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Abstract

The aim of this thesis is to contribute to the development of domain decomposition meth-
ods which are techniques to solve efficiently large linear or nonlinear systems arising from
the discretization of PDEs. Throughout the thesis, a special attention is dedicated to het-
erogeneous problems, that is problems where multiphysics phenomena are present. This
thesis is divided in six chapters.

In the first part of Chapter 1, we introduce several one-level domain decomposition meth-
ods namely the parallel Schwarz method, the Dirichlet-Neumann method, the Neumann-
Neumann method and the optimized Schwarz method. In the second part, we address the
concept of scalability, that is how the convergence of a one-level domain decomposition
method is affected when the number of subdomains grows. We present a theoretical anal-
ysis for the scalability of one-level domain decomposition methods for a strip decompo-
sition. We then introduce discrete fracture networks, which are advanced mathematical
models to simulate flows in a fractured medium, and we provide a theoretical analysis of
the scalability of the optimized Schwarz method in some specific geometries.

In Chapter 2 we start our analysis of multiphysics PDEs. We remark that in this context,
the use of a domain decomposition method does not necessarily involve a decomposi-
tion into thousands of subdomains in order to take advantage of a parallel architecture.
On the contrary, the goal is to use a domain decomposition method to design efficient and
robust partitioned strategies which permit to solve the different phenomena separately.
Thus, the number of subdomains usually coincides with the number of different physi-
cal phenomena present in the domain. In this thesis we decided to study the optimized
Schwarz methods, as the presence of transmission conditions to optimize allows one to
tune them according to the physical parameters of the problem, which in turn makes the
method more robust compared to other decoupling strategies. In this chapter we present
a theoretical analysis for the coupling of heterogeneous second order PDEs and for the
coupling of the Helmholtz equation with a Laplace equation. Guided by the theoretical
analysis, we further define a numerical algorithm which permits to find optimized trans-
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ABSTRACT iv

mission conditions even in those situations where the theoretical analysis fails.

One-level domain decomposition methods are rarely used as stand-alone solvers or pre-
conditioners since they are generally not scalable. Scalability and a better convergence
can be achieved introducing a coarse correction. In Chapter 3 we define and study a mul-
tilevel domain decomposition method where an optimized Schwarz method is used as a
smoother on each level. Our analysis is based on Fourier techniques and provides good
estimates for the optimized transmission conditions. This multilevel method is highly
attractive for heterogeneous problems as it inherits robustness and efficiency from the
one-level optimized Schwarz smoother.

Chapter 4 introduces a new computational framework for two-level and multilevel meth-
ods where both the smoother and the coarse correction are defined exclusively on the in-
terfaces between the subdomains. An extensive theoretical analysis is provided for both
spectral and geometric coarse spaces. Numerical results are presented which show the
effectiveness of this approach and, in particular, the case of highly jumping diffusion co-
efficients is investigated.

We then consider the Stokes-Darcy coupling which is a mathematical model to describe
the flow of a Newtonian fluid which interacts with a porous medium. The goal of Chap-
ter 5 is to apply the techniques studied in the previous chapters, namely the one-level
optimized Schwarz methods, the multilevel optimized Schwarz methods and the sub-
structured two-level methods to solve efficiently the Stokes-Darcy system.

Finally Chapter 6 is dedicated to the exciting new field of nonlinear preconditioning.
Starting from a recent nonlinear algorithm, we introduce a substructured version which
relies on the framework discussed in Chapter 4. We study its convergence behaviour and
we analyse extensively the advantages and disadvantages of the substructured algorithm
compared to the volume one.



Résumeé

Le but de cette thése est de contribuer au développement des méthodes de décomposi-
tion de domaine, qui sont des techniques numériques pour résoudre efficacement des
grands systémes linéaires ou non-linéaires obtenus par la discrétisation des EDPs. Nous
prétons une attention particuliére aux problemes hétérogenes, c’est-a-dire des problemes
ol des différents phénomenes physiques interagissent entre eux. Cette thése contient six
chapitres.

Dans la premiere partie du chapitre 1, nous présentons plusieurs méthodes classiques de
décomposition de domaine a un niveau: la méthode de Schwarz, la méthode de Dirichlet-
Neumann, la méthode de Neumann-Neumann et la méthode de Schwarz optimisée. Dans
la deuxieme partie, nous étudions la scalabilité, c’est-a-dire comment la convergence des
méthodes est influencée quand le nombre des sous-domaines augmente. Nous présen-
tons une analyse théorique de la scalabilité des différentes méthodes a un niveau pour
une décomposition en bande. Apres, nous introduisons les «réseaux des fractures dis-
crétisées», qui sont des modeles mathématiques avancées pour décrire le mouvement
des fluides dans un milieu fracturé, et nous présentons une analyse théorique de la scal-
abilité pour la méthode de Schwarz optimisée.

Dans le chapitre 2, nous commencons notre analyse pour les EDPs hétérogenes. Nous
remarquons que dans ce contexte, nous n'utilisons pas nécessairement une méthode de
décomposition de domaine avec des milliers des sous-domaines. En effet, le but n’est pas
de profiter d'une architecture parallele, mais d’utiliser une méthode de décomposition de
domaine pour établir des stratégies efficaces et robustes qui permettent de résoudre les
phénomenes différents séparément. Nous avons décidé d’étudier la méthode de Schwarz
optimisée car elle a des conditions de transmission avec des parametres a optimiser. Un
bon choix de ces parametres permet d’obtenir une méthode plus robuste par rapport
aux autres. Dans ce chapitre, nous présentons une analyse théorique pour la solution
des EDPs hétérogene elliptiques du second degré et pour le couplage d'une équation de
Helmholtz avec une équation de Laplace. En s’appuyant sur les résultats théoriques, nous
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définissons ainsi un algorithme numérique pour trouver des parametres optimisés pour
les situations ou1 'analyse théorique n’est plus valable.

