max norms
in the paper) holds for any positive vector w such that Aw is positive, so that one has
a lot of freedom in choosing the norm. For example, if all row-sums of A are positive
we can choose as w the vector of all ones, and thus the weighted max norm is simply
the max norm. A commonly chosen vector w is the row-sums of A~1, which is always
positive.

For & = 0, i.e., for the block Jacobi preconditioner we can always provide the
comparison of the spectral radii (5.3) in addition to the comparison (5.2). To this
purpose, we will use the following comparison theorem due to Woznicki [42]; see also
[13].

THEOREM 5.3. Let A~' > O and two splittings A= M — N = M — M, where
one of them is weak nonnegative of the first type and the other is weak reqular of the
second type. If

(5.5) M~t> M
then
(5.6) p(M™'N) < p(M~'N).

Furthermore, if the inequality (5.5) is strict and A~* > O, then the inequality (5.6)
s also strict.

Note that this result holds particularly if one of the splittings is regular, in which
case it goes back to Elsner [17].

The following theorem is in fact [19, Theorem 2.2].

THEOREM 5.4. Let A be a nonsingular M -matriz. Then, for any value of 6 > 0,
p(Tras,s) < p(Tras))-

Proof. We verify the hypotheses of Theorem 5.3. By Theorem 4.3, the splitting
induced by Tras s is nonnegative of the first kind. The splitting induced by Trags,o is a
regular splitting. This follows by observing that the inverse of a block diagonal matrix
is block diagonal with the appropriate inverses in the diagonal blocks, i.e., we have
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MRAS,O = Zle Ei7OMZ‘7O and consequently MRAS,O — A = Z?:l Ei,O(Mi,O — A) Z O
since M; o — A > O for all i. Furthermore, since (5.4) holds for ' = 0, we have

P p
-1 _ ) -1 _ -1 _ -1
Mpass = E :Ez,OMi,é > E :E%OMi,O =Mpgaso
i1 i=1

from which the theorem follows. 0
We note that results similar to those of Theorems 5.2 and 5.4 were obtained in
[2] for classical, but damped, additive Schwarz methods.

6. RAS variants: ASH, RASH, WRAS, and WASH. As a variant of RAS,
the authors of [11] introduced the additive Schwarz preconditioner with harmonic
extension (ASH), which in our notation reads

p p
(6.1) MX;‘H,(S = ZR%A;,;RM = Z MiT(SlEi,O‘
i=1 i=1

This variant is similar to multisplittings with postweighting; see [18, 41].

As was observed in [11, Remark 2.4], the ASH preconditioner exhibits a similar
convergence behavior as the RAS preconditioner. Indeed, if A is symmetric, one can
show that the spectrum of the preconditioned matrix is the same for both ASH and
RAS.

THEOREM 6.1. Let MI;}}S,(S and MXéHﬁ be the RAS and ASH precondition-
ers (2.6) and (6.1) corresponding to the same subspaces W; s and assume that A is
symmetric. Then

O’(M,ZéH,aA) = U(Mé,}x&éA)-

Proof. Note that all matrices A;s are symmetric. Since o(BC) = o(CB) for
any two square matrices B and C, and since the spectrum remains invariant under
transposition, we have

T
U(M,ZéH,éA) = U(AMXéH,é) =0 <(MXéH,5) A) :

However,

T p -~ \T LA
(MXéH,é) = Z (joﬁAi_,élRiﬁ) = Z R%A;%Ri,& = Mzg,}xs,zs- o
i=1

i=1

In general, we obviously have
T LS T
-1 T -1
(MASH,é) = ZRM (Ai,a) Ris
i=1

so that every ASH-splitting of A gives rise to a corresponding RAS-splitting of AT. If
A is an M-matrix, then A7 is an M-matrix too. Therefore, applying Theorems 4.4,
5.2, and 5.4 to the transposed matrices while restating the hypotheses and the con-
clusions in terms of the original matrices, wherever this is appropriate, we obtain the
following result.
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THEOREM 6.2. Let A be a nonsingular M -matriz. Then we have the following:

(i) For any value of 6 > 0, the splitting A = Masu s — Nasu,s, corresponding
to the ASH method, is weak nonnegative of the second type.

