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Abstract Two-level Schwarz domain decomposition methods are very power-
ful techniques for the efficient numerical solution of partial differential equations
(PDEs). A two-level domain decomposition method requires two main compo-
nents: a one-level preconditioner (or its corresponding smoothing iterative method),
which is based on domain decomposition techniques, and a coarse correction step,
which relies on a coarse space. The coarse space must properly represent the er-
ror components that the chosen one-level method is not capable to deal with. In
the literature, most of the works introduced efficient coarse spaces obtained as
the span of functions defined on the entire space domain of the considered PDE.
Therefore, the corresponding two-level preconditioners and iterative methods are
defined in volume.

In this paper, we use the excellent smoothing properties of Schwarz domain
decomposition methods to define, for general elliptic problems, a new class of
substructured two-level methods, for which both Schwarz smoothers and coarse
correction steps are defined on the interfaces (except for the application of the
smoother that requires volumetric subdomain solves). This approach has several
advantages. On the one hand, the required computational effort is cheaper than
the one required by classical volumetric two-level methods. On the other hand,
our approach does not require, like classical multi-grid methods, the explicit con-
struction of coarse spaces, and it permits a multilevel extension, which is desirable
when the high dimension of the problem or the scarce quality of the coarse space
prevents the efficient numerical solution. Numerical experiments demonstrate the
effectiveness of the proposed new numerical framework.
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1 Introduction

Domain decomposition (DD) methods are powerful divide-and-conquer strategies
that permit the solution of linear systems of equations, generally discrete partial
differential equation (PDE) problems, by efficient parallelization processes [20,48,
52]. Over the course of the time, several different parallel DD strategies have been
developed; see [28] for an elegant review with a historical flavor. The first idea
of parallelizing a Schwarz method goes back to P.L. Lions, who introduced the
classical parallel Schwarz method [47]. This method is based on Dirichlet trans-
mission conditions and its discrete version is proved to be equivalent to the famous
Restricted Additive Schwarz (RAS) method [28], which was discovered much later
in [6]. Similar to RAS is the famous Additive Schwarz (AS) method introduced
in [54]. Even though both RAS and AS are based on Dirichlet transmission con-
ditions, they are not equivalent methods; see, e.g., [24] for a detailed comparison
analysis. If different transmission conditions are used, one obtains different DD
methods, like the optimized Schwarz method [27,36], the Neumann-Neumann (or
FETI) method [52,9], the Dirichlet-Neumann method [48,7], etc. The main draw-
back of these classical one-level DD methods is that they are not (weakly) scalable,
since their convergence generally deteriorates when the number of subdomains in-
creases; see, e.g., [20,52,7]. Only in few cases a particular scalability behavior has
been proved and investigated [7,10-12,16,17]. To overcome this scalability issue, a
coarse correction step is usually used. This leads to “two-level DD methods”. In the
literature, with “two-level DD method” one refers to either a two-level precondi-
tioner [1,2,4,3,19,21,23,25,26,33,39,45,44,49,50,55], or to a two-level stationary
method [8,9,14,22,30-32,34,35,37]. While in the first class one seeks for a coarse-
space matrix to add to the one-level DD preconditioner, in the second class the
goal is to design a correction step, where the residual equation is solved on a coarse
space. This second class follows an idea similar to the one of multi-grid methods
[42].

For any given one-level DD method (stationary or preconditioning), the choice
of the coarse space influences very strongly the convergence behavior of the cor-
responding two-level method. For this reason, the main focus of all the references
mentioned above is the definition of different coarse spaces and new strategies to
build coarse space functions, leading to efficient two-level DD stationary and pre-
conditioning methods. Despite the mentioned references consider several one-level
DD methods and different partial differential equation (PDE) problems, it is still
possible to classify them in two main groups. These depend on the idea governing
the definition of the coarse space. To explain it, let us consider a DD iterative
method (e.g., RAS) applied to a well-posed PDE problem. Errors and residuals
of the DD iterative procedure have generally very special forms. The errors are
predominant in the overlaps and are harmonic, in the sense of the underlying PDE
operator, in the interior of the subdomains (excluding the interfaces). The residuals
are predominant on the interfaces and zero outside the overlap. For examples and
more details, see, e.g., [32,15,14]. This difference motivated, sometimes implicitly,
the construction of different coarse spaces. On the one hand, many references use
different techniques to define coarse functions in the overlap (where the error is
predominant), and then extend them on the remaining part of the neighboring
subdomains; see, e.g., [19,21,23,25,26,44,45,49,50]. On the other hand, in other
works the coarse space is created by first defining basis functions on the interfaces
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(where the residual is non-zero), and then extending them (in different ways) on
the portions of the neighboring subdomains; see, e.g., [1,2,8,9,14,30,33,32,34,35,
44,37]. For a good, compact and complete overview of several of the different coarse
spaces, we refer to [44, Section 5]. For Helmholtz and time-harmonic equations, we
refer to [3,4,39], where the coarse space is based on a (volumetric) coarse mesh.
For other different techniques and other related discussions see, e.g., [20,22,30,31,
40,55].

The starting point of this work is related to an important property of Schwarz
methods: one-level Schwarz iterative methods are generally very efficient smoothers;
see, e.g., [27,10,13,37] and references therein. This property was already discussed
in [42, Chapter 15], where Schwarz methods are used as classical smoothers in the
context of multi-grid methods or to define local defect corrections; see, e.g., [41,
37]. In these frameworks, Schwarz methods are used to smooth and correct the
approximation in some subdomains of the entire computational domain. However,
as we already mentioned, after one Schwarz smoothing iteration, the residuals are
generally predominant on the interfaces and in some cases even zero outside the
interfaces. This remark is the key starting point of our work. We introduce for
the first time so-called two-level and multi-level DD substructured methods. We
call these methods Geometric 2-level Substructured (G2S) method and Geomet-
ric Multi-level Substructured (GMS) method. The term “substructured” indicates
that iterations and coarse correction steps are defined on the interfaces (or more
precisely on the substructures®) of the domain decomposition (note that volumetric
subdomains solves are still required to apply the smoother). With this respect, our
methods are defined in the same spirit as two-level methods whose coarse spaces
are extensions in volume of interfaces basis functions: they attempt to correct the
residual only where it is truly necessary. The G2S method is essentially a two-grid
parallel Schwarz method defined on the substructures, for which the coarse correc-
tion is performed on coarser interface grids. The GMS is the extension of the G2S
to a multi-level framework. In other words, by the G2S and GMS methods, we pro-
pose a new methodology that attempts the best use of Schwarz smoothers in the
context of two-grid and multi-grid methods. Direct numerical experiments show
that these methods converge in less iterations than classical two-grid methods de-
fined in volume and using a Schwarz smoother. In many cases, this improvement in
terms of iteration number is significantly high. Moreover, our new methods have,
in addition, other advantages. On the one hand, like classical multi-grid methods,
the G2S method does not require the explicit construction of coarse spaces, and
it permits a multilevel extension, which is desirable when the dimension of the
coarse space becomes too large. On the other hand, since the entire solution pro-
cess is defined on the substructures, less memory storage is required and it is not
necessary to store the entire approximation array on each point of the (discrete)
domain. For a three-dimensional problem with mesh size h, a discrete substructure
array is of size O(1/h?). This is much smaller than O(1/h3), which is the size of an
array corresponding to an approximation in volume. For this reason, the resulting

1 Notice that the term “substructured” refers very often to DD methods that are defined
on non-overlapping subdomains; see, e.g., [48,52]. However, in this work it indicates methods
that are purely defined on the interfaces, independently of the type of (overlapping or non-
overlapping) decomposition of the domain; see, e.g., [27, Section 5]. Here, we consider an
overlapping domain decomposition.
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Fig. 1: Decomposition of a rectangular {2 into nine overlapping subdomains (left),
and representation of the substructure S; for the central subdomain (right).

interface restriction and prolongation operations are generally much cheaper and
the dimension of the coarse space is much smaller.

This paper is organized as follows. In Section 2, we formulate the classical
parallel Schwarz method in a substructured form. This is done at the continuous
level and represents the starting point for the G2S method introduced in Section
3, where also a convergence analysis is presented for two subdomains in 2d. In
Section 4, we discuss implementation details and multilevel extensions of the G2S
method. Extensive numerical experiments are presented in Section 5, where the
robustness of the proposed methods with respect to mesh refinement and physical
parameters is studied. Finally, we present our conclusions in Section 6.

2 Substructured Schwarz domain decomposition methods

Consider a bounded Lipschitz domain 2 C R? for d € {2,3}, a general second-
order linear elliptic operator £ and a function f € L?(£2). Our goal is to introduce
new domain-decomposition based methods for the efficient numerical solution of
the general linear elliptic problem

Lu = fin 2, u=0on 912, (1)

which we assume to be uniquely solved by a u € H{ ().

To formulate our methods, we need to fix some notation. Given a bounded set
I" with boundary 9I", we denote by pr(z) the distance of x € I' from 0I'. The
space Hégz (I') is then defined as

Hof*(I') == {v e H*(I') : v/p//* € L*(D)}, 2)

and it is also known as the Lions-Magenes space; see, e.g., [46,48,51]. Equivalently,
Hé({Q(F) can be defined as the space of functions in H'/2(I") such that their
extensions by zero to a superset I of I" are in Hl/Q(f'); see, e.g., [51].

