N
N

N

HAL

open science

Two-level preconditioning for h-version boundary
element approximation of hypersingular operator with
GenEO

Pierre Marchand, Xavier Claeys, Pierre Jolivet, Frédéric Nataf, Pierre-Henri

Tournier

» To cite this version:

Pierre Marchand, Xavier Claeys, Pierre Jolivet, Frédéric Nataf, Pierre-Henri Tournier.
preconditioning for h-version boundary element approximation of hypersingular operator with GenEO.

Numerische Mathematik, 2020, 146, pp.597-628. 10.1007/s00211-020-01149-5 . hal-02188771

HAL Id: hal-02188771
https://hal.science/hal-02188771
Submitted on 18 Jul 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Two-level


https://hal.science/hal-02188771
https://hal.archives-ouvertes.fr

Two-level preconditioning for h-version boundary element
approximation of hypersingular operator with GenEO
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Abstract

In the present contribution, we consider symmetric positive definite operators stemming
from boundary integral equation (BIE), and we study a two-level preconditioner where the
coarse space is built using local generalized eigenproblems in the overlap. We will refer to
this coarse space as the GenEO coarse space.
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Introduction

The boundary element method (BEM) is widely used to solve partial differential equations (PDE)
reformulated as non-local boundary integral equations (BIE). It consists in approximating so-
lutions of BIE using Galerkin method similarly to the finite element method (FEM). This dis-
cretization leads to linear systems

Apuy = by,

where h is the mesh size of the underlying discretization. Contrary to FEM though, the non-local
nature of the integral operators at play in BIE yields dense linear systems.

To solve these linear systems, one could use either a direct or iterative method. But since
they are dense, compression is most of the time required, using for example fast multipole [12],
hierarchical matrices [14] or sparse cardinal sine decomposition [3]. These techniques have the
advantage of lowering the storage cost and make it easy to apply the operator to a vector, but
the underlying structure is not well suited for direct solvers such as exact LU decomposition.
Nevertheless, direct solvers to be used in conjunction with a compression procedure have been
developed, for example, hierarchical LU decomposition [14] and a fast direct solver as described
in [21, 11]. Another approach relies on iterative solvers, such as the conjugate gradient (CG) [15]
for symmetric positive definite matrices or the generalized minimal residual (GMRes) [27]. These
methods have the advantage of relying only on matrix—vector products, they are non-intrusive
in the sense that they are independent of the compression method used. However, the number
of iterations needed strongly depends on the spectral properties of the matrix of the system. In
the case of the single layer or the hypersingular operator for the Laplace problem, the condition
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number x(Ay) == ||Ap|l2]|A; ||z typically deteriorates like O(h~1) [28, Section 4.5]. This means
that the number of iterations when using CG will increase when refining the mesh size as the
square root of h~1.

To circumvent this problem, one has to find a relevant preconditioner, i.e., an operator P such
that PA}, has better spectral properties (typically, a condition number bounded independently
of the mesh size) and that is not too costly to apply P to a vector, because instead of solving
the previous linear system, we will solve

PAhuh = th

Various preconditioning strategies have been proposed for BEM matrices. One of the most
popular is Calderdn preconditioning [30], which is the application of operator preconditioning [17]
based on Calderén identities that shows that certain products of boundary integral operators
yield a compact perturbation of the identity. Another approach consists in building a sparse
approximation of the inverse to precondition our problem, which is usually called sparse approx-
imate inverse preconditioner (SPAI) [2].

Finally, another approach, proposed in [16, 33] for example, relies on adapting well-known
preconditioners stemming from domain decomposition methods (DDM) to BEM matrices. In
the present paper, we focus on this last type of preconditioner. We made this choice based on
the fact that DDM preconditioners are naturally parallel, which makes them interesting for high
performance computing (HPC). Moreover, they have been extensively studied in a finite element
context (see [8, 32]).

These DDM preconditioners usually rely on a geometric decomposition of the computational
domain and consists in solving local problems associated to each subdomain, but also solving a
global problem of small size to add a minimal global communication between the subdomains.
This global problem usually consists in solving the problem on a coarser mesh (see [32, Chapter
3] for example). The purpose of the global problem is to make the iterative solver scalable (see
Section 4).

At the theoretical level, scalability of DDM preconditioners without a coarse component is
usually not provable (see [32, Section 3.4] for a more in-depth discussion in a FEM context).
The condition number of the preconditioned matrix is not bounded independently of the number
of subdomains and in practice the number of iterations to solve the associated linear system
increases with the number of subdomains (see [8, Chapter 4] for numerical evidences in FEM).
That is why iterative solvers usually do not scale with DDM preconditioners without a coarse
component.

Adding a coarse component to the preconditioner based on a coarse problem can ensure a
bounded condition number, and thus scalability. It has been studied in FEM [32, Chapter 3] and
this approach has been adapted to BEM [16, 33]. Recently, another kind of coarse component
based on local eigenproblems has been introduced in a FEM context [29] and proved to be
numerically efficient [19], namely the generalized eigenproblems in the overlap (GenEO) coarse
space. It has the advantage to be more algebraic in the sense that it does not depend on the
discretization or the underlying equation, as long as the latter is symmetric positive definite.
In this contribution, we will introduce in the BEM context several coarse spaces inspired by
GenEO. We will conduct the analysis for the hypersingular operator for symmetric positive
definite problems. We will prove that such an approach ensures scalability, and we will study
their efficiency numerically.



1 Boundary Integral Equation

In this section, we briefly introduce the mathematical framework for boundary element meth-
ods (BEM). For more details, we refer to [22], which focuses on the functional analysis behind
BIE and to [28], which presents appropriate discretization strategies and their mathematical
foundations.

1.1 Function spaces and norms

Let Q C R? be a Lipschitz polyhedron, and d the geometric dimension, L?(£2) denotes the space
of all measurable functions u : © — R such that Hu||%2(9) = [olul?dx < co. We define the

fractional order Sobolev space H'/2((2) as the space containing all the functions u € L*() with
Hu||H1/2(Q) < 00, where

p(x) = eI dy.

2 — 2
oz : H‘PHV(Q)—'_/QXQ |x — y|+H!

The second term in the last expression is usually called Slobodeckij seminorm. Now, we want
to define Sobolev spaces on I' := 91Q, i.e., on curves for d = 2 and on surfaces for d = 3 without
boundary. As we assumed 2 Lipschitz, there exists local orthogonal coordinates that represent
locally I" as the graph of a Lipschitz function of a domain of dimension d—1. Then, we can define
H'/? (T') in terms of Sobolev spaces on R4~! using surface integrals instead of volume integrals.