(ii) The iteration matriz Tasms = MX31H75NASH,§ =] - Mﬁis,éA satisfies

p(Tasm,s) < 1.

(iii) For any positive vector w such that wT A > 0 and for 6 > &' we have

1Tasa.sll1.0 < |Tasw,s 1,0

where || - ||1,w s the weighted column sum norm defined for B = (b;;) € R™*"
as

n
1Bl1,w = jmax (Z |bijwi> Jw;-

i=1

Moreover, if the Perron vector wg: ofT};SH s satisfies ws: > 0 and ATws > 0,
then we also have

p(Tasu,s) < p(Tasws)-

(iv) For any value of 6 > 0, p(Tasu,s) < p(Tasm)-
As another variant, let us consider the symmetrized version of RAS and ASH,
which is the RASH preconditioner of [11], where

P
Mgisns= Z RlsA; §Ris.
i=1
It was observed in [11] that this preconditioner is less efficient than ASH or RAS in
practice. From the theoretical point of view, RASH also seems to be less attractive.
Even for a symmetric M-matrix, convergence cannot be guaranteed, as the following
example shows.
Example 6.3. Consider the symmetric M-matrix

7 —2 —2 2 6 4 4 4
1| 2 7 2 2 . 1|46 4 4
A=5| 9 o 7 | wWith A =0-1 6 4

44 4 6

-2 -2 =2 7

and take two nonoverlapping subspaces defined through the sets S1,0 = {1,2}, S20 =

{3,4} with restriction operators
1 0 0 0 010
RLO_{O 00}’]%270_{0001}’

and for the larger, overlapping subspaces let us take S7 1 = {1,2,3}, S21 = {2,3,4}
with restrictions

= O

R11:

)

— o O
o OO
F
=
\
o o O
o O =
O = O
_ o O
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Then we have

1 7 -2 -2 L1044
A1 =451 = 3 -2 7T =2 and A;& = AQ_& =5 4 10 4 |,
-2 -2 7 4 4 10
resulting in
2 10 4 0 O
. - 1 4 10 0 O
Mpisy = ;Ei,OR%Ai,%RmEi,o =% 1o 0 10 4
- 0 0 4 10

It is then easy to compute

—4 —4 14 14
1 —4 —4 14 14
-1 1
I— MRASHA =1- AMRASH = 27 ) 14 14 —4 —4 |°
14 14 -4 —4

which shows that the RASH-splitting is neither nonnegative of the first type nor of
the second type. Moreover, 4/3 is an eigenvalue of I — Mg}‘ gy A with eigenvector
(1,1,—1,—1)T, and therefore RASH for this matrix is not convergent.

It has been observed heuristically in [11] that yet other modifications of the re-
stricted additive Schwarz method and the classical additive Schwarz methods are
particularly efficient. For these new modifications, one introduces weighted restric-
tion operators Ry s which result from R;s by replacing the entry 1 in column j by
1/k, where k is the number of sets S; s the component j belongs to (note that k < g).
With this notation we have

(6.2) > RIRys =1,

and the weighted restricted additive Schwarz (WRAS) preconditioner and the
weighted restricted additive Schwarz preconditioner with harmonic extension (WASH)
are then defined as

P

p
(6.3) MI;/1RA5,6 = Z( f&)TA;,alRi,& and MﬁflASH,& = ZR%A;;R%.
i=1 i=1

We point out that these preconditioners can be defined in a more general way as that
used in [11], namely, by assigning different weights to each component, not just the
same value 1/k, as long as these weights add up to 1, and thus (6.2) holds, just as in
the classical multisplitting theory.

Both preconditioners (6.3) yield convergent iterations as a consequence of the
following theorem, together with Theorem 4.3.