Les méthodes a un niveau sont rarement utilisées seules comme solveurs or précon-
ditionneurs car, en général, elles ne sont pas scalables. Une meilleure convergence et
la scalabilité peuvent étre obtenues en ajoutant un deuxiéme niveau grossier. Dans le
chapitre 3, nous étudions une méthode de décomposition de domaine a plusieurs niveaux
dans laquelle, a chaque niveau, une méthode de Schwarz optimisée est utilisée comme
lisseur. Notre analyse utilise des techniques de Fourier et elle fournit de bonnes ap-
proximations pour les parameétres optimisés sur les plusieurs niveaux. Cette méthode
a plusieurs niveaux est particulierement intéressante pour les problemes hétérogénes car
elle hérite la robustesse et I'efficacité de le méthode de Schwarz optimisée a un niveau.

Le chapitre 4 introduit un nouveau cadre computationnel pour des méthodes a deux
ou plusieurs niveaux ou le lisseur et la correction grossiére sont tous le deux définies
directement sur les interfaces entre les sous-domaines. Une analyses théorique com-
plete est présentée pour un espace grossier soit spectral soit géométrique. Des résultats
numériques sont discutés et ils montrent le bon fonctionnement de cette approche. Une
attention particuliére est dédiée au cas ot les coefficients de diffusion sont fortement dis-
continus.

Le chapitre 5 considere le systeme de Stokes-Darcy qui est un modele mathématique pour
décrire un fluide newtonien qui interagit avec un milieu poreux. Le but de ce chapitre est
d’appliquer les différents algorithmes présentés dans les chapitres précédents, a savoir, la
méthode de Schwarz optimisée a un niveau et a plusieurs niveaux ainsi que les méthodes
sous-structurés, pour résoudre le systéme de Stokes-Darcy.

Pour finir, le chapitre 6 est consacré au nouveau domaine de préconditionnement non-
linéaire. Nous commencons par analyser un algorithme récent et nous définissons en-
suite une version sous-structurée en utilisant les idées présentées dans le chapitre 4. Nous
étudions la convergence de cette nouvelle méthode puis nous analysons les avantages et
les inconvénients de cette derniére par rapport a la méthode en volume.
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CHAPTER ].

Introduction to Domain
Decomposition Methods

Divide et impera

— Latin locution.

1.1 Iterative methods and preconditioners

Let us consider a domain Q c R%, d € {2,3}, with Lipschitz boundary, the boundary value
problem in the strong form

—Au=finQ, wu=00n0dQ, (1.1.1)
and its corresponding variational formulation
Find u € H}(Q) such that a(u, v) = (f,v)q, Yve H(Q), (1.1.2)

where

a(u,v)szu-Vv and (f,v)szfv. (1.1.3)
Q Q

A discretization of the strong form (1.1.1) with the finite difference method or finite vol-
ume method, or of the weak formulation (1.1.2) with the finite element methods, leads to
the discrete linear system

Au=f (1.1.4)

In the applications we will study, the large size of A usually prevents the use of direct
solvers, and thus we are interested in iterative methods. Among the iterative methods,
we can distinguish two major classes: stationary iterative methods and Krylov methods.
Given a matrix A, a stationary iterative method in its correction form starts from an initial
guess u’ and computes forn=1,2,...

" =u" '+ M E- AuTY), (1.1.5)
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where M is invertible and comes from the splitting A = M — N. The convergence of sta-
tionary iterative methods is well understood. A stationary iterative method converges if
and only p(M~!N) < 1, where p(-) denotes the spectral radius [153]. Due to the positive-
definiteness property of A, inherited by the bilinear form af(:,-), another standard tech-
nique to solve (1.1.4) is the conjugate gradient (CG) method [114], which is a Krylov method
generating a sequence of approximations {u”},-1 in the affine Krylov space u’+.%}, (4, ro),
where %7, (A,rg) = {1y, Arg,... A" 1o}, and rg := f— Au® is the residual of the initial guess.
It is known that

VKA -1)" 0 .  Amax(A)
\/K(A)+l) lu=wllla, - with (=5 Ay

where |ul| 4 := u' Au and x(A) is the condition number of A. As k (A) grows, the estimate
deteriorates and CG may require more and more iterations to achieve an error less than
some specific tolerance ‘Tol’, i.e. [u—u"| 4 < Tol. Moreover for problems such as (1.1.1),
we have x(A) ~ h™2, where h is a measure of the mesh size. Thus, the CG method is gen-
erally used in combination with a preconditioner, which means applying the CG method
to the preconditioned system

IIu—u”IIAs2(

BAu = Bf, (1.1.6)

where B is the preconditioner. We remark that every stationary method defines a precon-
ditioner. Indeed, taking the limit for n — oo in (1.1.5), we get

M 'Au=M'f, (1.1.7)

that is, M~ ! is the preconditioner associated to the iterative method.