Let I' C T so that I' is a curve for d = 2 and a surface for d = 3 with or without boundary, we
define

HY2(D) = {cp|p st. g€ Hl/Q(f)} and HY2(T) := {1/) € H'/2(I) s.t. Ep(y) € Hl/g(f)},
where Er is the operator of extension by zero associated with functions defined on I'. In other
words,

« H'Y/2(T) contains the restrictions of H/2(T') to T,

« HY2(T) contains the functions whose extension by zero are in H'/2(T").

We define their associated norms as follows

(%) — p(y)?

lolroraey = ez + [
I'xT
el 120y = IO 2@
where v(x,y) refers to the surface measure induced on I' by the Lebesgue measure.

Remark. In the case T =T, which means thatT' does not have any boundary, we have H'/? () =
H'Y?(T) with equivalent norms [22].

We also define H=/2(T') and H~/2(T) as, respectively, the dual of HY/2(T') and H'/2(T),
(+,+) denoting the duality pairing. We endow them with the following dual norms

lull -1 /2y = sup _{wo) Vu e H1V2(D),
veH1/2(T) ||’UHH1/2(F)

Hu||H*1/2(F) = sup % Yu € H_I/Q(F),
UGFIl/z(F) ||UHH1/2(F)



1.2 BEM operator

As a model problem, we simply consider the hypersingular integral equation: find u € H/? D)
such that

a1 v) == (W, 0) s oy ooy = (Fr0)r, Yo € HUZ(D), (1)

where f € H~Y2(T'). The operator W : HY/2(') — H~'/2(I') is the hypersingular integral
operator which, in the case of a Laplace problem on a screen with d = 3, is given by

curlp u(x) - curlp v(y)

<Wuvv>H—1/2(p)Xﬁ1/2(p) :/ d’)/(x,y)

I'xD Arlx —y]
where curlp u(x) = n(x) x Vpu(x) and n(x) refers to the unit vector field normal to I" directed
toward the exterior of Q. The bilinear form a(-, -) is symmetric, continuous, and positive definite
according to [31] or [28, Theorem 3.5.9.]. In the following, we can allow for a more generic

symmetric bilinear form that induces a norm on H/2(T) so that, for every u € H'/2(T)

O ullF ey < ) < CF [l gy @)

2
HY/2(T)

where C~ and C™T are positive constants.

1.3 Discretization

To define a discrete subspace V},, we first need to introduce a conforming triangulation of the
geometric domain I'. Let us denote 7, a mesh of I' and h € L>(T) defined by h |z := |T|*/(d=1)
for every T € T and h = maxyc7 hr. We denote S}L(T) the space of piecewise polynomial
functions of degree [ on T and gfl('T) =8H(T)N HY2(T).

To discretize Equation (1), we use a standard Galerkin approximation, i.e., we solve the
following problem: find u;, € Vi, € H'/2(I) such that

a(un, vn) == (Wup,vp)r = (f,vn)r, Yun € Vp, (3)

where V), is a finite dimensional subspace of H'/ 2(I'). Let (goj)év:l be a finite element basis of V},

and dim(Vy) = N, so that up, = Z;\Ll up,j¢;. Then from Equation (3), we obtain the following
linear system

Ahuh = bh, (4)

where Ay, € RVXN by, € RY such that (Ay); ; = ale;, i), (br); = (f, ;) for 1 <i,5 < N and
uy, € RY is the vector of coefficients corresponding to the unknown finite element function wuy,
so that (up); = up,;. The matrix Ay, inherits symmetric positive definiteness from a(-,-).

2 Domain Decomposition Methods

We are investigating domain decomposition methods (DDM) to precondition the linear system
defined in Equation (4). More precisely, we are interested in Schwarz methods, which are tech-
niques that were first introduced as iterative procedures to approximate solutions of partial
differential equations (PDE) (see [9] for a historical presentation of these methods). Afterwards,
they were reinterpreted as fixed point methods with a specific preconditioner that depends on
the chosen methods. That is why Schwarz methods can also refer to a preconditioner, and can
be used in more efficient iterative methods, such as CG and GMRes.



2.1 Notations

Let us now introduce the notations required for a proper presentation of Schwarz preconditioners.
First, we need to partition the domain I'. Since we have in mind implementation of H-matrices,
we first consider a partition of the degrees of freedom in n subdomains that will be done with a
geometric clustering, which induces a partition of the global numbering {1,..., N} = Up=1 dof;w
with dof}, , Ndof}, ; = 0 for every p,l € {1,...,n} and p # L.

This differs from what is usually done in a finite element context, where automatic partitioners
such as METIS [20] are used to decompose the domain. By contrast, here we take account of
a compression method working on degrees of freedom. Then, we can add several layers of mesh
elements and their associated degrees of freedom to increase the overlap between neighboring
subdomains. We denote the indices of the resulting pth subdomain dofy, ;, so that dof’h’p C dofp
and {1,..., N} C Up_, dofp, ;. Its associated local finite element space is

Vip = Span(y|z | € dofy,,) C H'?(T),

where fp := Ujedof, , Supp(e;), and thus I' C U;}zlfp. Later, we will also need to use I', :=

fp \ Ujgdof, , SUPP(p;), see the remark below for an example. We define an arbitrary local
numbering of the degrees of freedom with the bijection o, : {1,2,...,N,} — dofp p,, where
N, := dim (V). Then, we can define the extension by zero at the matrix level with R € RV*N»

1 ifj =o,(k),

0 otherwise

T
Ry )ik = {
and its counterpart at the function level, as

Rl :Vip = Vi

W (x) ifxel
RT up x) = h P
p (1h) (%) { 0 otherwise.

RN,JXN

We also define the restriction matrix R, € , as the transpose of RZ; for the canonical

scalar product (-,-) on RY and its counterpart for finite element functions

Rp : Vh — Vh)p.
N Np
Z Un,jPj = Z uh,ap(k:) S00'1)("3) ‘fp !
j=1 k=1

Note that IR, is not a restriction in the natural sense. It restricts the set of shape functions used
to represent an element of the discrete space V, , (see remark thereafter). Notice also that Rg
is not the dual of R, for the L? scalar product, they are respectively the equivalent of Rg and
R, for finite element functions, and RZ; is the transpose of R,,.

Remark. Let us take an example and consider the case where I' is the interval between 0 and
10 on the x-axis discretized using Py Lagrange elements Vi, = Span(p; |0 < j < 10). Defining
dofy, 1 :=={0,1,2,3,4,5,6} and dof}, 2 := {4,5,6,7,8,9,10}, we represent up, = 1 in Figure 1.
Notice that Ry(up) is not the usual restriction of uyp, since it is linear between 6 and 7.