Next, consider a decomposition of §2 into N overlapping Lipschitz subdomains
£2;, that is 2 = U,ez$2; with 7 := {1,2,...,N}. For any j € Z, we define the
set of neighboring indexes N := {£ € 7 : 2; N 992, # 0}. Notice that j ¢ N,
and UjezN; = Z. Given a j € Z, we introduce the substructure of 2; defined
as §; 1= Usen; (89@ N Qj), that is the union of all portions of 92, intersecting
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with §2; with £ € Nj.? The sets S; are open and their closures are S; = S; U dS;,
with 98 := Ugenr, (0925 N912;). The substructure of {2 is defined as S := UjezS;.
Fig. 1 provides an illustration of substructures corresponding to a commonly used
decomposition of a rectangular domain. We denote by &) : L*(S;) — L*(S) the
extension by zero operator. Now, we consider a set of continuous functions x; :
S; —[0,1],=1,..., N, such that

(0,1] for z € S;,
xj(z) € ¢ {1} forzeS;\ Ueen; Se,
{0} for z € dS§;\ 912,

and ZjeI SJQXJ- = 1, which means that the functions x; form a partition of

unity. Further, we assume that the functions x;, j € Z, satisfy the condition

Xj/pi-éz € L°°(S;). This is satisfied, for example, in the case of Fig. 1 with

piecewise linear partition of unity function x;.
For any j € Z, we define Fj‘v“t =085 N (Ugej\/j Qg) and introduce the following
trace and restriction operators

T Hl(Qj) N Hl/Q(Sj) and T;nt . HI/Q(S) = H1/2(F;nt).

It is well known that (1) is equivalent to the domain decomposition system (see,
.., [43))
Lu; = f;in 25, u; = Z &7 (xereue) on I™ wj = 0 on 92, \ I™, (3)
LEN;;

where f; € L?(£2;) is the restriction of f on £2;. Notice that x,7eu, lies in HégQ(Sg),
EY(xereug) € HY?(S). Moreover, for £ € Nj, it holds that TIMEY (xeTeue) €
Hod 2 (1) if T C 905, and mi"ED (xereur) € HY (I if I'™ = 002;.
Given a j € Z such that 962; \ I'\"* # (), we define the extension operator
& HééQ(F]i-m) x L*(£2;) — H*(2}) as w = &;(v, f;), where w solves the problem
Lw = f;in 2, w=wvon ™ w=0ondR;\ " 4)
for a v € Héég(FJi-nt). Otherwise, if I}"* = 02;, we define &; : H1/2(I‘Ji-nt) X
L*(225) — H'(£2;) as w = &;(v, f;), where w solves the problem
Lw = f; in 2, w=wvon I[}™, (5)

forawv e Hl/Z(F}nt).
The domain decomposition system (3) can be then written as

wy = &0, 1)+ & (7" Y €0, 0), j € T. (6)
ZEN]’

If we define v; := x;7juj, j € Z, then system (6) becomes

vi=g;+ Y Gjiu(v), j €L, (7)
éeNj

2 Notice that the substructure of a subdomain is sometimes called “skeleton”; see, e.g., [17].
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where g; = x;7;€(0, f;) and the operators G; ¢ : 1/2(5«'5) — Hé({ (S;) are
defined as

G,e(0) o= XJTyga( mtge (), 0) (8)
System (7) is the substructured form of (3). The equivalence between (3) and (7)
is explained by the following theorem.

Theorem 1 (Relation between (3) and (7)) Let u] € H'(R}), j € Z, solve
(3), then vj := X7yt Jj €Z, solve (7). Let v; € H %(8;), j €T, solve (7), then
uj = E(T™ Ypen, €0 (ve), fi), § € T, solve (3).

Proof The first statement is proved before Theorem 1, where the substructured
system (7) is derived. To obtain the second statement, we use (7) and the definition
of uj to write v; = x;7;&; (7" ZZGN EX(ve), f5) = x;jTju;j. The claim follows by
using this equality together Wlth the definitions of u; and &;.

Take any function w € Hg(£2) and consider the initialization u =wl|n,,j €L
The parallel Schwarz method (PSM) is then given by

Lu] = f;in 25, uf = Z &7 (xereuy ™) on Fji-nt, uj =0 on 942 \Fji-“t, 9)
LEN;

for n € NT, and has the substructured form

‘—QJ+ZGJ, ), j €T, (10)
LEN;

initialized by v) := x;Tju) € Hl/Q(Sj). Notice that the iteration (10) is well posed
in the sense that v}’ € Hl/z(SJ) for j € Z and n € N. Equations (10) and (7) allow
us to obtain the substructured PSM in error form, that is

Z Gjele)™ ), j €T, (11)
LEN;
for n € N*, where ey
in the matrix form Av = b, where v = [v1,...,vn5]", b = [g1,...,9~5]" and the
entries of A are

:=wv; —vj, for j € T and n € N. Equation (7) can be written

[A]j,j = Idyj and [A]jyg = —Gj,g, j,f el, j 75 é, (12)

where 14 ; are the identities on L2(Sj)7 j € Z. Similarly, we define the operator G
as

(Glj.5 =0 and [Glj0 = Gy, j, L €T, j # 4,
which allows us to write equations (10) and (11) as v"* = Gv" "' + b and e" =
Ge™ ™!, respectively, where v" := [v},..., %] and e" := [e},...,e%] . Notice

that G =1 — A, where I := diagjzlymyN(Id,j) Moreover, we wish to remark that
neither the operator A nor G is necessarily symmetric.

If the iteration v = Gv™~ ! +b converges, then the limit is the solution to the
problem Av = b. From a numerical point of view, this is not necessarily true if the
(discretized) subproblems (9) are not solved exactly. For this reason, we assume
in what follows that the subproblems (9) are always solved exactly.



Substructured Multi-grid DD Methods 7

3 G2S: Geometric two-level substructured DD method

In this section, we introduce our G2S method. The main drawback of many two-
level DD methods (including our two-level G2S method) is that the dimension
of the coarse space can grow for increasing number of subdomains. This situation
becomes even worse if the basis functions are not “good enough”, a fact that would
require an even larger dimension of the coarse space. In this case, the extension
from two-level to multi-level framework would be suitable. These comments lead to
the following questions. Is it possible to avoid the explicit construction of a coarse
space? Is there any practical way to implicitly define a coarse space? Can one
define a framework in which an extension of the two-level method to a multi-level
framework is possible and easy?

In this section, we answer the above questions by introducing the so-called
Geometric 2-level Substructured (G2S) method, which is a two-grid-type method
(allowing a multi-grid generalization). This is detailed in Section 3.1. The corre-
sponding convergence analysis for a two-subdomain case is presented in Section
3.2.2.

3.1 Description of the G2S method

Let us consider a discretization of the substructures such that S; is approximated
by a mesh of N; points, j € Z. The discrete substructures are denoted by S]Nj ,

j € Z. An example is given in Figure 2 (left). Moreover, we set N° := EjeI Nj.

25 2

Fig. 2: Left: The subdomain (2; as in Figure 1, its substructure S; (blue lines)
and the corresponding discrete substructure SJNJ (black circles). Right: The coarse

J

discrete substructure SJM is marked by red crosses.

The corresponding finite-dimensional discretization of the operators G; ¢ in (8) are
denoted by Gy, ;¢ € RN *Ne  Similarly as in (12), we define the block operators
Ap € RN N and G, € RV XV a5

[Anlji = In,j, [Anlje = —Ghjes L €L, jF# 4L,

13
[Gh}j,] = 07 [Gh]j,e == Gh,j,@a .77£ € I7 j 7£ ‘€> ( )

where I, ; € RN *Ni are identity matrices. Notice that A, = I, — G, where
I, = diag(In 1, .- -, In,~). Therefore, the substructured problem Av = b becomes

AhV = bh,
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Algorithm 1 Two-level substructured domain decomposition method

0

Require: v (initial guess)

1: vt = Gpv" 1 + by, n=1,...,n1 (DD pre-smoothing steps)
2: r=by — Apv™ (compute the residual)

3: Solve Aspve = Rr (solve the coarse problem)
4: v0 =v™M 4 Pv, (coarse correction)

5 v =Gpv* 4+ by, n=1,...,n2 (DD post-smoothing steps)
6: Set v0 = vn2 (update)

7: Repeat from 1 to 6 until convergence

where by, = [bp,1,...,bp,n], and the PSM is then
v = Ghvnil + by,. (14)

The matrices G, and A, = [, — G are not necessarily symmetric and never
assembled explicitly. Instead their action of given vectors is computed directly.
Notice that the computation of the action of G ;¢ on a given vector requires a
subdomain solve. We insist on the fact that this subdomain solve is performed
exactly. Furthermore, if the discrete PSM (14) converges, then p(Gp) < 1 and the
matrix Ay, is invertible.

Next, we introduce coarser discretizations S;\/[j, j € Z, where the jth substruc-
ture is discretized with M; < Nj; points. An example is given in Figure 2 (right).
The total number of discrete coarse points is M*® := 3, M;. For each j € T we
introduce restriction and prolongation matrices R; € RMi*Ni and P; € RN *Mi,
These could be classical interpolation operators used, e.g., in multi-grid methods.
If for example S; is a one-dimensional interval, then the prolongation matrix can
be chosen as

% ! % 141 :
201
Py = e (15)
2EE
and the corresponding restriction matrix would be the full weighting restriction
operator R; := %Pj—r. The global restriction and prolongation matrices are defined

as R := diag(R1,...,Ry) € RM™N" and P := diag(P1, ..., Py) € RV *M" The
restriction of A;, on the coarse level is then defined as Asj, := RA; P. Notice that
this matrix can be either precomputed exactly or assembled in an approximate
way. For more details see Section 4.1.