The aim of this chapter is to provide an introduction to stationary iterative methods and
preconditioners based on domain decomposition methods. First we present a class of
overlapping domain decomposition methods called Schwarz methods. The origins of
Schwarz methods date back to 1870 and to Schwarz’s proof of the Dirichlet Principle
conjectured by Riemann [80, Section 2.1]. Around the 80s-90s, these methods received a
tremendous attention and they can be cast into the subspace correction framework [159],
for which an extensive theory has been developed. Then, we discuss nonoverlapping do-
main decomposition methods, which are sometimes called “subtructuring methods”, and
they can be traced back to the work of Przemieniecki in the context of structural engineer-
ing [138]. It is curious to remark that, historically, these two classes of methods developed
separately, although they share the same ideas.

The first part of the chapter is standard and can be found in several textbooks, for in-
stance [151, 139, 143, 16]. In the second part we address the concept of scalability of do-
main decomposition methods and we discuss the results presented in [28] as well as new
calculations for domain decomposition methods applied to discrete fracture networks.

1.2 Overlapping Domain Decomposition Methods

To introduce the oldest domain decomposition method, i.e. the alternating Schwarz method
(ASM), we decompose Q into two nonoverlapping subdomains Q; and Qj, such that
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Q Q

0 Q)

— " Q,

Figure 1.1: Example of a decomposition of a domain Q into nonoverlapping subdomains
(left) and into overlapping subdomains (right).

Q=0;UQy, U1 NQ, =@, and I := Q1 NQ,. These two nonoverlapping subdomains are
enlarged to create overlapping subdomains Q}, Q), such that Q = Q] U Q), Q| N Q) # @
and T = OQ’]. nQy_ L j =1,2, see Figure 1.1 for a graphical representation. Starting from

an initial guess 1% which vanishes on 4Q, the ASM computes

_ Ayt =f inQ, ~Au™l = f in Q),
u™l2 =y"  onoQ),  u™! =u"Y2  onaQ), (1.2.1)
w2z =y inQh\Q, u™t =y inQ\Qh.

The first proof of convergence of the ASM has been given by Schwarz in [142] while prov-
ing the Dirichlet principle. To take advantage of the first parallel computers, Lions pro-
posed a parallel versions, called parallel Schwarz method (PSM) [125], which computes
the approximations u} and u; such that

—Aul'=f inQj, up = ugl_l onTy, ( )
1.2.2
~Aul=f inQ, ul=ul"'onT,.

Both the ASM and the PSM are defined at the continuous level. To introduce equivalent
discrete methods, we partition the unknowns in u into those interior to Q’l, u = [uyg, x],
and those interior to Q’g, u = [x,uz]. We define the restriction matrices R; such that Rju =
uj, j = 1,2. Then it can be shown, [75, Theorem 3.3], that the correct discretization of
(1.2.1) is

un+1/2 —u” +R1|—AI1R1 (f—Aun_l),

a2 +R2TA2_1R2(f_ Aut12). (1.2.3)

where Aj = R jARjT. At the discrete level, a very popular method which is tightly linked
with the PSM is the Additive Schwarz method (AS) whose iteration reads

2
u=u""+ ) RATIR;(f- Auw). (1.2.4)
j=1

The AS method does not convergence as iterative method since it counts twice the con-
tributions in the overlap. However, if used as preconditioner, it permits to preserve the
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symmetry of the matrix A, thus allowing one to use the conjugate gradient algorithm. It
is curious to note that the correct discretization of the PSM corresponds to the Restricted
Additive Schwarz (RAS) method, which has been found while trying to reduce the com-
munication time in an implementation of the AS method on a computer [21], for a proof
of equivalence see [69]. The RAS method reads

2
_.n-1 5T 4-1p .
' =u" +j§_1Rj Aj RJ(f—Au), (1.2.5)

where the matrices R j are associated to a nonoverlapping decomposition of the unknowns,
u = [u,uz], with Rju =u;. The only difference between RAS and AS methods lies in the

use of the extension operators R; in the RAS method. The RAS method, being the cor-

rect discretization of the PSM, converges as an iterative method but does not preserve

the symmetry of A if used as preconditioner. However, if used in combination with GM-

RES it usually outperforms conjugate gradient preconditioned by the AS method [21]. To

both stationary iterative methods we can assign their preconditioner. Considering now a

decomposition into N overlapping subdomains, the AS and RAS preconditioners are

N N
Mus= Y RIA]'R;, Mpis=) RjA}'R;. (1.2.6)
j=1 j=1

There is no general theory for the convergence of a Krylov method preconditioned by the
RAS method. Meanwhile there is a very extensive theory for the AS method and we discuss
it further in the next section.

1.2.1 Abstract Schwarz framework

In this section we compress in a nutshell, the extensive literature on the so called Ad-
ditive Schwarz preconditioners. For more details, we refer the interested reader to the
monographs [151, Chapters 2,3], [16, Chapter 7], [143, Chapter 5], [61, Chapter 5] and the
survey article [159].