Another example in 2D is given Figure 2 for a screen with Py shape function. The nodes in
dofy 1 are represented with rectangle nodes. We are considering a discretization of H1/2(I‘) 50
that we do not have any Py functions associated with the nodes on the boundary of the screen.



01 = 02

Figure 1: Example of an overlapping decomposition in 1D for P; finite elements with I' = T'y UT'y
and up € V), such that u, =1, that is to say up; =1for 1 < j < N.

Figure 2: Example of a subdomain in 2D for P finite elements where the rectangle nodes denote
Py functions in Vy, ;.
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Figure 3: Relations between restriction, extension operators, P, and Py,

We have the relations R,R! =1, € RN»*No and R,RI' = I;. We also need to define the
following linear applications

Py, - RN — Vh, Ph,p : RNP — Vh,pa

N
and
_ AN — P P _ (D
up = (uhu)jzl = Up = E :uh,J<pJv w, = (UhJ j=1"7 uh E uhjﬁpop
i=1

They allow with their inverse to go back and forth between the finite element and the algebraic
point of view. Several relations exist between the operators introduced so far, they are summa-
rized in Figure 3. Notice that we also have (Apup,uy,) = a(Pyuy, Pyuy) with uy, € RY. Finally,
we introduce a partition of unity (Dy)p_; € [[)_; RN>*No guch that

n
I, =) R/D,R,.

p=1

A few geometric constants will allow us to describe the domain decomposition, and they will
appear in the study of the efficiency of Schwarz preconditioners. All these definitions are inspired
by [8]. We denote ko the maximum multiplicity of the interaction between subdomains plus one,
ie.

= M,RT
ko = max # {r|R,M,R] # 0}, (5)
where (Mp,); ; = fr @ip; dvy is the mass matrix. The maximal multiplicity of the subdomain

intersection k; is defined as the largest integer m such that there exist m different subdomains
whose intersection has a nonzero measure,

k1 := esssup (Z 11"p> . (6)
p=1

And finally, N, is the minimum number of colors we can use to color a decomposition such that
any two domains sharing an overlap have different colors.

As for the domain decomposition, these constants are not supposed to increase with the
number of subdomains a priori because they only depend on the local interaction between sub-
domains. The domain decomposition can be considered as a graph where subdomains are the



vertices and where two vertices are related by an edge if the corresponding subdomains over-
lap. Using the terminology from graph theory to describe this graph, ky — 1 corresponds to
the maximum vertex degree [34, Definition 1.3.1.], N, corresponds to the chromatic number [34,
Definition 5.1.1.], and we have N, < ko [34, Proposition 5.1.13.]. Brook’s theorem [34, Theorem
5.1.22.] states that this bound can be improved to N. < ko — 1 if the graph is connected [34,
Definition 1.2.6.] (meaning that there is always a path between two vertices) but not complete
(meaning that each vertex is not connected to every other vertex) and not an odd cycle.

2.2 Additive Schwarz Method and coarse space

In the present paper, we are interested in the additive schwarz method (ASM) introduced in [35]
with a generic coarse space Vi, o C V), that we will define later. We denote Ny := dim(Vy o)
and it is spanned by the finite element functions associated with the columns of the rectangular
matrix RY € RV*No 50 that the definition of the preconditioner is

n
Pasu = R (RoALR{) 'Ro + Y R}(R,A4R]) 'R, (7)

p=1

Removing the coarse correction (i.e., the first term) from the above preconditioner would a priori
spoil scalability. We shall discuss this in more details in Section 4.

In order to study the efficiency of the preconditioner defined in Equation (7) to bound the
condition number of the preconditioned linear system associated with Equation (4), we use the
fictitious space lemma [24, 13] or [8, Lemma 7.4], which writes as follows when directly applied
to our case.

Theorem 1. Let us denote Hp := H::O RN, which corresponds to the space in which we

decompose finite element vectors according to our domain decomposition. We endow it with the
Euclidean scalar product (-,-)p for product spaces defined as (up,vp)p := ZZ:O(RZ;UP, Rgvp)
for every up = (uP);_, vp = (vVP),_o € Hp. We also define

B: HD — HD
(uﬁ);}:o = (RpAhRZ;uZ)Z:Ov

and

RASM : HD — RN
(up)p—o — Z Rgul’;.
p=0
Suppose we have the following hypotheses:
1. There exists a constant cg > 0 such that, for all U = (uﬁ);‘zo c Hp
(AnRasMm(Un), Rasm(Ur)) < cr(BUy, Up)p.

2. There exists a constant cp > 0 such that, for all u, € RY, there exists U, € Hp with
up = RASM(Uh); and

CT(BUh, Uh)D < (Ahuh, uh).



We define the adjoint operator Rigy RN — Hp by (Rasm(Up),up) = (Un, Rigm(un))p for
allup, € RY and Uy, € Hp. Then, we have the spectral estimate

PP c
T

We aim at applying Theorem 1 observing that RasmB ™' Rigy = Pasm.

3 Two-level preconditioning

Before we introduce our two-level preconditioner, we formulate some general remarks. The first
hypothesis of Theorem 1 corresponds to the continuity of Ragym and the second one is usually
referred to as stable decomposition. Using the notations of this theorem, the two hypotheses can
be rewritten as follows

1. There exists a constant cg > 0 such that, for all (u})r_, € Hp

n

a (Z PhRZuZ, Z P}LRZU€L> < CR Z a(PhRguZ, P}LRZIIQ).
p=0 p=0

p=0

2. There exists a constant ¢p > 0 such that, for all u, € RY, there exists Uj, = (U-i)g:o € Hp
with uy, = RASM(Uh), and

CcT Z a(PhRZuz, PhRgqu) < a(Phuh, Phuh).

p=0

We deduce that these two hypotheses are related to how we can “localize” the bilinear form a,
and since it is symmetric positive definite, it is also related to how we can localize the H'/2-norm.