Remark 1 Notice that, for the definition of the G2S method, fine and coarse meshes
need not to be nested and the sets S-/ need not to coincide on overlapping areas.
In this manuscript, we work with nested meshes. The case of non-nested meshes is
beyond the scope of this paper and will be the subject of future work. Moreover,
it is natural to include cross points in both fine and coarse discrete substructures,
since these are generally the corners of the (overlapping) subdomains (see, e.g.,

Fig. 2 and 7).

The G2S procedure is defined by the following Algorithm 1, where n1 and n2
are the numbers of the pre- and post-smoothing steps. This is a classical two-grid
type iteration, but instead of having the classical grids in volume, we consider
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— L, () P N 2]
L
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2h
Lh = I
— —
0 (9}

Fig. 3: Two-subdomain decomposition, substructures and their discretizations.

two discrete levels on the substructures. This has the advantage of performing all
restriction and interpolation operations of smaller coarse problems. More details
are given in Section 4.1. We insist on the fact that the G2S method does not
require the explicit construction of a coarse space V., but it exploits directly a
discretization of the interfaces. Moreover, it is clear that a simple recursion allows
us to embed the G2S method into a multi-grid framework. Further implementation
details are discussed in Section 4.
Formally, one iteration of our G2S method can be represented as

VIV = G2 (I, — PAyRAL)GM VO 4 Mby,, (16)

where M is a matrix which acts on the right-hand side vector by, and which can
be regarded as the preconditioner corresponding to our two-level method. In error
form, the iteration (16) becomes

"™ = T,e”' with Ty, := G2 (I, — PAy RAL)G}Y,

1d

W and €4 ;= v — v°ld,

where €™V = v — v"°¢

3.2 Analysis of the G2S method

In this section, we analyze the convergence of the G2S method. To do so, we recall
our model problem (1) and assume a two-subdomain decomposition 2 = 21 U {22
such that the two substructures S and Sz are two segments of the same length
L. Notice that in this case the substructures coincide with the interfaces. An ex-
ample for 2 equal to a rectangle is given in Figure 3. For a given £ € N, £ > 2,

we discretize (1) using a uniform grid of N, = 2¢ — 1 points on each substructure
(without counting the two points on 92) so that the grid size is h = ﬁ Notice
that N, = N1 = Na, where N; are used in Section 3.1 to denote the number

of discretization points of the substructures. We also introduce a coarser mesh

of N. = 2071 —1 points on each substructure and mesh size h. = ﬁ We
define the geometric prolongation operator P € R2NaX2Ne o9 p .= diag(]S, ﬁ),

where P = P; = P is the matrix given in (15). The operator R € R?Ne*2Nn

is defined as R := diag(R, R), where R is the full weighting restriction matrix
R := %PT. Due to the special decomposition into two subdomains, let us simplify
the notation defining G,,1 := G 1,2 and G, 2 := Gp 2,1, that is the action of G}, ;
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represents a subdomain solution in the j-th subdomain. We suppose that the op-
erators G,1 and Gp, 2 have eigenvectors 9, with eigenvalues p;(k), k =1,..., Np,
j = 1,2. Here, 1, are discrete Fourier modes given by (¥); = sin(kmhj), for
j,k=1,..., Ny. Notice that 1/)5 Y, =00k ‘+1 , with d; ; the Kronecker delta.

It is well-known that the actions of R and P on the combination of a low-
frequency mode 1, with its high-frequency companion %7, with k=N, —k+ 1,
are

2

| an

R[ k 'l/’ﬂ =@y [Ci —5%} , P¢ = (Ci'l/’k - Si’l/’g) = [ k "PE] [_Sk
where ¢ = cos(k7r2) Sk = sm(k7r2) for k =1,...,Nc and (¢); = sin(kn2hj),
fork=1,..., N’LQ'H land j=1,..., N”Q'H 1= NC (notice that the two points
on 0f2 are excluded); see, e.g., [42,13]. The vectors ¢, are Fourier modes on the
coarse grid. As before, the coarse matrix is Asp = RAR P, and the G2S iteration
operator is T}, = G}* (I PAL RAL)G.

In the followmg subsectlons we prove that G2S method is well posed and
convergent. Well-posedness follows by the invertibility of the coarse matrix Asp,
which is proved in Section 3.2.1 along with an interpretation of the G2S method. A
detailed convergence analysis is presented in Section 3.2.2, where sharp estimates
of the spectral radius of T} are derived under certain assumptions. Finally, in
Section 3.2.3 we discuss the relations between our G2S method and a classical
two-grid method in volume using the PSM as a smoother.

3.2.1 Interpretation of G2S as a general two-level method
Let us begin by considering any invertible matrix U € R*V<*2Ne and compute

Th = Gp2(I — PAQh RALG
=GP (I - “NRALP)T'UUT'RAL G
=Gy (I - NUWUT'RALPUYUT T UUT RAL) G (18)
=GP (I - PU(U 'RALPU) U RAL G
= G2 (I — PA}RA)G! =: T,

PU
PU

where P := PU, R=U"'R and A\Qh = ]%Ahﬁ

Let us define the orthogonal matrices ¢ = ﬁ[q&l, <@y Jand U := diag(®, ?),
and the operators P := PU, R = UTR? and Ay, := RA,P. Notice that the
columns of P := PU are the vectors spanning the space

Ve= (SpankzL...,Nc{ISqf’k})Q = (Spankzl,...,Nc{Ciwk - Si’/’};})z c RQth (19)

where the relation (17) is used. This means that the G2S method can be written
as a two-level method characterized by an iteration operator T} defined via the

3 Notice that (P)T = UTPT =2UTR = 2R, since R= 1PT.
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prolongation and restriction operators P and R. Moreover, in this case the actions
of P and R on two vectors can be expressed by

~|v N. - N, N T
P {w} - {Z V)P, > (WP |

. = e
R Q = [<§ﬁ¢1,f>, o (3P, £), (1P, g), - <%15¢Nc>g>} ,

for any v,w € R and any f,g € RV, where (-,-) denotes the usual Euclidean
scalar product.

Now, we turn our attention to the matrix Asp, whose invertibility is proved in
the following lemmas.

Lemma 1 (Invertibility of a coarse operator A.) Let (Xj,(-,-);), j = 1,2
be two inner-product spaces. Define the space X = Xo x X1 endowed with the
inner product {(a,b),(c,d)) := (a,c)2 + (b,d)1 for all (a,b),(c,d) € X. Consider
some bases {'L/}j teen C Xj, j =1,2. Let Ve be a finite-dimensional subspace of X
given by the span of the basis vectors (¥3,0),..., (¥2,,0) and (0,1),...,(0,75,),
for a finite integer m > 0. Let Py, be the orthogonal projection operator onto V.
Consider an invertible operator A : X — X and the matriz A. = RAP € R?m*x2m

where P and R are defined as

P [:V} = Lﬁl(v)wi, kil(w)kﬁ T,
= = (21)
R [ﬂ = (W3 D2 s W Do, (0L )1, - {abhgh] T

Then Ac has full rank if and only if Py, (Av) #0Vv € V.. \ {0}.

Proof We first show that if Py, (Av) # 0 for any v € V. \ {0}, then A. = RAP
has full rank. This result follows from the rank-nullity theorem, if we show that
the only element in the kernel of A. is the zero vector. To do so, we recall the
definitions of P and R given in (21). Clearly, Pz = 0 if and only if z = 0. For
any z € R®™ the vector Pz is in V.. Since A is invertible, then APz = 0 if and
only if z = 0. Moreover, by our assumption it holds that Py, (APz) # 0. Now, we
notice that Rw # 0 for all w € V. \ {0}, and Rw = 0 for all w € V;", where
V- denotes the orthogonal complement of V. in X with respect to (-,-). Since
(X, (-,-)) is an inner-product space, we have APz = Py, (APz) + (I — Pv,)(APz)
with (I — Py, )(APz) € Vi-. Hence, RAPz = RPy, (APz) # 0 for any non-zero
z € R?™,

Now we show that, if Ac = RAP has full rank, then Py, (Av) # 0 for any
v € V. \ {0}. We proceed by contraposition and prove that if there exists a v €
V. \ {0} such that Av € V;, then A, = RAP has not full rank. Assume that
there is a v € V. \ {0} such that Av € V;-. Since v is in V., there exists a nonzero
vector z € R*™ such that v = Pz. Hence APz € V;5. We can now write that
Acz = R(APz) = 0, which implies that A. has not full rank.

Lemma 2 (Invertibility of Asy) Assume that pi(k), p2(k) € [0,1) for all k and
that p1(k) > p1(k) and p2(k) > p2(k) for any k=1,...,Nc and k = N, — k+ 1.
The matriz Asp := RARP € R2NeX2Ne has full rank.
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Proof Since Agp, = U/Algh UT it is enough to show that A\gh is invertible. To do so,
we recall that Ay, = RA, P and we wish to prove that for any z € V. \ {0} (with
Ve defined in (19)) it holds Py, (Apz) # 0 and then invoke Lemma 1. Here the
orthogonality is understood with respect to the classical scalar product of R?Vn.
First, it is possible to show that the orthogonal complement of V. is

1 -2 —2 2
Ve = (spang_y . n.{ck ¥+ 5, Y%, +1)20)

Notice that dim(Ve) = 2Ne, dim(V,;) = 2(N.+1), and dim(V,)+dim(V;") = 2Ny,
since N = 2N, + 1.