Let V be a finite dimensional vector space, V' its dual, and A : V — V' a symmetric
positive definite operator. We can think of A as the operator which satisfies (Au, v) =
a(u,v),Yu,v € V,where (-,-) denotes the duality between V and V' and af(-,) is the sym-
metric and coercive bilinear form defined in (1.1.2). We introduce a set of auxiliary spaces
Vi, 0 < j = N, the operators B; : V; — V]’ and the interpolation operators RjT :Vi— V.
We suppose that V = Zﬁ.V: 0 RjT Vj, i.e. every element v € V can be written as sum of terms
vj € Vj, and this decomposition does not need to be unique. We should think of B; as
approximations of A on the smaller space V;. Then, an abstract additive Schwarz precon-
ditioner for A can be defined as

N
B=) R/ B;'Rj, B:V'—V. (1.2.7)
j=0
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It can be proven that B is a symmetric positive definite operator, see [16, Theorem 7.1.11],
and BA is symmetric positive definite with respect the scalar product (B~!-,-). There is
a great freedom in the choice of the auxiliary spaces V; and of the operators B;. For in-
stance, the auxiliary spaces can be defined through a domain decomposition, or from
several discretizations of Q with different mesh sizes. The operators B; can be defined
as the restriction of A onto the subspaces V;, or they can be constructed through differ-
ent scalar products. Such freedom results in a wide variety of different preconditioners.
We briefly introduce three of them and we focus more on the two-level additive Schwarz
preconditioner.

1.2.1.1 Hierarchical Basis preconditioner

In the Hierarchical basis preconditioner [161] one considers a set of mesh 97,95, ..., 9y,
such that J7; is obtained by regular subdivision of J7;_;, with h; = 2N-Jj hy, where hy :=
maxreg; diamT for k = 1,..., N is the maximum diameter of a triangle on the mesh 5.
The unknowns on each mesh J7; form a space W;. The auxiliary spaces V; are then de-
fined as subspaces of W;,

Vi:={veW;:v(p)=0forall vertices p of 7} .

If we assume W) = V1, thenitholds W; = W;_; + V;, and thus Wy = V1 @ --- & V. On each
auxiliary space Vj}, the operators B}.{B are defined as

BPvi,v)= Y wnipvap), Vui,2€V;,
pEVi\Vj

where 7 denotes the set of vertices of 7. The extension operators R]T are straightforward
injections operators between V; and Vy. The Hierarchical basis preconditioner is then

-1

HB._yN pT(pHB ,
equalto B .—Z].:OR]. (Bj ) R;.
1.2.1.2 BPXpreconditioner

The BPX preconditioner has been introduced by Bramble, Pasciak and Xu in [14]. The
auxiliary spaces V;, 0< j < N, are defined as the finite element spaces on the meshes T
and the operators B?PX are defined as

(B v1,v0) = ) ni(p)va(p), Vi, v2€ V.
peY;

The extension operators RjT are straightforward injections operators between V; and Vy.

-1
The global BPX preconditioner is then BB := Z;V: 0 R]T (B?PX) R;.

1.2.1.3 Two-Level additive Schwarz preconditioner

In the two-level additive Schwarz preconditioner, we consider a domain Q discretized
with a mesh 97, and a corresponding finite element space V. We divide Q into a collection
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of open subsets Q,Q), ..., Q,, whose diameters have order H. The boundaries of Q'; are
aligned with the fine mesh 7, for every j. We assume there exist nonnegative C*(Q)
functions 0}, j = 1,..., N (their existence can be proven under suitable assumptions on
the subdomains Q’j, see [151, Lemma 3.4]) which satisfy

6;=0 onQ\ Q’j,
N
) 6;=1 onQ, (1.2.8)
j=1

There exists a positive constant § such that [[V0 | 1~(q) < C/6.

These hypotheses imply that {Q’j}j form an overlapping decomposition of Q, and ¢ is
a measure of the overlap. On each subdomain, we introduce the space V; = { v e V :
v=00nQ\Q"} and an operator B;.\D : Vj — V! such that (B;.\Duj, vjy = bj(uj,vj), where
bj:V;xV;— % is a coercive and symmetric bilinear form which approximates a(-,-) on
the subspace V;. One can choose the bilinear forms b; (-, -) to be ‘exact local solvers’, which
means defining them through the ‘exact’ bilinear form af(-,-)

bj(uj,vj)=a(R} uj,Rjvy), Vujv;eV;. (1.2.9)

In this case we would have B?D =R;AR].

Besides the subdomain spaces V;, we further consider a coarse discretization of (2, re-
sulting in the coarse mesh 9, and the coarse finite element space V. Then the two-level
additive Schwarz preconditioner is

N -1
Paa=B""A, where B™:=Y R] (B;*D) R;. (1.2.10)
Jj=0

We remark that BAP corresponds exactly to the AS preconditioner Mgé defined in (1.2.6),
if one uses exact solvers on each subspace V; and neglects the coarse solver indexed by
j=0.

It is interesting to observe that the preconditioned operator P,; can be written as a sum
of projection operators. To see this, for j = 0,..., N, we introduce the operators P; : V —
R].TVj cV, Pj:= R]TPj, where P; : V — V; are defined by

bj(ﬁju, v,-):a(u,Rijj), Yv;eV;. (1.2.11)
If we use exact solvers, it follows immediately that
a(Pju,R]ij) = a(RjTIﬁju,Rijj) = bj(ﬁju,R]T Uj) = a(u,R]T llj), Vl}j € Vj.

The following Lemma holds.
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Lemma 1.2.1 (Lemma 2.1 in [151]). The operators P; are self adjoint with respect to the
scalar product defined by a(-,-) and positive semi-definite. Moreover it holds

Pj=R;(B{")"'RjA, 0<j<N,

and ifb;(-,-) satisfy (1.2.9), then P; is a projection and thus PJZ. = P;j.