3.1 Continuity of Ragy

The first hypothesis of Theorem 1 is actually satisfied without any precise definition of the coarse
space. We have the following theorem to localize the H'/?-norm

Lemma 1 ([28, Lemma 4.1.49 (b)]). For (up)i<p<n € [[py ﬁl/Q(I‘;) with (I',)7_, a non-
overlapping partition of T, i.e. T =Up_,T and T, NT}; =0 for 1 #p and 1 < 1,p < n, we have
the following inequality:

2

> Bry (up)
p=1

Then, we can obtain the following lemma using a coloring argument:

5 w— 2
< 3 Z ||up|‘f11/2(p;) )
H1/2(I) p=1

Lemma 2. For (up)i<p<n € szl ﬁl/Q(fp), we have the following inequality:

2

DO | Ot

n
2
< NcE ||uprI1/2(fp)~
H1/2(I) p=1

Z Efp (up)



Proof. If one colors each subdomain fp such that two subdomains with the same color cannot be
neighbors, that is to say, cannot overlap, then we can define (F;)i\iﬁ where each I} is the union
of every subdomain with the same color, that we number [, and N, is the number of colors. Let

us define

wy = Z El:p(up)EPNIl/Q(F;).

P‘prF;
Then, we have
2
n 2 N, N, 2 N,
2
E E E E Ef‘p(up) = E wi < Ne E ||wl||ﬁ1/2(r)
p=1 ﬁ1/2(1") =1 plf‘lpcpg =1 ﬁ1/2(1‘) =1

H/2(T)

By definition of I'}, we have that all subdomains fp such that fp C T} are disjoint so that we
can use Lemma 1 in the last expression to obtain

2

Ne
NZ”W”mM@ N |2l Br,(w)
I=1||p|TpcTy H1/2(I)
5 o 2 Ban, 2
SNeg D 2 lwlle,) = Neg 2 Il s,
=1 |F cry p=1

O

The last lemma yields an upper bound for the global energy on HY 2(') by a sum of local
energies, so that we obtain the first hypothesis required by Theorem 1.

Lemma 3. Using the notations of Theorem 1, let U}, = (ufb)gzl € Hp, we have

C’+

(ApRasm(Un), Rasm(Up)) < 2max (1 @

) (BUp, Up)p.

Proof. Using the fact that Aj is symmetric positive definite, we have

(ArRasm(Un),Rasm(Un)) = (Ah S ORIy RZuZ)
p= =0

2 ((AhRgu?L,ROTug) + (Ah ZRguﬁ,ZRguZ>) .
p=1 p=1

Notice that the last term on the right-hand side can be rewritten
n n n n
(A mpn Soriug) = (Y run Y-
p=1 p=1 p=1 p=1
n n
=a (Z Rgui, Z Rgu£> ,
p=1 p=1

10



with u? = P, ,u? € V,,, ¢ H/2(T,) (see diagram Figure 3). Finally, using the equivalence
relation from Equation (2), Lemma 2 and the definition of the H'/?-norm, we have

n n n
(S ) oS
p=1 p=1

2
) + - P2
< iNcC Z ||uh||ﬁ5(fp)

p=1 H1/2(I) p=1
5 ST o2 5 CT & T T
<GNCT Y N u ey < 5N D alBy g, Ryup)
p=1 ~ p=1
5. CH ¢
-

O

We would like to point out that, although one can obtain similar results to Lemma 2 with other
norms (with interpolation for example), we use in the last lemma the fact that ||u}, || 7. s2(r,) =
IRZu} || 712 (ry Which is not a priori guaranteed for other norms. And even if an equivalence
relation can be proved, extra care must be taken to show that the constants in the equivalence
relation are independent of the size of the subdomain I', which is related to the number of
subdomains. As a consequence, the choice of the norm ||-|| 7 /2(r) plays a key role in the present
analysis.

3.2 Stable decomposition — GenEO concept

We now focus on the second hypothesis of Theorem 1. The goal is to find a way to decompose
global finite element functions so that we can bound the global energy from below by the sum
of the local energies. To do so, let us explain the idea behind the GenEO approach. First, using
the results from the preceding section, we have the following lemma for a generic coarse space.

Lemma 4. Using the notations of Theorem 1, let u, € RN and Uy = (u})p_, € szo RN»
such that up, = Rasm(Uyp). Then, we have

Ct &
(BU,,Uy)p < 2(Apup,up) + (1 + 5NCF) > (AR ul, Rl ub).

p=1

Proof. Using the definition of B and the Cauchy-Schwarz inequality,

(BU.,,Up)p = (AR u), RIu)) + Z(AhRZquRguﬁ)

p=1
= (Ah (uh — Z R}M,’;) ,up, — Z RZuZ) + Z(AhRgqu, RZ;UZ)
p=1 p=1 p=1
<2 ((Ahuh, up) + (Ah > RIub Y Rguf;;)) +) (AR u) RIub).
p=1 p=1 p=1

Then, we apply the equivalence relation from Equation (2) and Lemma 2 to the second term in
the right-hand side to obtain the desired result. O

11



The last lemma is insufficient to prove a spectral estimate of the ASM preconditioner. There
remains to bound the last term, corresponding to the sum of local energies, by the global energy
a(Pyup, Pyug). Let us assume there exists (By)p_; € [])_, RN»*Ne and a constant Cloc > 0
independent of h and n such that

n

Cloc Z(BpRpuh, Rpllh) g a(Phuh, Phuh). (8)

p=1

To obtain the second hypothesis of Theorem 1, and using Lemma 4 with Equation (8), one
can see that a sufficient condition would be to find a decomposition U}, = (ufl)gzo € H;:O RN»
of a given u;, € RN such that

(AR ul R} < 7(B,Ryup, Ryuy), (9)

for some fixed user-defined parameter 7 > 0 and uj, = Rasm(Up). A natural choice for (u})7_,
might be u}, = D,R,u;, but generally it does not satisfy Equation (9). The idea of the GenEO
coarse space is to filter out the part of D,Ryu;, that does not satisfy Equation (9) using the
following local generalized eigenvalue problem: find (Vi, s A) such that

D,R,A R D,V | = A\[B,v) . (10)
Then, we can define the local contribution to the coarse space
Zp,r = ker(B,) USpan(vy , | for every k s.t. A} > 7), (11)

and the local projection m, on Z, ; parallel to Span(v} , | for every k s.t. A} < 7). Using the
projection 7,, we can filter out the part of D,R,u; that does not satisfy the sufficient condition
given by Equation (9).

Lemma 5 ([8, Lemma 7.15]). For every 1 < p < n and vy, € RN?, we have
(RgDp(Id — Wp)vz)TAh(RgDp(Id —mp)Vh) < T(V;Z)TBPVZ;L.