Since the vectors spanning Ve in (19) are orthogonal, we have Py, (w) = PPTw
for any w € R?M Since P has full rank, to prove that Py, (Anz) # 0 for any
z € V. \ {0} it is sufficient to show that PTAhv ;é 0 holds for any column v of P,
that is any element of the form [(P(l),c)T , (P¢ )T]T. Therefore, we use (17) and
compute

P,

Ap
Pg,

o, [«p—«p} _ [~ sti — (010t — m Dsivy)
Cﬂbz—se'/’z C?"/)z Se'l/’g—(m(k)ck?/’k ()Sk"/)k)

Py, — p1(O) P, — (p1(£) — m(é))swg
P‘/’e p2(k) Py, — (p2(k) — p2(k )Sk'l/’k

(22)

forany k,/=1,..., N, where k = Np—k+1and (= Np—{¢+1,fork,£=1,..., Ne.
Now, a direct calculation shows that

4

2 5t B 1 2 2

Sk¥y = — st +ct Péi+ st et (e Wi+ 517 95),
k k

Py, (s297) Py (s347)

for any k = 1,..., Nc. Inserting this equality into (22), multiplying to the left
with [(P¢,) ", (P¢,) "] and using (17) together with the orthogonality relation
o, P, = o N“;l, we obtain for k # ¢ that

f;if; = |Pg,]15 + | Po,lI3 # 0.

T B
A, [P b

Similarly, for £ = ¢ we obtain that

o
Pg,,
Pe,

. [1;‘;'«] = (2= (o1 ()= palh + 22 = g,

A direct calculation using the assumptions on p;(k) shows that this is nonzero.
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3.2.2 Convergence of the G2S method

The previous section focused on the well-posedness of the method. In particular, we
proved Lemma 2 that guarantees that Aoy, is invertible and that the G2S method
is well posed. In this section, our attention is turned to the analysis of the G2S
convergence behavior. This is performed by studying the spectral properties of the
G2S iteration operator. Our first key result is the following technical lemma.

Lemma 3 C’onszder the G2S matriz Ty, := G*(I — PAS,! RAL)G}*. The action
Uy, V5 o} o

of Ty, on k is given b

f Th {0 0 | Y y

Yp,; 0 0 Y.z 0 0
{0 0 ¥, wlj {0 0 ¥, «/)J Gt (23)

where Gy, := D, (k)(Dn, (k) — V (k) A7 (k) A1(k)) with

Ax(k) =V (k) H(k)Dn, (k),  Aa(k) ==V (k)" H(k)V (k),

& 0 1 0 —pi(k) O
: ~
_|=s2 0 | o 1 0 —p(k)
V(k) := 0 & | H(k) := (k) 0 1 0 ,
0 —s3 0  —p2(k) O 1
and Dy (k) is given by
w(k)" 0 0 0 0 0 mua(kmn) O
| 0 =E™ o0 0 _ 0 0 0 mai(km)
DalB)=|"o 0" zgyr o |0 PrRO=]0 Lm0 0 0
0 0 0 =(k)" 0 makm) O 0

for n even and for n odd, respectively, whose entries are 7r(k:) (p1 (k)p2 (k)12
n—1 n+1 n—1
mia(k,n) == p1(k) T pa(k) 3, and w1 (k,n) = p1 (k)% pa(k)*F .

Proof We consider the case in which both n; and n2 are even. The other cases
can be obtained by similar arguments. Since n1 is even, we have that

o — [(Gh,lGh,z)"I/2 0 } :
h 0 (G 2Gpa)™/?

Because of the relation (G’h,lGh,g)”l/Q'wk = (Gh,gGh,l)”l/z't,bk = (k)™ ,, where
m(k) == (p1(k)p2(k)) /2, we get

n(k) 0 0 0

n (Y 00 Pp¥; 0 0 0 w(k) 0 0 Yt 0 0

G {o o’“wk] {0 o‘”«pm} 0 0 ) 0 ‘{0 okwkﬂ (k)
0 0 0 =w(k
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Similarly, we obtain that G}? r%k ¢0k1/? 1/? } = [’l‘bok Q%E /‘/?k ’l;)g] D, (k). Moreover,

direct calculations reveal that

1 0 —pi(k) O
"/’k"pk 00 ¢k¢k 00 0 1 0 —pi(k) :|:1/)k¢E 0 O]H(k‘)
0 09| [0 0 9oy |—r2(k) O(N) 1 0 0 0 %¥,v;

0 —pa(k 0 1

and

Y. Y- 0 0 ) i —s2 0 01 [¢, 0 T
i B L B B O MUY

where we used (17). It follows that RA,G}* [1/)0’“ Q%E ¢Ok 1l?~] [¢k } A1 (k). Let us
%

now study the action of the coarse matrix Asp on [%’“ (fzj We use (17), (24) and
(25) to write

Aon [Ok q?k] RALP [‘% d?] — RA, [’%}v v d?k ¢OJ Vik)
~R [”gﬂ dz)k«/? £]H(k)v(k) - {";’v ;J V(k) T H (k) (k).

Thus, we have Aap, [%’“ . } [‘% q? } Aa(k), and since Agy, is invertible by Lemma

2, we get
e 0o | D (. (26)
0 ¢k b

A direct calculation reveals that the eigenvalues of A2(k) are A\12 = ¢t + sp £

\/(cipl (k) + sitp1 (A/%))(cipg(k) + Sipg(%)) and they are nonzero for k =1,..., N.
Hence, Az (k) is invertible and, using (26), we get

At | | =zt % 0| daoaz e = (% 0 43t e,

Summarizing our results and using the definition of T}, we conclude that

ci 0
L [Peve 0 0] _ et 0 0 o |
0 —Sk

and our claim follows.

Using Lemma 3, it is possible to factorize the iteration matrix 73,. This factor-
ization is obtained in the following theorem.
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Theorem 2 (Factorization of the iteration matrix 7}) There exists an in-
vertible matriz Q such that T, = QGQ ™!, where the G2S iteration matriz Tj, is
defined in Lemma 3 and

G1

c

v (Pt

v (PtL)

where the matrices Gy, € R*** are defined in Lemma 3 and 'yj(Nh;l) depend on

ni, ng and the eigenvalues pj(Nh;'l) of Gp,j, for j =1,2.

Proof We define the invertible matrix

- 1Yy, 0 0 Py Yy 4o O 0 1/)% 0
Q.— 0 0 ,lpl ,¢Nh... 0 0 ,lec ¢NC+2 0 ’lﬁ% .

Equation (23) says that T} [1‘%’“ 1’%% fl?k 1/?;} = {"6’“ 1/65 d?k 1#0%} é;ﬁ for every k =

1,...,N. = % —land k = Ny — k + 1. Moreover, the frequency % ~,+1 is
2

P Ny +1 0

mapped to zero by the restriction operator, R { 0 P 0, and we get
h
2

e 0] [P O] [T 0
ko 'l/)Nh;»l TR TR 0 '(/)Nh2+1 a 0 72(%)'4)Nh+1 ’
2
where the expressions of 'yl(N”;l) and 'yg(N”';l) depend on n1 and na. For in-

ny+ng
2

stance, if n1+n2 is an even number, then Y (BEtL) = o (Matl) o= (py (Natd) pp (Nitly)
Hence, we conclude that T;,Q = QG and our claim follows.

The factorization of T}, proved in Theorem 2 allows one to obtain accurate
convergence results of a G2S method. Clearly, an optimal result would be a direct
calculation of the spectral radii of the matrices GGx. However, this is in general a
difficult task that requires cumbersome calculations. Nevertheless, in Theorem 3
we obtain an explicit expression for the spectral radii of GG, under some reasonable
assumptions that are in general satisfied in case of Schwarz methods and symmetric
decompositions; see, e.g., [29, Section 3]. Notice also that Theorem 3 guarantees
that only one (pre- or post-) smoothing step is necessary for the G2S method to
converge.

Theorem 3 Assume that 1 > p1(k) = p2(k) = p(k) > 0 for any k and that p(k)
is a decreasing function of k. The convergence factor of the G2S method is

pazs(Th) = max (

ek (1= p(k)p(R)" " + si (1= p(R))p(k)™+"2
ke{1,...,N., Ytly

k(1= p(k)) + st (1 — p(k))
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Proof The convergence factor of the G2S is given by the spectral radius of the
iteration matrix T}. Theorem 2 implies that

X p(Gr),m (Nh; 1) Y2 <Nh2+ 1)}

Regardless of the values of n1 and nz, direct calculations show that the matrices
G have four eigenvalues:

pa2s(Th) = max{ ma:
ke{1,

A (k) = A2 (k) = 0,
p(k)p(R)™ 7 + sk (1 = p(k))p(k)™ +"
ek (1= p(k)) + sp (1= p(k)
ck(1+ p(k))p(k)" +7 + sk (1 + p(k)
cx(1+ p(k)) + s3,(1 + p(k)

Dalh)] = 0=

)

)
)
ni+nsz
(k)| = ;”(’“) .

Moreover, we observe that

As ()= Aa (k)| = 2ck sk (p(k) = p(k)) (p(k)™ "2 — p(k)™+72) >0
((p(k) + 1)et + si(p(k) + 1))((1 = p(k))ef, + st (1= p(k)))

where we used the monotonicity of p(k). On the other hand, since p1(k) = p2(k) =
p(k), we have 71(%) = 72(%) = p(%)"ﬁ'm. Therefore, we have that

= (Npt1\M| Np+1\™ 1"
maX{ke{g{lé}?ch}p(Gk),p< 5 ) =max{, _max_ [a(k)p| =5 ’

(N;L-&-l )n1+nz

)

and the result follows by observing that As (N"'2+1) , since p(E) =

N
p(k) for k = Ntl,

p

3.2.8 Two-level substructured and volumetric methods

At this stage, it is fair to pose the following questions: What is the difference
between our G2S and other two-level DD methods? Is our G2S different from a
classical two-grid method that uses a PSM as smoother? Is there any relation
between these two apparently similar approaches? The answers are given in this
section.