Proof. We first show the equality P; = R]T (B;.\D)_IR jA. To do so, we consider the matrix
form of (1.2.11),
U;FB?Dﬁjuj = U}—RjAuj, Vuj, Vj € V]

Since it holds for every uj, v; € V; we can write Bf]i“Dﬁj = RjA. We assume that b;(-,-) is

coercive, thus BAP is invertible and using the definition of P j the result follows. To prove
that P; is self adjoint, it is sufficient to show that

a(Pju,v)=v' APju=v" AR} (B}”)"'R;Aw) = (R] (B;") ' R;Av) " Au= a(u, Pjv).
The positive definiteness of P; follows from the positive definiteness of B?D, indeed,
_ T — T ApT (RADy-1 _ . T (RpADy-1
a(Pju, u)=1u APju— u AR]- (Bj ) RjAu— w; (Bj ) wj =0,

where w; := Rj Au. Finally, in case we are using exact solvers, we have B]AD =R jAR].T, and
thus
2 _ T arTy-1p. anT(p.anpTv-14— pT(p. aRT\-14_ p.
P?=R] (R;AR])'R;AR] (R;AR])™' A= R] (R;AR])' A= P;.
O

We close this subsection observing that the preconditioned operator P,; can be written
as
AD YT Ty-1 a
Paa=B" A= _ZOR]. (RjAR;)"RjA= ZOP]-.
Jj= Jj=

1.2.1.4 Convergence theory

As discussed in the introduction, the convergence of the conjugate gradient method de-
pends on the condition number of the matrix A. As the preconditioned system BA is
self-adjoint with respect to the scalar product defined by af(:,-), see Lemma (1.2.1), the
largest and smallest eigenvalue of B A are given by the Rayleigh quotient formula as

Amax(BA) :=sup M, Amin(BA) := inf M.

uev  a(u,u) ueV  a(u,u)
There is a well-developed theory to find estimates for the maximum and minimum eigen-
value for additive Schwarz preconditioners and it is called abstract Schwarz framework.
This theory relies on three assumptions. For every new preconditioner, if one verifies
these three assumptions, then a general result permits to find estimates for the extreme
eigenvalues and thus for the condition number of the preconditioned system. These three
assumptions are:
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Assumption 1.2.2 (Stable decomposition). There exists a constant Cy such thateveryu e V

admits a decomposition u = Zﬁ.\’: 0 RjT uj, for some u; € V;, such that

N
Y (Bjuj,uj) < C5(Au, u). (1.2.12)
j=0

Assumption 1.2.2 permits to find a lower bound for A, (BA). To have a robust precondi-
tioner, it is essential that the constant Cy does not depend strongly on some parameters
of the problem such as the mesh size on the finest grid or the size/number of the subdo-
mains. In this perspective, the choice of the coarse space V; plays the key role.

Assumption 1.2.3 (Strengthened Cauchy-Schwarz Inequality). There exist constants 0 <
€ij<1,1<1i,j<N,such that

1 1
|a(R] wi, R} up)| <eija(R] wi, Rl up)? a(R] uj, R} u))?, (1.2.13)
for u; € V; and u; € V;. We will denote the spectral radius of & = {¢; ;} by p(&).

The quantity p(&) will be involved in the upper bound of A« (BA).

Assumption 1.2.4 (Local stability). There exists a constant w > 0, such that,

a(R] ui, R up) < w(Bjui, u;), u;€V;, 0<i<N. (1.2.14)

Assumption 1.2.4 guarantees that the bilinear forms induced by B; are coercive. If all these
assumptions are verified it is possible to prove the following theorem.

Theorem 1.2.5 (Theorem 2.7 in [151]). Let Assumptions (1.2.2)-(1.2.3)-(1.2.4) be satisfied.
Then the condition number of the additive Schwarz operator satisfies

K(BA) < Ciw(p(&) +1). (1.2.15)
Of course, different methods will lead to different values of these parameters. We con-

clude this section reporting some classical bounds for the condition numbers of the HB,
BPX and two-level AS preconditioners,

H
x(BMTBA) < C1(1+|Inhyl?), xBP*A) <Gy, x(BPA)<C (1 + 5),
where iy is the finest mesh size. For more details, we refer the reader to [16, Chapter 7]

and [159] for BPX and HB preconditioners, and Chapter 2 and 3 in the dedicated mono-
graph [151] for the two-level AS preconditioner.
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1.3 Nonoverlapping Domain Decomposition Methods

Let us suppose that Q is decomposed into two nonoverlapping subdomains Q = Q; UQs,
with Q;NQ =@ and I' := 001 N0Q,. Problem (1.1.1) can be reformulated into the following
system

-Auy=f inQ;, u;=0 onodQ;\T,
-Aup=f inQy, u,=0 onodQ\T,
Uy = up onTl, (1.3.1)
6u1 Gug
—— == onl.
0n1 0112

We define the standard Sobolev spaces V; := H'(Q;), V;) ={veVj:v=00n0Q;\T},

1
A= H020
aj(uj,vj) := fQjVuvaj,Vuj,vj € VJQ, j =1,2. The weak formulation of (1.3.1) corre-

sponds to

(I) as the space of traces of functions which lie in V]Q [139] and the bilinear forms

a(u, ) = (f,v1)q, VeV,

ax(uz, v2) = (f,v2)q, Vv2€V),

uy=uy onl,

ar(uy,&1m) — (f, &E1ma, = (f, E2ma, — a2(uz2, E2m), YN € A,

where & j are continuous extension operators from A to V. Equation (1.3.2)4 is the cor-
rect variational discretization of (1.3.1)4. Indeed, at the weak level we have to impose the
continuity of the normal derivatives not strongly, but weakly in the functional sense, that

is 24 — 0 3, A’ Therefore we ask that
on; on,

<% >__<% > VneA
anl’n B 0112’17 ’ n )

Using integration by parts we obtain immediately

(1.3.2)

ou; .
<_l’77> :ai(ui)gin)_(f»éain)ﬂi) 1= 1»2’ (1.3.3)
On,-
and therefore we recover (1.3.2)4. For a complete proof of the equivalence between (1.1.2)
and (1.3.2) we refer to Lemma 1.2.1 in [139].