The last relation is similar to Equation (9) so that we define the decomposition such that,
fori<p<n

U‘Z = Dp(Id — Wp)Rpuh. (12)

It remains to define the coarse space V; (o and the associated coarse component u% such that
u, = RASM)Q(U}L) with Uy, = (uZ);)L:O'

Definition 1. The GenEO coarse space is defined as the sum of the local contributions to the
coarse space weighted with the partition of unity. We define

Vho = Span(RgDva |[I<p<N,vie€Z,.)
Let Z, € RN*No pe o column matriz so that V0 is spanned by its columns and No = dim(V}, o).
We denote its transpose by Rg := ZT.

Lemma 6 (GenEO coarse component). Assuming there exists (By);_; such that Equation (8)

is true, we can define the coarse space as in Definition 1, and the coarse component as

n
u) = (RoRI) 'Ry (Z R7 Dpwapuh> , (13)

p=1
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then Uy, = (u})p_y € Hp defined by Equations (12) and (13) is a stable decomposition of uy,
that is to say
RASM’Q(U}L) = Up and cr Z a(PhRZuZ, PhRZ;uZ) < a(Phuh, Phuh)7
p=0

with cz' =2+ (14 5N.G5) o

Proof. Let u, € RY and Uy, = (u})o<p<n € Hp be defined by Equations (12) and (13). First
notice that we have

Wy = R(:)F(R()Rg)_lRoWo
for every wo € Vo since R (RoRE) 1Ry is a projector on Vj, o. Then, we have
n n
Rasm,2(Up) = Z Rjuj = Rjuj + Z R, uj
p=0 p=1

= RI(RoRY) 'R, (Z R} Dpwapuh> +> Rlup
p=1 p=1

€Vh,0

=> R/D,mRyu, + Y RID, (I — m)Rpuy,

p=1 p=1
n
=Y RID,R,u;, =uy,
p=1
where we used the fact that D,, defines a partition of unity in the last line. Then, using Lemmas 4
and 5 with vz = R,uy, for 1 < p < n, we have

n

> a(P,RIuf, PRIW)) =) "(A4RIuf, Rl uf)

p=0 p=0
C+ - T. D T .p
< 2(Apwp,up) + (145N 7o) > (AR} ul, RIub)
p=1

C+
< 2(Apup, up) + (14 5Ne 5o)7 > (B,Ryu,, Ryuy).

p=1

Finally, assuming Equation (8) holds, we deduce

ZCL(‘P}L];‘,‘Z;l.l;z7 PhRguZ) < (2 + (1 + 5NCC> CT ) a(Phuh, Phllh).
loc
p=0

O

Remark. [t should be noted that the decomposition (uﬁ)gzl is necessary for the analysis, but it
does not need to be computed in practice. To use this coarse space, it is sufficient to compute Z.,
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and then (RoALRE) ™! to be able to apply P asas (see definition given in Equation (7)). And to
do so, each local contribution to the coarse space defined in Equation (11) can be computed inde-
pendently in parallel, so that computing Z, can be done efficiently. Then, to compute RoALRY,
one can use the fact that Z, is sparse and distributed (since the eigenvectors are computed in
parallel). Finally, we need to invert (RoApRE) € RNoXNo and that is why a good coarse space
should be of minimum size while still containing relevant information for the convergence.

3.3 Concrete coarse spaces

Using Lemmas 3 and 6, it remains to find a sequence of local operators (By,);_; that satisfies
Equation (8) to be able to apply Theorem 1. The goal is to find a coarse space whose size is
as small as possible for a given 7 because we need to invert RoA,RI € RNoxNo. However, the
choice of the set (B,);_; is not a priori unique, and we do not know the size of the coarse space in
advance for a given 7, so that numerical tests are necessary to see which one is the most efficient.
A first simple way to obtain a decomposition (B,);_; satisfying Equation (8) is to simply use

the continuous injectivity between H/2(T") and L2(T").

Lemma 7. Let u € HY/2(T'), we have

CiniC~ -
1271 ZHU”%z(rp) < a(u,u),
p=1

where ky is defined in Equation (6), Cinj is the continuity constant of the injection of H/? (I
in L?(T"), and they are both independent of h and n.
Proof. Using the fact that we have H'/2(I') — L%(I'), we obtain

alu ) > O [ull 3o gy > ConiC ull3ary

CinjC™ &
Z #ZH“”QLQ(FP)'
p=1

O

Using the last lemma, we obtain a similar relation to Equation (8) with Cioc = % and
B, = M,, for every 1 < p < n where M,, is the mass matrix defined as

(My)i,5 == /F o, (1) Pop(i) AV (14)

where I', has been defined so that M, € RV»*Nr. Then, we can obtain the following theorem

Theorem 2. We have the following condition number estimate

+ + i
(P asm,injAn) < 2max (1,Ncgg_> (2 + <1 + 5Ncg_> C-T-Cl'—> 7
inj

where P asm inj @5 defined with the GenEQO coarse space and the localization from Lemma 7.
Proof. Using Theorem 1 and its notations, we have to satisfy its two hypotheses.

1. The first hypothesis is obtained using Lemma 3 with ¢cg = 2 max(1, Ncgg—t).

14



2. The second hypothesis is obtained using Lemma 6 with B, = M, for every 1 < p < n and

Lemma 7 so that c;' =2 + (1 + 5Nccg_kl) =
inj

O

We will refer to the coarse space based on Lemma 7 as GenEO mass coarse space. Another
approach to build a coarse space is to use a well-established inequality from adaptive BEM [5,
Corollary 6] to obtain the next lemma.

Lemma 8. Let uj, € S'(T,), we have

adc_

Z||h”2vruh||%2(rp> < a(up, un),

where Cyq depends only on T, the shape-regularity of T, and I.
Proof. According to [5, Corollary 6], we have

a(un, un) 2 ClunlZ ey 2 CaaC™ 105 *Vrunl 3

adC 1/2
Znh P2Vun3er, )

O
Using the last lemma, we obtain a similar relation to Equation (8) with Cio. = ‘*dlc and
B, = K, for every 1 < p < n where K,, is the stiffness matrix defined as
(Kp)ij = / h1Vr o, i) Vo, ) 47, (15)
FP

where again, K, € RY»*Ne due to the definition of I',. Then, we can obtain the following
theorem

Theorem 3. We have the following condition number estimate

5C+ ct Tk
<
K(PAsM,adAn) < 2max (1 Neg C- ) <2+ (1 N ‘C- ) Cadc> 7

where Pagm aa 95 defined with the GenEO coarse space and the localization from Lemma 8.

Proof. Using Theorem 1 and its notations, we have to satisfy its two hypotheses.