Let Ayu = f be a discretization of our problem (1). In particular, A, €
is the discretization of the elliptic operator £, while u € RN and f € RY" are
the discrete counterparts of the solution u and the right-hand side function f.
Consider the following splittings of the matrix A,:

AiAlEufhi X X
YT x X T |E3Rs Asl’

v v
RN XN

RNI*N5 for j = 1,2. Notice that these correspond to a two-subdomain

where A; €
decomposition. We assume that Ay, A1 and Az are invertible. The matrices R €
RN XV'=NT) and Ry € RM2X(N"=N3) are restriction operators that take as input

vectors of sizes N” — N{ and N” — N§ and returns as output substructure vectors
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of sizes N1 (substructure S1) and N2 (substructure S2). The two matrices E1 €
RN XNt and E; € RM2 N2 are extension by zero operators. In order to obtain a
discrete substructured problem, we introduce the augmented system

Agu, = £, (27)

where Aq = [E?;BQ Ej,fl], u, = [Eﬂ and f, = [g} with A; € RN and

u;,f; € RY7, for j = 1,2. The matrices Ry € RV'*N2 and Ry € RM>*N are
restriction operators that map volume vectors, of sizes N3 (second subdomain)
and N{ (first subdomain), respectively, to substructure vectors, of sizes N1 (sub-
structure S1) and Nz (substructure S2), respectively. Notice that RjR;r = In;,
with I, the identity of size Nj, for j = 1,2. Moreover, we define N* := N1 + N2
and N := N{ + N3 .

The substructure vectors vo; := Rijus and viz := Rou; solve the discrete
substructured system
Vi2 R AT
A = L 28
h |:V2]_:| [R1A2 1f2 ) ( )
RoATY En

I ..
where Aj, = { N2 . The vectors vi2 and va1 are restrictions on

RiASYEy Iy,
the substructures So and &1 of the solution vectors u; and ug, and (28) is the
substructured form of (27). Notice that (28) is the discrete counterpart of the
substructured problem (10).

The block-Jacobi method applied to (27) and (28) leads to the iteration ma-
trices

0 —A;1E1R1

N . 0 —RzA;lEl
e |

—R1AS B> 0

where G, is the discretization of GG, as denoted in Sections 3.1 and 3.2.
Let us now introduce the matrices

—1 . -
D := [A(l) Aql] , T := [Rz 0] and F := { 0 El} .
2

It is easy to verify the relations
TT" = In:, ART =TDAa, Go=—-DET and G,T =TG,. (29)

In particular, the relation TT" = Iy- is trivial, and A, T = TDA, can be obtained
by calculating

TDA — Ry O A;l 0 A1 E1R, _[R2 O [Nf A;1E1R1
“710 Ri| 0 Ay'||E2Ra Az | |0 Ri||A;'ExRy  Ing
_ Ro RQA;lElRl - I, RzAIlEl R O AT
T |R1A; 'E2R Ry TRIA By Iy, 0 Ry|” "M

A similar calculation allows us to obtain that G,T = TGa.
Since the matrices G, and GG, are two different representations of the PSM,
one expects that their spectra coincide. This is shown in the next lemma.
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Lemma 4 The matrices G, € RN XN gnd G, € RN“XN" have the same nonzero
eigenvalues, that is o(Gp) = 0(Ga) \ {0}.

Proof Recalling the structure of Gg, one can clearly see that rank(Gs) = N,
because the matrices E;R; have rank Nj; for j = 1,2. Hence, G, has N* nonzero
eigenvalues. Take any eigenvector v € ]RN of G, Wlth eigenvalue A # 0. We note
that T'v # 0, otherwise we would have Gov = —DETv =0, which contradicts the
hypothesis A # 0. Using the last relation in (29), we write GrTv =TGav = XTv.
Hence (fv, A) is an eigenpair of G. Since this holds for any eigenpair (v, \) of
G, the result follows.

Let us now consider arbitrary restriction and prolongation operators R, and
Ps (with Rs = P.|). The corresponding discrete substructured two-level iteration
matrix is then given by

Gl = [Ine — Ps(RsApPs) " RoAp]Gh. (30)

Our goal is to find a volumetric two-level iteration operator G2X that has the
same spectrum of GiL. Such a volumetric operator must be formulated for the
augmented system (27) and based on the iteration matrix G,. Let us recall (29)
and compute

GA'T = [In+ — Ps(RsApPs) 'Ry AL)GLT

= [Ins — Ps( (RsApPs) " RsAh]TGa
= [T — Ps(Rs AnPs) "R ALT)Ga
[Ine — T" Py(RsApPs) 'R ALT|G
[Ine — TTPy(RsAWTT " Ps) " R,TDA,] G
[
[

Ine —T" Py(RsTDALT ' Ps) ' RTDA4)Ga

T
T
T
T[Ine — Pa(RaDAqPa)” 'RaDA4)Ga = TG3F,

where P, := TTPS, Rq = R,T = P/] and
G2 = [Ine — Pa(RaDAoPa) ' RaDA4) G (31)

We obtained that GiLT = TG2". Similarly as in the proof of Lemma 4, one
can show that o(G3F) = o(G2%)\ {0}. This means that we have found a two-level
volumetric iteration operator that is spectrally equivalent to our substructured
two-level operator. Moreover, for any invertible matrix U € RNV *N" we can repeat
the calculations done in (18), to obtain

G2* = [Ine — Pa(RaDAaP.) ' RaD A4 Ga, (32)

where P, = P,U and R, = U 'R, (with R, = P, if U is orthogonal). This
means that there exist many two-level DD methods in volume that are equivalent
to our substructured two-level methods. We can summarize the obtained result in
the following theorem.
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Fig. 4: Spectral radii of the matrices G%L, CA}?LL and G%ﬁ;s and corresponding to
£ =15 (left) and £ = 6 (right).

Theorem 4 (Volumetric formulation of substructured methods) Con-
sider the substructured two-level iteration operator Git given in (30) and denote
its spectrum by J(G%L). For any invertible matriz U € RN"*N" the spectrum of
the matriz G2X given in (32) satisfies the relation o(G32F) = o(G2F) \ {0}.

The matrix G2¥ has a special structure. Since D is the block-Jacobi precon-
ditioner for the augmented system (27), one can say that G2L corresponds to a
two-level method applied to the preconditioned system DA,u, = Df,, in a similar
spirit of the smoothed aggregation method defined in [5, Section 2].

Let us now focus on the question: what is the relation between our G2S method
and a two-grid (volumetric) method that uses the same smoother (PSM)? A two-
grid method in volume applied to the augmented system (27), would correspond
to an iteration operator ézL of the form

GZL = [INa - ﬁa(EaAaﬁa)_lﬁaAa] Ga.

Natural choices for P, and R, are the usual (volumetric) restriction and prolon-
gation operators. For example, for a one-dimensional problem a natural choice is
the prolongation matrix P, glven in (15) and Ra = 1PT On the other hand, our

prolongation operator P, := T P, is an extension by zero of a coarse substructure
vector to a fine volumetric vector. Moreover, R, := RsT restricts a fine volumetric
vector v to a coarse substructure vector by only interpolating the components of
v belonging to the (fine) substructures. Another crucial difference is that G?L s
constructed on DA,, while ézL is obtained using the matrix A,. Therefore, @ZL
is constructed on the original augmented system A,u, = f,, while G2 is defined
over the preconditioned system DAgu, = Df,.

These facts indicate clearly that our method is by far distant from a classical
volumetric two-grid method that uses the PSM as smoother. This is also confirmed
by the numerical results shown in Figure 4, where the spectral radii of three
different two-level iteration matrices are depicted. In particular, we consider the
Laplace problem defined on a unit square {2 (of side L = 1). This domain is
decomposed into two overlapping rectangles of width L = % +d. Hence, the length
of the overlap is 26. This problem is discretized using a classical second-order

finite-difference scheme with a uniform grid of size h = ﬁ, where Nj, = 2¢ — 1.
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The length of the overlap is § = (Now + 1)h, for some positive odd integer Noy.
We consider three different two-level iterations matrices G-, éiL and G#45. The
first one G27 is the iteration matrix corresponding to our G2S method. The second
one @ZL is the iteration matrix of a two-level method applied on the augmented
volumetric system (27). In both cases, the same classical Schwarz method is used as
smoother. The third matrix GH4g is the iteration operator of a classical two-grid
method applied to the volumetric system A,u = f and using as smoother the RAS
method. In all cases, restriction and prolongation operators correspond to linear
interpolation matrices (as in (15)) and to the full weighting restriction matrices,
respectively. Indeed, for our G2S method these are one-dimensional operators,
while for the other two methods they are two-dimensional operators. In particular,
for the augmented system these interpolation and restriction operators take into
account the non-zero values of the discrete functions on the substructures. For the
two-level RAS method, they are obtained by a two-dimensional extension of (15).

In Figure 4, we show the spectral radii of G3L, G2L and G3L, s, obtained
by a direct numerical computation, as a function of Ny, hence the size of the
overlap. The two figures correspond to two different discretizations. It is clear that
our G2S method outperforms the other two methods, which have also very small
contraction factors. Moreover, by comparing the two plots, we observe that the
coarse correction makes all the methods very robust with respect to the number
of discretization points.