THEOREM 6.4. Let A be a nonsingular M-matriz. Then for any value of 6 > 0
both splittings

A= Mwrass — (Mwprass —A) and A= Mwasus— (Mwasus—A)

are weak nonnegative of the first type and the second type, respectively.
Proof. The proof can be done in a similar manner as for the corresponding result
for RAS in Theorem 4.4. 0
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As a final result in this section, we now compare the resulting iteration matri-
ces Twras,s and Ty asm,s with that of the damped classical Schwarz iteration with
damping factor § < 1/q (¢ as in (2.13)), i.e., with Ty =T —0>F_, RZT,&AZ;RL&A =
I - 92?21 Ei’(sM[&l. In fact, all we need is that R‘i‘jé > 0OR,; s, i.e., that each nonzero
weight in R;s be lyarger than the damping factor.

THEOREM 6.5. Let RYs > 0R; s fori=1,...,p. Then

(6.4) p(Twras,s) < p(Ts) and p(Twasu.s) < p(Th).

Proof. As was shown in [2], the unique splitting A = My — Ny corresponding to
Tp is a nonnegative splitting. From (6.3), and using that RYs > OR; s, we have

-1 —1 -1 -1
My pas = My~ and My, yoy = My .

Therefore, Theorem 6.4 together with Theorem 5.3 proves (6.4). 0

This theorem shows that the weighted additive Schwarz variants converge faster
than the damped classical additive Schwarz method. In terms of the quality of the
preconditioner this was observed in [11]. In our analysis this is to be attributed to the
fact that for the weighted variants we have (6.2), while for damped additive Schwarz
we have (2.12) which implies 6 >7 | E; 5 < I.

An important consequence of Theorem 6.5 is the fact that it indirectly makes it
possible to get quantitative upper bounds on p(Twras,s) and p(Tw asw,d). Indeed,
if such bound is obtained for Tp using the well-established theory for additive Schwarz
methods for symmetric and positive definite operators (see [6, 9, 10, 11, 16, 25, 36],
for example), it is also an upper bound on p(Twras,s) and p(Twas,s)-

7. Inexact local solves. Very often in practice, instead of solving a local prob-
lem A; sx; = z; exactly, its solution is approximated by Z; = fl;gzl where /L‘,é is an
approximation of A; s. This is the case, for example, when we perform some “inner”
iteration, based on a splitting of A, s, to approximate x;; see, e.g., [2, 7, 23, 31, 36].
In this section, we briefly study the effect of such inexact local solves.

The methods with inexact local solves can be described by replacing A; s with
flw in the expression for the preconditioners and the iteration matrices.

As in [23], suppose that the inexact solves are such that the splittings

(71) Ai,5 = Ai,é - (Ai,(s - Aiﬁ)? 1= 17 By 2

are weak nonnegative splittings of the first type. This condition is quite natural,
since if flm corresponds to some v, say, steps of an inner iteration belonging to a
weak nonnegative splitting of the first type, A;s = B; s — C; s, it was shown in [3]
that the resulting splitting 4; = A; — (;11- — A;) is again weak regular of the first type.
Moreover, we have

v—1 oo
O < Ay = (Z(Bi;%)“) B} < (Z(Bi,éci,@)“) B = A}
pn=0 pn=0

Since A; ¢ is an M-matrix, many of the standard iterative methods indeed repre-
sent regular splittings (and thus weak nonnegative splittings of either type): Jacobi,
Gauss—Seidel and their block variants, and also several ILU splittings; see [28, 39].

With these observations it should be obvious that we can now establish a theory
for inexact restricted additive Schwarz methods by following the lines of the previous
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sections. In particular, analogous to Theorem 4.4 we get that if A is an M-matrix
and (7.1) is satisfied, inexact RAS is convergent.
We do not want to go into details here, but we would like to end this section with
an interesting result which can be used to compare exact and inexact local solves.
THEOREM 7.1. Let A be an M-matriz and consider two inexact RAS methods
where the matrices flm and /Ali,(s corresponding to inexact solves satisfying (7.1) and

-1 j-1 -1
OSAi,é §A1‘75 §A1‘757 i=1,...,p

Let the corresponding iteration matrices be
- PO . ) P
T=1-Y RUA RisA and T=1-> RIAIRsA.
i=1 i=1

Then for any positive vector w such that Aw > 0 we have
(7.2) ITras,sllo < 17w < 17w < 1.