1. The first hypothesis is obtained using Lemma 3 with cgp = 2max(1, N, ggﬁ)

2. The second hypothebls is obtained using Lemma 6 with B, = K, for every 1 < p < n and
Lemma 8 so that cT =2+ (1 + 5N, Cgl“) _Tky

CaC— "
O

We will refer to the coarse space based on Lemma 8 as GenEO stiffness coarse space. A third
approach is to directly split the H*/2-norm, but we cannot directly split this norm in a sum of
local contributions of H'/2-norms. Actually this kind of inequality has been proved wrong in
the appendix of [1]. But we can bound H 1/2_norm from below by a sum of local contributions
of H'/?-norms using the following lemma

15



Lemma 9. Foru € H'Y2(T'), there holds

07 n
T Z||U|Fp||i]1/2(rp) < a(u, u),
p=1

where ky is defined in Equation (6).

Proof. The proof is in two parts. First, we bound the H'Y2norm from below by the H'/?2-norm,
and then we split the H'/2-norm. We denote

/r/'[ / I |u|x — y|d(+1)|2 dv(x,y),

where we borrowed the notation from [28, Lemma 4.1.49 (b)].
— First part. We have I' C ' = 00 with Q C R?, a Lipschitz polyhedron. Then, for
u € HY?(T), we have by definition

Iy = 1By = ol + [ [ 1B
:ww;m+éﬁﬁhaéwﬁm+éwéwm

=[[ul?

H/2(1) Z
> ||u||§11/2(r)-

— Second part. According to the definition of the norm, we have

Julaqey = Il + | [ 1
rJr

We already used the fact that Zz:1||u|p ||L2(F ) < k1|\u||L2(F) to prove Lemma 7, it remains to

prove 22:1 frp frp [u] <k [r Jp ]

Let 1 < [ < n, we consider all the intersections of ! subdomains among the n subdomains.
Note that there can be several areas shared by possibly different sets of [ subdomains, see Figure 4
for an example. That is why, we define an arbitrary numbering {1,...,n;} of all the set of [
subdomains that intersect each other. More precisely, we define

Ap={{i1,....i} C{l,...,n}st. 1<ip,...,ig <nand Ni_ Ty, £0} = {4},

Let us denote 0;; = Nkgena, ,I'x the ith part of T' shared by [ subdomains. In particular, we have

Orp:=Tp\ (U, m;épf‘m), i.e., 61, corresponds to the pth subdomain without its overlap. We
denote

0= {(l,i) € N? |91,i # @},

and remark that {6 ;};; defines a partition of I, so that

Joh= 2 8 w

(1,4)€O (m,j)€O
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Figure 4: Example of a partition defined as in the proof of Lemma 9.

For every subdomain I'j, we also define
O, :={(l,i) e N*|0,, NT, # 0},
so that I'y, = U iyeo,01,i and

SV RVRTES S5 SIS I I I

p=1(ly,ip) €O, (Mmp,jp)€EO,

DD “e@mm,]e@//

p=1(1,:)€O (m,j)€O O,

o> le“ee 11<m,jee/ /m] (17)

(1,i)€O (m,j)e6 p=1

mp ip

where 1(; 50, = 1 if (I,4) € ©, and 0 otherwise. And, by definition, a given pair (/,i) € ©
cannot be in more that k; sets ©,, otherwise it would mean that 6; ; is shared by more than &,
subdomains. Thus,

n
> Luwieo, Lumgeo, < ki
p=1

Finally, we obtain the expected result using Equations (16) and (17) associated with the previous

inequality. O
Using the last lemma, we obtain a similar relation to Equation (8) with Cjoe = % and
B, = H,, for every 1 < p < n where H,, is the matrix associated with the scalar product of

H1/2( ) deﬁned as

(P, (1) (X) = Po, (1) (¥Y) (P, () (X) — oy () (V)
(Hp)i,j = / Pop (i) Pap (i) d’y +/ / _ d+1j ’ d’}/(X7y)7
FP Fp Fp |X Y|
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where again, H, € RY»*Ne due to the definition of I',. Then, we can obtain the following
theorem

Theorem 4. We have the following condition number estimate
5CT Ct\ 7k
H(PASM,sloAh) < 2max <1>Nc2c> (2 + (1 + 5NCC> C1> )
where P asm sio 5 defined with the GenEQ coarse space and the localization from Lemma 9.
Proof. Using Theorem 1 and its notations, we have to satisfy its two hypotheses.

+
5C )

1. The first hypothesis is obtained using Lemma 3 with cp = 2max(1, Negg=

2. The second hypothesis is obtained using Lemma 6 with B, = H,, for every 1 < p < n and
Lemma 9 so that c;l =92+ (1 + 5Ncc+k1) %kj

o
O

We will refer to the coarse space based on Lemma 9 as GenEO Slobodeckij. Another pos-
sibility is to approximate the H'/2-norm in Lemma 9. It is natural to introduce the weakly
singular operator V : H=/2(T') — H'/2(I"), whose range is the right space under consideration.
We suppose that V' is symmetric positive definite, which is true when we assume that the global
hypersingular operator W also has this property. Then, we can define the local weakly singular
operator V), as

<Vp“pa Up>H1/2(rp) xH=1/2(T,) "= <VEFp (up), EFp (Up)>H1/2(F)XF[—1/2(r)

for every u,, v, € H1/%(T,). Now, we can define a norm on H'/2(T,) using the inverse of the
local weakly singular operator and equivalent to ||u||%,1 s2(r,) We are still working on its analysis,
and it would be too much of a digression to present it here. That is why, we only define the
associated discrete local operator B, = C,, := M,V M, for every 1 < p < n where V), is the
discretization of the single layer defined as

Vp(ivj) = <Vp(<ﬂap(j) |Fp)a 900,)(2‘) |F,,>H1/2(Fp)><ﬁ71/2(pp)7 (19)

where again, (~3p € RN»*No due to the definition of I',. The choice of (~3p comes from the fact
that we need to approximate the discretization Vp_1 by the inverse of the discretization of V,,
which is classical in Calderén preconditioning, see [23, 30]. We will refer to this coarse space as
GenEO single layer.