4 Implementation details and multilevel algorithm

In Section 4.1, after having explained pro and cons of substructured and volume
two-level methods, we reformulate Algorithm 1 in equivalent forms, which are
essential to make our method computationally efficient. In Section 4.2, we explain
how to extend our G2S method to a multi-grid strategy.

4.1 A practical form of two-level substructured methods

One of the advantages of our new substructured framework is that a large part
of the computations are performed with objects (vectors, matrices, arrays, etc.)
that are defined on the substructures and hence have very small sizes if compared
to their volumetric counterparts. This is clear if one carefully studies Algorithm
1, where for example the products Rr and Pv. are performed on substructure
vectors. In volumetric two-level methods, the same prolongation and restriction
operators involve volume entities, thus their application is more costly and they
might be generally more difficult to implement due to the higher dimensions.

We now compare the computational costs of one iteration of the G2S and of
a 2-grid method in volume that uses the same smoother. Let N” be the size of
the volume problem and N°® the size of the substructured problem (N° < N7).
The size of each subdomain volume problem is Ngu,. The coarse spaces are of
dimension M?® for the G2S method and M" for the volume method. The restriction
and prolongation operators in volume are denoted by R, and P,. For simplicity
we assume n1; = 1, n2 = 0.

The computational costs of one iteration are reported in Table 1. The first
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G2S G2S C.C. Volume two-level Volume C.C.
VR Gyt by | O(eNaw) || wi T = Nul 4+ MTby | O(e(Naws)
r"t3 = by, — AV e O(ve(Nsub)) rZJr% =by — AvuZJr% O((N")¥m)
Vit = AD N (Remt2) O (s (M*#)) updt = A;J(Rurﬁ%) Oy (MY))
vl = y+3 4 pyntl | O(N®) uptt = uT% + Poupd! | O(NY)

Table 1: Computational cost (C.C.) per iteration. Notice that the smoother in
volume is written as a standard stationary method based on the splitting A, =
M — N.

row of this table corresponds to the smoothing step performed by G2S and a
DD method in volume. Since we assumed that both strategies use the same
DD smoother, their computational costs coincide and are equal to O(ve(Nsub)),
where . depends on the choice of the linear solver. For example, for a Poisson
problem, one has ¥¢(Nsub) = Ngub log(Nsub) if a fast Poisson solver is used, or
~Ye(Ngub) = bNgyp for sparse banded matrices with bandwidth b; see, e.g., [38]. For
a general problem, the complexity of sparse direct solvers is a power of Ng,p, which
depends on the dimension. Moreover, one could consider the precomputation of
the factorization of the subdomain matrices and just using forward and backward
substitutions along the iterations.

For simplicity, we assume that restriction and prolongation operations are clas-
sical nodal operations whose computational costs are supposed to grow linearly
with the dimension of the problem. Notice that since N® <« N", assuming that
the same interpolation method is used, the cost in the substructured case is much
lower than the corresponding cost in volume; see last row in Table 1.

Let us now discuss the third row of Table 1, which corresponds to the solution
of the coarse problems. Since the dimension of the substructured coarse space is
smaller, the G2S could require much less computational effort in the solution of
the coarse problem. We remark that on the one hand, the coarse matrix Asp is
typically block sparse, where the block structure is related to the connectivity
among the subdomains (namely the jth block-row of G} has a sparsity pattern
governed by the set N;). Furthermore, for a large class of PDE problems, these
blocks admit very accurate low-rank approximations that can make the solution
process more efficient; see, e.g., [43] and references therein. On the other hand, A,
is typically a sparse matrix, whose sparsity pattern depends on the discretization
method used (e.g., finite differences, finite elements, etc). In both cases there exist
sophisticated algorithms for the solution of the corresponding linear systems; see,
e.g., [38,18,43] and references therein. For this reason, we use the two functions s
and 7, to indicate the computational cost of the coarse solvers. A general direct
comparison in this sense is problem dependent, it could be very complicated, and
it is beyond the scope of this paper. Nevertheless, we provide in Section 5.1 a
detailed analysis for a specific test case.

Let us now turn our attention to the second row of Table 1, which corresponds
to the computation of the residual. Here, a volumetric method requires O((INV)"™)
operations, where v, depends on the sparsity structure of A,. For example, if A,
is a second-order finite-difference matrix, then ~,, = 1. In contrast to this favorable
situation, the computation of the residual for a G2S method requires the action of
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Algorithm 2 G2S-Bl Algorithm 3 G2S-B2
Require: v¥ and P =G}, P. Require: vO and P = G, P.
1: vl =Gpv0 + by, 1 v =0a,v0
2w = Ghvl’l 2 r= bhl— \7/0 + v,
3:r=by—v +w, . _a-1
4: ve = AQ_thr, 5 V(C) = Aan R~r’
R 4: vV =w+ Pvec+ by,
5: v =v" + Pve, 5: Repeat 1 to 5 until convergence
Iterations: i i
6: vl =w+ Pve + by,
7w = Gpvl,
8: r=b, —vl+w,
9: ve = A;thr,
10: v0 =v1 4 Pve,
11: Repeat 6 to 10 until convergence.

Ay, on a vector v*2, which in turn requires a subdomain solve that is assumed

1

2
to cost O(v:(Nsub)) (as discussed above). Hence, two smoothing steps are needed
by the G2S method. If we could avoid this extra cost, then all the other steps of
the G2S methods are cheaper since they are performed on arrays of much smaller
sizes. Moreover, we wish to remark that, as we are going to see in Section 5, the
G2S method requires in general less iterations than the corresponding method in
volume. Hence, if we could avoid one of the two smoothing applications in each
iteration, we would get a method which is faster in terms of iterations and com-
putational cost per iteration. To avoid one of the two applications of the smoother
in the G2S method, we exploit the special form of the matrix Ay =1, — G} and
propose two new versions of Algorithm 1. These are called G2S-B1 and G2S-B2
and given by Algorithms 2 and 3. These substructured algorithms require only one
smoothing step per iteration. Hence, they are potentially cheaper than a two-grid
method using the same smoother. Moreover, it turns out that G2S and G2S-B1 are
equivalent and they have the same spectral properties of G2S-B2. These relations
are proved in the following theorem.

Theorem 5 (Equivalence between G2S, G2S-B2 and G2S-B1)

(a) Algorithm 2 generates the same iterates of Algorithm 1.
(b) Algorithm 3 corresponds to the stationary iterative method

v" = Gp(Iy — PAS RA,)V" ! + Mby,

where Gp, (I, — PAgthAh) is the iteration matriz and M the relative precon-
ditioner. Moreover, Algorithm 3 and Algorithm 2 have the same convergence
behavior.

Proof For simplicity, we suppose to work with the error equation and thus by, = 0.
We call ¥v° the output of the first five steps of Algorithm 2 and ¥° the output of
Algorithm 1. Then given an initial guess v°, we have

V=v'+ Pv.=v'+ PAR(—v' +w)

= G’ + PAS R(—ALGLV0) = (I, — PAS RAL) GV = 7.
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To verify that steps 6-10 of G2S-B1 are equivalent to an iteration of Algorithm 1,
let vOF~1 .= v1F=1 4 Py be the output on line 10 of the (k — 1)-th iteration of
the G2S-B1 algorithm. Then the smoothing step on line 6 of the k-iteration reads

Vl’k = CT‘hVO’ki1 + by = Ghvl’kil + GpPve+ by = Wki1 + ﬁvc + by,
where we use the definition of P and the quantity w*~! computed at the previous
iteration. Steps 7-8 are just the residual computation using the identity A =
I — G}, and the remaining steps are standard. For the second part of the Theorem,
we write one iteration of Algorithm 3 as

vl =w+ Pve = Gpv? + GhPAS R(—Apv®) = Gu (i — PA, RAL)VE.

Hence, Algorithm 3 performs a post-smoothing step instead of a pre-smoothing
step as Algorithm 2 does. The method still has the same convergence behavior
since the matrices Gy (I}, — PA;thAh) and (I, — PA;thAh)G’h have the same
eigenvalues?.

Notice that Algorithm 2 requires for the first iteration two applications of the
smoothing operator Gj. The next iterations, given by Steps 6-10, need only one
application of the smoothing operator G. Theorem 5 (a) shows that Algorithm 2
is equivalent to Algorithm 1. This means that each iteration of Algorithm 2 after
the first one is computationally less expensive than one iteration of a volume two-
level DD method. Since two-level DD methods perform generally few iterations,
it could be important to get rid of the expensive first iteration. For this reason,
we introduce Algorithm 3, which overcomes the problem of the first iteration.
Theorem 5 (b) guarantees that Algorithm 3 is exactly a G2S method with no pre-
smoothing and one post-smoothing step. Moreover, it has the same convergence
behavior of Algorithm 2.

We wish to remark that, the reformulations G2S-B1 and G2S5-B2 require to
store the (substructured) matrix P := G, P. This matrix is anyway computed in
a pre-computation phase to assemble the coarse matrix Aap, = RAR,P = RP —
RGRP = RP — RP. Hence, no extra cost is required. These implementation tricks
can be readily generalized to a general number of pre- and post-smoothing steps.

Concerning the specific implementation details for the G2S, we remark that
one can lighten the off-line assembly of the matrix Asp, = RApP, using instead
the matrix

~ Ioho —Goanpt
Aoy = ’ ’ 33
2h |:_G2h,2 Iopy |’ (33)

which corresponds to a direct discretization of A on the coarse level. Moreover,
since our two-level method works directly on the interfaces, we have more freedom
in the discretization of the smoothing operators on each level. For instance, one
could keep the corresponding volume mesh close to the substructures, while having
a coarser grid away from them. This strategy would follow a similar idea of the
methods discussed in, e.g., [15] and references therein.