It is interesting that we can derive an equation involving only a variable defined on the in-
terface I'. To see this, we consider a finite element discretization of the weak formulation
1.1.2 which leads to the linear system

1 1
A” 0 AIF up f1

0 A3, A ||lu|=|f], (1.3.4)
All"l A%I Arr ur fr

where we divided the degrees of freedom into those internal to the subdomains ‘T, and
those on the interface ‘T”, so that u; contains the degrees of freedom inside Q; and ur
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contains those on I'. We remark that Arr can be split into two contributions, Arr = A%r +
AIZT by partitioning the contribution of the bilinear form over Q; and Q. Similarly, fr =
fl + 2. Expressing u; in terms of ur from the first two equations, i.e. u; = (A}) 7 (f; —
Ajpur) and substituting into the third one, we obtain the Schur complement linear system

Sur =, (1.3.5)

where X := X + X is called Schur complement, the local Schur complements X; are de-
finedas X; := Af_r—Af_I(Ah)_lAér and = py+ o, with y; := ff_ —A{;I(Ail)_lfi, i=1,2. Itis
very useful to interpret the action of the local Schur complements on a given vector. Given
a vector ur, u(l.) = —(A§ I)_lAgrur represents the harmonic extension on Q; of the Dirich-
let data ur ( see first equation in (1.3.4) assuming that f = 0). The term u{ = (Af I)_lfi
corresponds instead to the solution of a homogeneous Dirichlet problem posed in Q;
with force term equal to f;. We conclude that X;ur = Af-rllr + Af_ Iu(l.) corresponds to the
discretization of a,-(u?yh,é",xpr), where u?y h is the finite element function corresponding
to the degrees of freedom stored in u(l.) and ¢r is a finite element function in the finite
element space A, < A. Similarly, Af_rur + Af_ I(u(l.’ + u{ ) is exactly the discretization of
ay (uy,p, Eipir).

1.3.1 The Steklov-Poincaré operator

We derived equation (1.3.5) at the algebraic level, working exclusively with the matrices
in (1.3.4). However it is possible to obtain an analogue of (1.3.5) at the continuous level.
To see this, we need to introduce some operators. We define the extension operators /; :
A — V; through the relations

ai(#m,vi) =0, Vv, eV,

(1.3.6)
Jen=n onl.

In other words, #; takes a function defined on the interface and it returns its harmonic
extension. We remark that the operator is well defined since for any n € A, equation (1.3.6)
has a unique solution thanks to the properties of a;(-,-). We now set A := yr. Due to
linearity, each u; can be written as u; = #;A + %; f;, where ¥; f; is the solution of

ai(%;fi,v)=f,  YvieHy(Qp),

(1.3.7)
9 fi=0, on 0Q);.
In order for u; to be solutions of (1.3.1) we need to impose g—:ﬁ = —%. Inserting the
decomposition of u;, we obtain
FLA=u, (1.3.8)
where u := _Z;Z'=1 ain,-cgifi and LA := A +F = Z?zl ainiif,-/l. The operator . is called

Steklov-Poincaré operator. We invite the reader to compare (1.3.5) and (1.3.8). It is pos-
sible to prove that (1.3.5) is exactly the finite element approximation of (1.3.8), see [139,
Chapter 2.3]. We now provide a formal definition of the Steklov-Poincaré operator.
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Definition 1.3.1. Consider a domain Q; with Lipschitz boundary, a connected subset I
of 0Q; and a sufficiently regular Sobolev space A(I') such that #; is well defined. The
Steklov-Poincaré operator . : A(I') — A’(T) is linear and has the following variational
representation

AL, WA = ai(FEm, i ).

We stress that the extension operator &; can be chosen arbitrarly. The Steklov-Poincaré
operator plays a key role in the convergence of nonoverlapping domain decomposition
methods. We will show this in details in the next subsections and chapters. In some con-
text, the Steklov-Poincaré operator is also called Dirichlet to Neumann operator, since it
takes a function defined on the interface, it extends it harmonically inside Q; and then
it computes the normal derivative. The operators .%; enjoy some nice properties derived
from the bilinear form a; (-, ).

Lemma 1.3.2. %} is a continous, symmetric and positive definite operator.

Proof. Since &; can be chosen arbitrarly, we set &; u = #; 1. Then we have using the sym-
metry Of al (.) ')7

AN, WA = a;i (FEn, 6 p) = a;i(SEip, F6m) =p 1, Li ) A

Moreover using the continuity of a;(-,-) and the continuous dependence of .#; on the
boundary data,

AN A = ai(FEn, i) < CIHmh [ Hipl < Clinliallplla-
Using the coercivity of a;(-,-) and the trace inequality between A and Vl.o,

AFm A = ai(Fom, 76m) > al Hml3 > aClnll3.