In conclusion, we have introduced four coarse spaces and Theorems 2 to 4 show that at
least three of them lead to a bounded condition number for the preconditioned linear systems
independently of the mesh size and the number of subdomains. The size of the coarse spaces
will adapt to the user-defined parameter 7, which is one of the advantages of this approach. The
downside, though, is that we do not know these sizes a priori. For example, if one has to take all
the eigenvectors in the local generalized eigenproblem defined in Equation (10), the size of the
coarse space will be the size of the global matrix, and thus inverting RoA,R{ will be as costly as
using a direct method. We have to verify how relevant these coarse spaces are numerically, and
which one retains the most of relevant information. In other words, we have to check numerically
that the sizes of the coarse spaces are small compared to the size of the global problem, and
which one is the smallest while improving the convergence.
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The only intuition we can have a priori is about GenEO single layer. Indeed, looking at the
associated local generalized eigenproblem, it can be rewritten as a local eigenproblem

M, 'V, M, 'D,R,A;R; D,v}, | = \pv) . (20)

The matrix product appearing in the left hand side of Equation (20) is really close to a local
Calderén preconditioning apart from D,. The subdomains usually correspond to screens and it
is a well-known fact that Calderén preconditioning does not work well in this case. In [18, Fig.
4.1] for example, we can see that a few high eigenvalues appear, which is what we want in our
approach.

In Figure 5, we show the spectra obtained for Equation (20) using the geometry described
in Figure 6 with eight subdomains, h = 0.1 and the problem described in Section 4.1. We see
that GenEO single layer, GenEO Slobodeckij and GenEO stiffness have a few high eigenvalues so
that we know at least that we should be able to discriminate a few eigenvectors for these coarse
spaces. We see that we obtain the same type of spectrum for GenEO single layer as in [18]. We
also observe that the spectrum obtained with the GenEO mass coarse space is not adequate with
our approach, and we will see afterward that it does not contain enough relevant information to
improve the convergence.

4 Numerical experiments

To see if the previous coarse spaces are well-adapted in practice, we need to verify that they
improve scalability. Several definitions of scalability can be given. For strong scalability tests,
we study how the number of iterations varies when we increase the number of subdomains for a
given problem size. By contrast, for weak scalability tests the local problem size is kept constant,
in other words doubling the number of subdomains means doubling the global problem size. In
both cases, the method is said to be scalable if the number of iterations does not increase with
the number of subdomains. In a HPC context, where we usually assign one subdomain per core,
this yields robust methods in terms of computing times (for example, constant computing time
for weak scalability tests). Indeed, the computing time should be proportional to the size of
the subdomains and the number of iterations, provided the coarse problem (RoA,RY) is small
enough to be solved efficiently with a direct method.

According to Theorems 2 to 4, we see that the condition number of the linear system used
in Equation (4), preconditioned by the additive Schwarz preconditioner defined in Equation (7)
with the coarse spaces we introduced, is independent of the number or size of subdomains. The
numerical experiments in this section will illustrate Theorems 2 to 4 with up to 512 subdomains
and show that the proposed methods are scalable, as the resulting coarse problems remain small
enough for a direct solver.

Note that the preconditioners we introduced are independent of compression techniques, but
one has to implement them efficiently with a compression technique to be able to run tests of
reasonable size. That is why we developed HTool, an open source C++ library for hierarchical
matrices that offers with HPDDM a way to use DDM preconditioners with MPI and OpenMP.

In particular, it allows to illustrate numerically the efficiency of the previous coarse spaces and
their costs. We use BemTool! to compute the coefficients associated with the interaction between
two degrees of freedom and a P;-Lagrange discretization, HTool? to compress the matrices using
hierarchical matrices as described in [6, 14, 25] and HPDDM [19] which provides iterative solvers.
The setup of the DDM preconditioners for BEM matrices is shared between HPDDM and HTool.

Thttps://github.com/xclaeys/BemTool
2https://github.com/PierreMarchand20/htool
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Concerning compression, hierarchical matrices are built upon a hierarchical decomposition of
the degrees of freedom in clusters that is usually called cluster tree. Each block of the global
matrix can be seen as the interaction between two nodes of this tree. Then, we define the block
tree as the product of this cluster tree with itself, so that each node corresponds to a block in
the global matrix. Because of the nature of the integral kernels, some of these blocks can be
considered as admissible meaning that they correspond to far interactions so that they can be
well approximated using low-rank matrices, while others are not admissible because they are
associated with close interactions. In the latter case, one has to look at the subblocks via the
block tree or the block needs to be built as a dense block.

To determine if a block is admissible, we use the admissibility condition described in [25,
(3.15)]. A block is considered to be admissible if the minimum of the diameters of both clusters
over the distance separating them is lower than a user-defined parameter 1. Then, we use
Adaptive Cross Approximation with partial pivoting similarly to [25, Algorithm 3.9] to compress
the admissible blocks. The stopping criterion of this algorithm looks at the Frobenius norm
between two consecutive approximations and if it is lower than a given threshold e. In our
numerical tests, we take n = 10 and € = 0.01. Note that the compression may depend on how
the hierarchical matrix is parallelized, but in the case of the strong scaling, we made sure that
the compression was the same to have a fair comparison with different subdomains.

Our domain decomposition is actually defined by the cluster tree. More precisely, one of the
levels in the cluster tree defines a partition without overlap, to which we add overlap. Notice
that the algorithm used to build the cluster tree tries to do a balanced decomposition between
the clusters of nodes to have a better compression and load-balanced decomposition.

We would like to point out that we are using Gmsh [10] to create all the meshes in our test
cases and LAPACK [4] to solve generalized eigenproblems. Besides, we use right preconditioning,
we set the tolerance for the iterative solvers in HPDDM to 107, and we have not used any restart
with GMRes.

4.1 2D test case

Let Qou = [-2,2] x [-2,2] € R? and Q;, = [-1,1] x [-1,1] € R2. In this first numerical
experiment, we want to solve the following equation

—Au+r*u=0, inQ:=CQu \ Qin (21)
where k = 0.1 with the Neumann condition u|gg = f(x,y) such that

100 x (z +1.5)* ifx > 1.5
flz,y) = .
0 otherwise.

This problem can be reformulated with a BIE according to [28, Section 3.4.1.1] as Equation (1)
but with

(Wu, “>H—1/2(r)xﬁl/2(r) = G(x —y) curlp u(x) - curlr v(y) dvy(x,¥)

I'xI’

g2 / G(x — y)(n(x), n(y)u(x)v(y) dv(x,¥)
I'xI’

with G(z) := iiHél)(m) where Hél) is the Hankel function of order zero and of first kind (see [7,
§10.2(ii)]). The bilinear form is symmetric positive definite according to [28, Theorem 3.5.4].
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Qout

Figure 6: 2D geometry Figure 7: 3D geometry

4.2 2D strong scaling

We consider a discretization of the geometry described in Figure 6 with a mesh size A = 0.001 so
that the number of degrees of freedom N is equal to 24 000. We solve the linear system associated
with our test case and preconditioned with the coarse spaces introduced in the previous section
for several numbers of subdomains: {8, 16,32, 64,128}. We only add one layer of elements for the
overlap. To have a fair comparison between these coarse spaces, we take 7 = 60 for the GenEO
stiffness coarse space, and we take the same number of eigenvectors in the local eigenproblems to
build the coarse component of the other coarse spaces, so that the sizes of the local contributions
to the coarse space and the size of the global coarse space are the same for a given number of
subdomains with all the coarse spaces.