4 Given two matrices A and B, AB and BA share the same non-zero eigenvalues.
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Algorithm 4 Geometric multilevel substructured DD method - GMS(uO,b,f)

1: if £ = lrin, then

2: set v0 = A7 b. (direct solver)

3: else fmin

4:  v*=Gy(v* 1 b),n=1,...,n1 (DD pre-smoothing steps)
5. r=b—A,v™M (compute the residual)

6: =GMS(0, Rfflr,ﬂ —-1). (recursive call)

7. vO=vM 4+ Pl v (coarse correction)

8: v =Gy(v* 1, b),n=1,...,n2 (DD post-smoothing steps)
9:  Set v0 =vm2 (update)
10: end if
11: return u®.

4.2 GMS: Extension to multilevel framework

The solution of large problems can be challenging using classical two-level methods
in volume. This is mainly due to the dimension of the coarse space, which can still
be too large in volume to be solved exactly. In our substructured framework,
the size of the substructured coarse matrix corresponds to the number of degrees
of freedom on the coarse substructures, and thus it is already much smaller if
compared to the volume case (see Section 5.1 for a comparison of their sizes in a
concrete model problem). However, there might be problems for which the direct
solution of the coarse problem is inconvenient also in our substructured framework.
For instance, if we considered multiple subdomains, then we would have several
substructures and therefore the size of the substructured coarse matrix increases.

The G2S is suitable to a multilevel generalization following a classical multigrid
strategy [42]. Given a sequence of grids on the substructures labeled from the coars-
est to the finest by {fmin, Lmin+1, . . ., fmax }, we denote by Pf_; and RS_; the inter-
polation and restriction operators between grids £ and £— 1. To build the substruc-
tured matrices on the different grids we have two possible choices. The first one
corresponds to the standard Galerkin projection. Being A, . the substructured
matrix on the finest grid, we can define the coarse matrices Ay := R£+1Ag+1Pf+1,
for £ € {€min, lmin + 1, ..., fmax — 1}. The second choice consists in defining A, di-
rectly as the discretization of (12) on the grid labeled by £, and corresponds exactly
to (33) for the two-grid case. The two choices are not equivalent. On the one hand,
the Galerkin approach leads to a faster method in terms of iterations. However,
the Galerkin matrices A; do not have the block structure as in (12). For instance,
Ap = Re“”"flAg Plmax_ = Rbmex_ pt PR Ri“‘“"fng PZmax . Thus,

max—1 rmax maxt lopax—1 = TWhpa—1 max max

the identity matrix is replaced by the sparse matrix Re“‘a"ile‘“”‘il On the other
hand, defining A, directly on the current grid ¢ as in (33) leads to a minimum
increase of the iteration number, but it permits to preserve the original block-
diagonal structure (which is important if one wants to use G2S-B1 and G2S-B2).
The difference between the two approaches is also studied by numerical experi-
ments in Section 5.

In spite of the choice for Ay, we define the geometric multilevel substructured
DD method (GMS) in Algorithm 4, which is a substructured multi-grid V-cycle.
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5 Numerical experiments

In this section, we demonstrate the effectiveness of our new computational frame-
work by extensive numerical experiments. These experiments have two main pur-
poses. On the one hand, we wish to validate the theoretical results of Section 3.1,
while discussing the implementation details of Section 4.1 and comparing our new
method with other classical existing methods, like a two-grid method in volume
using RAS as smoother. This is the focus of Section 5.1, where a Poisson problem
on two-dimensional and three-dimensional boxes is considered. Both convergence
rates and computational times are studied.

On the other hand, we wish to show the effectiveness of our new methods
in case of multiple-subdomain decompositions and for classical test problems. In
particular, in Section 5.2 we consider a multiple-subdomain decomposition for
a classical Poisson problem, while in Section 5.3 a diffusion problem with highly
jumping diffusion coefficients is solved. For the efficient solution of these two prob-
lems different discretization methods are required. These are the finite-difference
method, for the classical Poisson problem, and the finite-volume method, in case
of jumping diffusion coefficients. These two methods require different definitions
of restriction and prolongation operators. We thus sketch some implementation
details of our algorithms for a regular decomposition. In both cases, the robust-
ness of our methods for increasing number of subdomains is studied and compared
to classical two-grid and multi-grid methods defined in volume and using RAS as
smoother. The obtained numerical results show clearly, and particularly for the
jumping diffusion coefficient case, that our methods converge in less iterations
than the classical two-level RAS method. In Sections 5.1 and 5.2, all the methods
are used as iterative solvers, without any Krylov acceleration, while in Section 5.3
we test their efficiency as preconditioners for GMRES.

5.1 Laplace equation on 2D and 3D boxes

We first consider the Poisson equation —Au = f with homogeneous Dirichlet
boundary condition. The geometry of the domain and its decomposition are shown
in Figure 3, where 2 is decomposed into two overlapping rectangles 21 = (—1,0) X
(0,1) and 22 = (—4,1)x (0, 1). The length of the overlap is 26. On each subdomain,
we use a standard second-order finite difference scheme based on a uniform grid
of Ny = 2¢ — 1 interior points in direction y and N, = N, interior points in
direction x. Here, ¢ is a positive integer. The grid size is denoted by h. The overlap
is assumed to be § = hN,,, where N,, represents the number of interior points in
the overlap in direction z.

The results of our numerical experiments are shown in Figures 5. All figures
show the decay of the relative errors with respect to the number of iterations. To
study the asymptotic convergence behavior of the G2S and compare it with the
theoretical results of Section 3.2, all methods are stopped if the relative error is
smaller than the very low tolerance 10712

The problem is solved by the classical parallel Schwarz method, a classical two-
grid and a three-grid method using RAS as smoother (“2L-RAS” and “3L-RAS”
in the figures), the G2S method, and its extension to three-grid denoted by G3S.
For the G2S method, we further distinguish two cases: “G2S” indicates the G2S
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Fig. 5: Convergence curves for £ = 6, Ny, = 4 (top row), No, = 8 (bottom row).

method using the coarse matrix Asp := RApP, while “G2S” refers to the G2S
method using the coarse matrix obtained by a direct discretization of A on the
coarse grid (instead of Agp := RAp P), see (33) and the discussion in Section (4.2).
For the G2S and G2S methods, we use the one-dimensional linear interpolation
operator P = diag(P1, P»2), where the expression of P;, j = 1,2 is given in (15),
and R = %(P)—r (as explained in Section 3.1 and Figure 3). For 2L-RAS, we use the
classical full weighting restriction and interpolation operators, Py = kron(Px, Py),
Ry = iPJ , where P, P, are one-dimensional interpolation operators of the same
form of (15).

The left panels of Figures 5 validate the theoretical convergence factor obtained
in Theorem 3. The center panels compare the classical one-level PSM, the G2S
and G2S method and the 2L-RAS method. The slower performance of 2L.-RAS
with respect to G2S can be traced back to the interpolation step. This operation
breaks the harmonicity of the obtained correction, which therefore does not lie any
more in the space of the error; see, e.g., [34]. One could use interpolators which
extend harmonically the correction inside the overlapping subdomains although
this would increase significantly the computational cost of each iteration. We refer
also to [37] for a similar observation. Further notice that, while the G2S coarse
space has dimension about Ny, the one corresponding to the 2L-RAS method has
dimension about Ny Ny, /4 ~ N /2 > N,. In the setting of Figure 5, the dimensions
of the coarse spaces of G2S and 2L-RAS are about 60 and 1900, respectively. Notice
that, the convergence of G2S is comparable to 2L.-RAS, hence a little slower than
G2S, but the assembly of the coarse matrix is cheaper.

The right panels compare the convergence behavior of the two-grid methods,
G2S and 2L-RAS, with their three-level variants. We remark that the addition of
a third level does not result in a noticeable convergence deterioration.

Next, we are interested in computational times and in numerically validat-
ing the computational cost presented in Table 1. To do so, we consider a three-
dimensional box 2 = (—1,1) % (0, 1) x (0, 1) decomposed into two overlapping sub-
domains 21 = (—1,8) x(0,1)x(0,1) and 22 = (—6,1) x(0,1) x (0,1). We solve the
problem (up to a tolerance of 107 on the relative error) using the G2S method,
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# (volume) | G2S G2S-Bl1 G2S-B2 2L-RAS
539 4 4 4 6
6075 5 5 5 6
56699 5 5 4 6
488187 4 4 4 6

Table 2: Number of iterations performed by the different methods and for different
number of degrees of freedom.