1.3.2 Dirichlet-Neumann method

The system formulation (1.3.1) paves the way to the definition of several domain decom-
position methods. These methods are based on a relaxation of the transmission con-
ditions (1.3.1)3 4, generating a sequence of steps where only one of the two transmission
conditions, or a combination of them is satisfied. The Dirichlet-Neumann method (DNM)
is made of two sequential steps: given an interface data uf', first we solve a Dirichlet prob-
lem in Q;, then we compute the normal derivative along I' and we impose it as Neumann
boundary condition for the problem set in Q. Finally we update with a weighted combi-
nation the new Dirichlet trace u1’3+1. Given an initial guess u?, this procedure corresponds
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mathematically for n = 0 to

_AuiH—l = in Qy, U{H—l =0 onoQ;\T,
u{m =ur onT,
_Auéﬂ—l =f in Qp, u£1+1 =0 ondQ,\T, (1.3.9)
ouit! oulit! "
== , onl,
6112 6111
ut = 0wt + (1-0)ul! onT.

The choice of the parameter 6, 0 < 8 < 1, influences the convergence properties of the
method. We can give an algebraic formulation of (1.3.9). System (1.3.9) can be rewritten
as

Aju™ 4+ Aj il =1, Dirichlet problem in Q;,
A2 A2 ) (un+1) ( f2
I 2Irft2 L= Neumann problem in Q
2 2 n+1 2 ¢l 1 +1 1 ) p 2)
(AFI Arp)\uy fr+ - Apuf™ — Appup
u! =0u) ! + (1-O)uf, Update step.

(1.3.10)
The DNM described by algorithm (1.3.10) can be reformulated as a Richardson iteration
to solve the Schur complement equation (1.3.5). To show this, we eliminate uf“ from the
right hand side of the Neumann problem,

1 41 .n4l 4l cn_ g2 .6l a4l 1 a1 \=1 41 ;. al 41 y—lgl _ 2 n
f%“‘fr_Alru’f —Arpur = fr+Hp—(Appup — A (App)  Appup) - A (App) £ = o+ —Zqup.
Eliminating now u}*!, we obtain

2 ntl 42 ntl 42 2 42 \=1 22 vontl | 42 a2 v—-lp _ 4l | 42 a2 -1
Arjuy + Appup 1 = (App — Ap (A7) Appuy 1 + A (A7) B =Zouy 1 + AR (A7) .
Combining these two results we obtain the iteration

n+l _ n
Zzuz,r =pu—Ziury,

which, plugged into the update rule, leads to
Tt —u") =0 (u-u"), (1.3.11)

which is a Richardson method to solve (1.3.5) with preconditioner Z,. It has been proven
that for the two subdomain case, X, is an optimal preconditioner for the Schur comple-
ment system, i.e. x(Z; 13y < C, where C is independent on h, see [151, Chapter 4] and
[139, Chapter 2]. This implies that the condition number of the preconditioned Schur
complement does not grow when the size of the finite element spaces grows. Concerning
the choice of the relaxation parameter 6, for two symmetric subdomains, 8 = 0.5 leads to
a direct method which converges in two iterations. For more than two subdomains, there
are still some choices which lead to nilpotent iterations. We refer the interested reader
to [32]. There are several versions of the DNM when the decomposition involves several
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subdomains, since there is a certain freedom in deciding where to impose Dirichlet or
Neumann boundary conditions. In Section 1.4, we analyse one of these versions for a par-
ticular geometry. We conclude this section by observing that the method we introduced is

inherently a sequential method. A parallel version is easily obtained by replacing (1.3.9)4

. Ourt! ou” . . . .
with - = -7+, For two subdomains there is no advantage since the parallel version

generates a sequences of approximations {u?}n21 i = 1,2, which have as subsequences
the sequential approximations. For general decompositions in many subdomains, par-
allel and sequential versions do not preserve this relation, and indeed parallelization is
needed in order to take advantage of modern high performance clusters.

1.3.3 Neumann-Neumann method

For a decomposition into two subdomains, the Neumann-Neumann method (NNM) is
made of two sequential steps. Given an interface data u[', we solve Dirichlet problems
both in Q; and Q; imposing u{' along the interface. The two local solutions will now be
continous, satisfying (1.3.1)3, but their normal derivatives will not be continous in gen-
eral. Thus, we compute the jump of the two normal derivatives along I and we solve two
Neumann problems to compute local corrections. Eventually we update the new inter-
face data ufl“. In terms of differential operators, the algorithm is

—Au?Jrl =f, in Q;, u;’“ =0 ondQ;\T,i=1,2,
ul=uf, onl, i=1,2,
1_ . 1_ .
—Aw?:l =0, 1 1 inQ;, w!" =0 ondQ;\I,i=1,2, (1.3.12)
n + +
oy _owT | Ouy onT, i=1,2
Gni anl 61’12 ’ ' "
ur ™ =ul -0ty th, onT
The algebraic formulation of (1.3.12) corresponds to
Aélu?+1 + Aérufl =f;, i=1,2, Dirichlet problem in Q;,
Ai Ai (l+l 0
( n {r) (w51+1) = ( n), Neumann problem in Q;, (1.3.13)
Arp App) \Wir 8r

n+l1 n+l n+1

ur =u"-0 T +y,r) Updatestep,
where g = ¥%_| AL u"*! + AL uf - f.. Eliminating u?*!, i = 1,2 from the expression of
g, we obtain gf' = Zuj' — u. We consider now the Neumann problems and we eliminate
the interior unknowns y"*! to obtain ¢! = (£,)7'g!" = (£;) "' (Zu! - p). Inserting these
expressions into the update step, we obtain

ut—ul =0t + 2 (- Zup),

which shows that the NNM is a Richardson method with preconditioner £;! + £, . It can
be shown that the NNM is an optimal preconditioner for the two subdomain case, i.e.
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1<((ZI1 + 251)2) < C see [151, Chapter 4] and [139, Chapter 2]. For several subdomains,
this method is very sensitive to the choice of the relaxation parameter 6. There are several
cases in which the NNM diverges. We refer to the PhD thesis [26]. The method can be