The resulting numbers of iterations using CG and GMRes are given in Figure 8. Since 7 is
fixed, the condition number is bounded independently of the number of subdomains according
to Theorem 3 for GenEO stiffness, so that we expect the number of iterations to be constant
contrary to the case without the coarse component.

The numbers of iterations without preconditioner are 656 for CG and 450 for GMRes, and
they do not depend on the number of subdomains so that they are not shown in Figure 8. We
first observe that the preconditioner without coarse component greatly reduces the number of
iterations since it is approximately between 40 and 120 iterations instead of several hundreds
without preconditioner. But as expected, the one-level preconditioner does not scale with the
number of subdomains. It goes from 57 iterations for 8 subdomains to 114 iterations for 128
subdomains with CG for example. We do not show the results for the GenEO mass coarse space
because the results are at best close to the one-level. We conclude that this coarse space needs
to be much larger to scale in terms of iterations. The GenEO Slobodeckij, GenEO stiffness and
GenEO single layer coarse spaces scale, their number of iterations stagnates respectively between
10 and 27 iterations for CG. Note that the number of iterations for the latter is always greater
than the other two. It shows that the size of the GenEO single layer coarse space needs to be
greater to maintain the same amount of information. We call the number of eigenvectors taken to
build Z, ;, local contribution to the global coarse space associated with the pth subdomain and
we show Figure 9 how the mean of these local contributions and the size of the global coarse space
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Strong scaling in 2D with CG Strong scaling in 2D with GMRes
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Figure 8: Strong scaling to solve Equation (21) with the geometry described in Figure 6

vary with the number of subdomains. It is interesting to see how the mean local contribution
decreases with the number of subdomains so that the size of the global coarse space does not
increase more than linearly.

Finally, we also did the experiment with a Calderén preconditioning based on the weakly
singular operator V defined as

<VU, U>H1/2(F)Xf1—1/2(r) = - G(Xv y)u(x)v(y) d’}/(X, Y)v
X

that we discretize like the hypersingular operator (see Section 1.3) using [S'vfl (T), we denote Vy,
the resulting matrix. It is also symmetric positive definite according to [28, Theorem 3.5.4.]. In
this case, the preconditioner is defined as [30, (5.15)]

1 1
Pcaldersn := M}, "V, M,

where M}, is the global mass matrix. Using P caidersn t0 precondition the linear system associated
with the considered test case, we obtain 17 iterations with CG and GMRes.

To conclude, we were able to obtain a number of iterations comparable to Calderén pre-
conditioning with the GenEO stiffness coarse space and GenEO single layer coarse space, while
maintaining a good behavior when increasing the number of subdomains. In this case, DDM
preconditioners are interesting alternatives to Calder6n preconditioning because they are less
expensive to compute since only local computations are needed while Calderén preconditioning
requires a global mass matrix, its inversion and a matrix-vector product with another BEM
matrix. They are also more likely to scale better thanks to their parallel nature, and they give
similar performances according to our results.

4.3 2D weak scaling

We consider the following array of mesh sizes: h = [0.0005,0.001,0.002,0.004, 0.008] that will
be used to discretize the geometry shown in Figure 6. For each mesh size hli], we obtain a
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number of degrees of freedom N[i] with N = [48000, 24 000, 12000, 6000, 3000]. We associate
a number of subdomains n[i] to each mesh such that N[i]/n[i] = 750. The resulting array of
number of subdomains is n = [64,32,16,8,4]. The results about the number of iterations are
given Figure 10. The same remarks as for the strong scaling can be formulated here.

4.4 3D test case

In agreement with the fact that Theorems 2 to 4 do not depend on the geometric dimension,
we observe similar results to the 2D case. We consider a similar test case, with cubes instead
of squares. To be more precise, we have now Qouy = [~2,2] x [-2,2] x [-2,2] C R3 and
Qin = [-1,1] x [=1,1] x [-1, 1] C R? as described in Figure 7, but we still consider Equation (21)

with the same boundary condition. The main difference, besides the geometry, is the Green
1 e—*lzl

function which is now defined as G(z) := pr P

4.5 3D strong scaling

We take a mesh size of 0.039 so that we obtain a number of degrees of freedom N equal to
104 738. We solve the linear system associated with our test case and preconditioned with the
coarse spaces we introduced earlier using several numbers of subdomains: {32,64, 128, 256, 512}.
We only add one layer of elements for the overlap. As for the 2D strong scaling, we take a
fixed 7, here equal to 5, for the GenEO stiffness coarse space, and we take the same number of
eigenvectors in the local eigenproblems to build the coarse component of the other coarse spaces.

The resulting numbers of iterations are shown in Figure 12. We observe the same behavior
as in 2D. Note that here the number of iterations without preconditioner is 156 with CG and
101 with GMRes.

4.6 3D weak scaling

We consider the following array of mesh sizes: h = [0.05,0.07,0.1,0.15,0.2]. For each mesh size
h[i], we obtain a number of degrees of freedom N[i] with N = [63 360, 33 200, 15922, 7201, 3846].
We associate a number of subdomains n[i] to each mesh such that N[i]/n[i] ~ 1000. The resulting
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Figure 10: Weak scaling to solve Equation (21) with the geometry described in Figure 6
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Figure 11: Mean local contribution to coarse space and size of the latter for 2D weak scaling
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Figure 12: Strong scaling to solve Equation (21) in 3D

Strong scaling in 3D Strong scaling in 3D

1,400 i

15

1,200 y

10 y

1,000 |

800 |- a

Mean local contribution
Size of the coarse space

600 - 5

| | | | | | | | | |
0 100 200 300 400 500 0 100 200 300 400 500
Number of subdomains Number of subdomains

Figure 13: Mean local contribution to coarse space and size of the latter for 3D strong scaling
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Figure 14: Weak scaling to solve Equation (21) in 3D

array of number of subdomains is n = [64, 32, 16, 8,4]. The results about the number of iterations
are given in Figure 14. The same remarks as for the strong scaling can be made here. But note
that the 3D weak scaling is approximated contrary to the 2D weak scaling.
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