# (volume) G2s G2S-B1 G2S-B2 2L-RAS

539 0.014 (0.004) 0.008 (0.002) __ 0.006 (0.002) _ 0.009 (0.005)
6075 0.1346 (0.027)  0.082 (0.016)  0.083 (0.016)  0.106 (0.03)
56699 2.040 (0.408)  1.2282 (0.246)  0.818 (0.204)  1.367 (0.228)
488187 53.2873 (13.321)  33.309 (6.662) 26.687 (6.671) 43.635 (7.272)

Table 3: Computational times performed by the different methods. In parentheses
we indicate the computational time per iteration.

its equivalent forms G2S-B1 and G2S-B2, introduced in Section 4.1, and 2L-RAS.
The length of the overlap is § = hN,,, where h is the grid size and N, is fixed to
4. Hence the overlap is proportional to the grid size. The experiments have been
performed on a workstation with a processor Intel Core i9-10900X CPU 3.7GHz
and with 32GB of RAM. The subdomain problems are solved sequentially using
the MATLAB backslash command, which calls a direct solver for sparse banded
matrices (with small band density threshold) with almost linear complexity. The
smoothing steps have the same cost for both 2I.-RAS and G2S implementations,
and it permits to better remark the advantages of the substructured methods in the
coarse step and the prolongation/restriction steps. The results are shown in Tables
2 and 3. The G2S method outperforms 2L-RAS in terms of iteration numbers and
computational times. To better understand why the G2S method is faster and to
validate the computational cost analysis presented in Table 1, Figures 6 show the
computational time spent by the G2S and 2L-RAS methods in the different steps
of a two-level method. As expected, the smoothing step requires the same effort
in both methods. This is shown in Figure 6 (left). In Figure 6 (right) we compare
the computational times required by one coarse correction step performed by the
two methods. The two curves corresponds to the same volumetric dimensions of
the problem (as in Table 3), but the coarse space dimensions corresponding to
G2S and 2L-RAS are different. This means that, the kth point (circle) from the
left of the G2S curve has to be compared with the kth point (cross) from the left
of the 2L-RAS curve. It must also be said that for both cases we use the Matlab
backslash command. This is clearly a choice more favorable for the 2L.-RAS coarse
problem (which is sparse and banded). A different and more appropriate solver for
the G2S coarse matrix exploiting the block-sparse structure (see, e.g., [38]) could
lead to further improvement of these computational times.

5.2 Decompositions into many subdomains

In this section, we consider a square domain {2 decomposed into M X M nonover-
lapping square subdomains 25, j =1,..., M? = N. Each subdomain £2; contains
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Fig. 6: Time in seconds spent by the G2S and 2L-RAS methods in the smoothing
step (left) and in the coarse solver step (right).

Newp = (2° — 1)? interior degrees of freedom. Extending the subdomains fjj by
Noo points, we obtain the overlapping subdomains (2; with overlap § = 2N,y h. On
each subdomain (2;, we locate the discrete substructure Sjv'i, marked with blue
lines in Figure 7, which is made by four (one-dimensional) segments. For each dis-
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Fig. 7: An interior nonoverlapping subdomain (NZJ' is enlarged by Ny, = 2 points
in each direction. The discrete substructure SJNj is denoted by a blue line. On the

right panel, the coarse discrete substructure SJMJ is marked by red crosses.

crete substructure SJNj , the interpolation operator P; acts block-wise on each one-
dimensional interval, i.e. P; = diag{f’l, 152, Py, ﬁ4}, where each Py, k = 1,...,4,
corresponds to the prolongation matrix (15). We remark that using Pj implies
assuming that on the boundary of S; the function attains zero. This holds since

1
on each substructure v; € H§)(S;), due to the partition of unity.

The results of our numerical experiments are reported in Figure 8. The left
panel shows the dependence of the spectral radius on the size of the overlap for
the different methods and N = 16, £ = 5. We then study the robustness of the
method with respect to an increasing number of subdomains. We first keep the
size of each subdomain fixed, Ngup = (25 — 1)27 and thus we consider larger global
problems as N grows. Then, we fix a global domain {2 with approximately 17 - 103
interior degrees of freedom, and we get smaller subdomains as N grows. In both
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cases, we observe that the spectral radius of both 2L-RAS and G2S does not
deteriorate as the number of subdomains increases.
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Fig. 8: Dependence of spectral radius on the overlap (left) and robustness of the
two-level methods when increasing the number of subdomains for subdomains with
same size (center) and global problem fixed (right).

We further compare G2S, 2LRAS and Geometric MultiGrid (GMG) for the so-
lution of the Poisson equation —Awu = 1. We decompose {2 into N =9 and N = 16
subdomains and set N,, = 2. Table 4 reports the number of iterations and com-
putational times to reach a relative tolerance of 10~%. For the G2S method, we
preassembled the coarse matrix. Concerning GMG, we implemented a V-cycle with

- Nv G28  2L-RAS GMG ¢— NV G2S  2L-RAS  GMG
7-146680 | 3 (0.31) 3 (0.42) 6 (0.22) 7261121 | 3 (0.50) 3 (0.72) 6 (0.44)
8-588289 | 3 (0.68) 3 (1.34) 6 (0.97)  8-1046529 | 3 (1.64) 3 (2.57) 6 (1.73)
9-2356225 | 3 (2.29) 3 (5.94) 6 (4.06)  9-4190209 | 3 (5.98) 3 (11.38) 6 (7.30)

Table 4: Number of iterations and seconds (in brackets) required by the G2S,
2L-RAS and GMG methods to reach a tolerance of 1076, The left table refers to
N =9, while the right table to N = 16.

two pre- and post-smoothing steps using a damped Jacobi smoother with optimal
damping parameter w = 4/5 [53]. The coarsest level of GMG corresponds to £ = 3
and the size of the coarse matrix is 961. Concerning the implementation of the
DD methods, the subdomain problems are solved in parallel, using the Matlab
parallel Toolbox. The G2S method is implemented according to Algorithm 3. The
sizes of the G2S coarse matrices are 3096, 6168, 12312 for £ = 7,8, 9, respectively.
For both G2S and GMG, we compute once for all the LU decompositions of the
corresponding coarse matrices as their size is small. The cost of the LU decompo-
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sitions is included in the computational times reported. Table 4 shows the G2S is
competitive with GMG.

5.3 Diffusion problem with jumping diffusion coefficients

In this section, we test our method for the solution of a diffusion equation —div(aVu) =
f in a square domain 2 := (0,1)? with f := sin(4rz) sin(27y) sin(27zy). The do-
main {2 is decomposed into 16 non-overlapping subdomains.

We suppose o« = 1 everywhere except in some channels where a takes the
values 102, 10* and 10°. We consider two configurations represented in Figure 9.

= E

x10°°

Fig. 9: Decomposition of 2 into 16 subdomains with two different patterns of
channels (left and center). The yellow regions correspond to large values of the
diffusion coefficient. The blue-green area shows the nonoverlapping decomposition.
The right panel shows the solution of the equation with the central pattern.

We use a finite-volume discretization, where each non-overlapping subdomain
is discretized with Ngy, = 2% cells and it is enlarged by Ny, cells to create an
overlapping decomposition with overlap § = 2N,,h. We further assume that the
discontinuities of the diffusion coefficient are aligned with the edges of the cells
and they do not cross any cell. The mapping between the fine and coarse mesh is
illustrated in Figure 10. At the volume level, the restriction operator maps four fine
cells to a single coarse cell by averaging the four cell values and the interpolation
operator is its transpose. At the substructured level, the restriction operator maps
two fine cells to a single coarser cell by averaging. The interpolation operator splits
one coarse cell to two fine cells assigning the same coarse value to each new cell.
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Fig. 10: Illustration of the action of the restriction operator in volume (left) and
of the restriction and interpolation operators on a one-dimensional substructure
(right).
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dimV, 456 840 1608 dimV, 456 840 1608
a Yl 4096 16384 65536 o Yl 4096 16384 65536

102 [ 4(17) 4(16) 4 (16) 102 [ 4 (19) 4(19) 4 (18)
104 | 4(18) 4(16) 4 (16) 104 | 5(20) 5(19) 4 (18)
106 | 6(17) 5(17) 5 (16) 106 | 6(20) 6(19) 7 (18)

Table 5: Number of iterations performed by the G2S and 2L-RAS (in brackets)
methods with Ny, = 2 and for different values of jumps of a and different numbers
of degrees of freedom N". The dimension of the substructured coarse space is
dimV,. The left table refers to the two channels configuration and the right table
to the multiple channels one.
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Fig. 11: Convergence curves for £ = 5, N, = 2 for the two channels configuration.

The parameter « is equal to 10% (left), 10* (center), 10° (right).

It still holds that the interpolation operator is the transpose of the restriction
operator.

In this setting, we study the robustness of the G2S method with respect to the
mesh size and the amplitudes of the jumps of a and we compare it to the 2L-RAS
method. In Table 5 we report the number of iterations to reach a relative error of
Tol = 107%. Both methods are used as iterative solvers. The iterations performed
by the G2S method are the numbers on the left in each cell of the table, while the
iterations of the 2L-RAS are the numbers in brackets on the right. We can observe
that the G2S outperforms 2L-RAS. Figures 11 show the convergence curves for a
fixed mesh size and three different values of . These results show that the G2S
method is robust both with respect to the jumps of the diffusion coefficient and
the mesh size, and that it outperforms the 2L-RAS method.

Now, we study the performance of G2S and 2L-RAS as preconditioners for
GMRES. Table 6 reports the number of iterations when both methods are used
to accelerate GMRES. We further specify the final size of the Krylov subspaces.
GMRES preconditioned by the G2S method builds a much smaller Krylov sub-
space as the system and preconditioner have dimensions equal to the size of the
substructured space.
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6 Conclusions

In this work we introduced a new framework of two-level and multi-level substruc-
tured DD methods, namely the G2S method and its extension called GMS method.
These are formulated on the substructures of the considered overlapping domain
decomposition. Under certain reasonable hypotheses, for 2 subdomains in 2d, we
proved that the G2S method is well posed and convergent, and we also estimated
the corresponding convergence factor. The effectiveness of our new methods is
confirmed by extensive numerical experiments, where elliptic PDE problems with
possibly highly jumping diffusion coefficients are efficiently solved.
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