Proof. From the hypothesis it follows that both matrices 7" and T are nonnegative
and that Tragsw < Tw < Tw. By Lemma 5.1, this establishes (7.2). 0

If the inexact solves are due to several steps of an “inner” iteration based on a
weak regular splitting, this theorem shows that taking more steps in the inner iteration
results in an improved convergence (measured in the || - ||,, norm) of the inexact RAS
iteration.

As a final observation on inexact local solves we note that Theorems 3.2 and 3.3
in [27] can be interpreted as a comparison between nonoverlapping inexact RAS with
overlapping inexact RAS.

8. Coarse grid corrections. It has been shown theoretically, and confirmed in
practice, that a coarse preconditioner (or coarse grid correction) improves the perfor-
mance of the classical additive Schwarz preconditioner (2.4). This coarse correction
can be applied either additively or multiplicatively; see, e.g., [2, 12, 23, 31, 36]. This
corresponds to a two-level scheme, the coarse correction being the second level.

We discuss in this section the use of a coarse preconditioner in conjunction with
the RAS method and its variants and its effect on the convergence behavior. We
confine ourselves to coarse corrections of the form ROTA(] 'Ry, where Ay = RoARY,
and Ry is a prolongation of the form (2.3); see [2, 23]. The idea is that at least one
nonzero row of Ry € R™*"™ corresponds to an index in each set S;, i = 1,...,p, and
thus ny > p. In particular, the coarse grid correction proposed in [38] and used, e.g.,
in [26], is of this form.

Consider a general iteration matrix T = I — M A, where M~! is any of the
RAS preconditioners discussed throughout the paper (including those with inexact
local solves). The iteration matrices with the correction are

Toe =T 0(RFA;'Ry+ M~ 1)A
and
Tyne = (I — REAG'RoA)(I — M1 A).

It can be shown, following the techniques used in [2, 23] and in sections 5 and 6, that
for any w > 0 with Aw > 0,

[Tomellw <1 T[lw <1 and || Tacllw < |1 - 6Uw_lAHw <1
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for 6 < 1/2. Furthermore, if A = M — (A — M) is nonnegative of the first or
second type, then the splitting induced by the iteration matrix of the preconditioner
with the correction is nonnegative of the same type. Moreover, in the case of the
multiplicative correction, augmenting the coarse subspace, i.e., adding rows to Ry,
yields faster convergence as measured in the corresponding weighted max norm. For
the sake of brevity, these proofs are omitted.

9. Nonstationary and asynchronous versions. We end the paper by point-
ing out that the theory developed here is pretty general and applies to other important
situations. In particular we can talk about nonstationary WRAS iterations, in which
the weights in R}; change from one iteration to the next, for example, giving more
weight to a set of variables (subdomain) where the approximation is closer to the solu-
tion, as suggested, e.g., in [20, 21]. Since we can chose a common weighted max norm,
for which || Tw ras,s|lw < 1 for all values of the weights of Rys satisfying (6.2), e.g.,
w=A"Y(1,...,1)T, this nonstationary WRAS iteration converges to the solution of
(2.1).

In terms of preconditioners, the nonstationary WRAS implies that the precondi-
tioner is changed from one step of the Krylov subspace method to the next. In this
situation one needs to use a Krylov method with variable (or flexible) preconditioning
such as FGMRES [33] or FQMR [37]; see also [24].

Similarly, one can consider situations in which the overlap used may change from
step to step. Again, we have a nonstationary iteration, this time of the RAS method,
for example, and the same considerations as in the previous two paragraphs apply.

Furthermore, one can consider parallel asynchronous versions of RAS methods,
namely those in which the correction to the residual contributed by each summand
RZ(SA;; R;s = Ei oM, ;51 takes place when it is completed independently of the others.
This situation is essentially treated in [21], and we will not repeat the details here.
All we will say is that we can use the theory of [21] precisely because we have (2.11)
or (6.2).
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