. . . Oyl n n ..
parallelized by replacing (1.3.12)5 with g—;li = g% + %. For the definition of the NN

method for many subdomain decompositions, we refer to Section 1.4

1.3.4 Optimized Schwarz methods

In this paragraph we introduce optimized Schwarz methods (OSMs) which are the do-
main decomposition methods we will discuss the most throughout the thesis. The ori-
gins of OSMs trace back to [126] where Lions defined a first version of the algorithm and
he also proposed a convergence analysis based on energy estimates, see [75, Section 5] for
an historical review of other contributions. The method can be viewed as a generalization
of the parallel Schwarz method in case of nonoverlapping subdomains, where instead of
exchanging Dirichlet data, Robin or more general boundary conditions are imposed along
the nonoverlapping interfaces. Given two initial guesses u?, i = 1,2, the method defined
in [126] computes for n =1

_Auiﬁl =f inQ, u{z+1 —0 ondQ\T,
+1
6:;11 + 8 u{’ﬂ _ %+51 uy, onT,
_Aué“'l =f in Q,, u£1+1 —0 ond\T, (1.3.14)
1 1
6:;5: +spultt = 6;411’: +spulltt onT,

The variational formulation of (1.3.14) is
al(u{”l,é"m)+fslu{”1n:f fé"m—ag(ug,é"gn)+fslu§ln+/ fé&mn, VneA,
Tr Ql r QZ

ag(u£’+1,£2n)+fszu§’+ln:f fgzn—al(u{’+1,£1n)+f szu{’+ln+f fémn, VneA.
r Q, r (03]

(1.3.15)
Already in the original paper [126], Lions stressed the importance of the acceleration
parameters s1, s, € R* on the rate of convergence of the algorithm. He even suggested
to replace the parameters with local or nonlocal operators. These observations pushed
researchers to study which are the best possible parameters/operators that lead to the
fastest convergence possible. In [136], the authors showed that setting s; := % and s, :=
%, hence using the Steklov-Poincaré operators, leads to a nilpotent method, that is the
method converges in just two iterations. They actually showed that this result holds for a
decomposition into many subdomains in a strip. In this case the convergence is attained
in N iterations where N is the number of subdomains. A generalization of this work for
arbitrary decompositions is available in [88]. However the Steklov-Poincaré operator is
dense, nonlocal and expensive to compute. Given a discretization of I' with N degree



CHAPTER 1. INTRODUCTION TO DOMAIN DECOMPOSITION METHODS 15

of freedoms, we need to solve N Dirichlet problems in order to assemble the Steklov-
Poincaré operator. Therefore researchers started to look for sparse and cheap approxima-
tions of these optimal operators. Some earlier work in this direction are the PhD thesis of
Japhet [115] and [116]. The terminology “optimized Schwarz method” was adopted later,
thanks to [74], where Gander established a solid procedure to derive optimized transmis-
sion conditions for many different problems. We provide a more comprehensive review of
OSMs in Chapter 2, where we analyse this algorithm for several heterogeneous problems.
In [146], it has been shown that, under some conditions, the preconditioner associated to
OSMs is
N ~ ~
Mohas =X R ARy
j=

where A j are the finite element discretizations of the bilinear terms a;(uj, v;) + fr Sjujv;.
A symmetrized and additive variant has been analyzed in [110].

We conclude the first part of the introduction by showing that OSMs can be seen as an
alternating direction iteration (ADI) to solve the Steklov-Poincaré equation. To the best
of our knownledge, this interesting point of view was first discussed in [52, Chapter 5.4].
Given the equation A = u, we can decompose the operator . as ¥ = S§; + S,. One can
choose S; and S, arbitrarily, but we will set S; := %, i = 1,2, equal to the local Steklov-
Poincare operators. Then, given an initial guess A°, the ADI method with accelerating
parameters s1, 2 to solve £ = pis

(s11+ AN 2 = (511 - SOA +p,

(1.3.16)
(521 + AN = (521 — A E + i,

where [ is the identity operator. This algorithm is also called Peaceman-Rachford iter-
ation method. We refer the interested reader to [2, Chapter 7.7.3] and [153, Chapter 7].
In Section 2.5, we will discuss more about this iteration in the context of probing. In the
present framework, the ADI to solve (1.3.8) is

((s1 1+ A0y = () + (1 I - F)A3.m),

(1.3.17)
((s2+ S5 m) = (um) +((s21 = FDATH ).

Interpreting A; as the Dirichlet traces of u;, i.e. 1; = u;|r, and assuming for simplicity
that u; =0, i = 1,2, the equivalence between (1.3.16) and (1.3.15) can be understood as
follows. Given an approximation 1X, we compute

((311—5”2)/12,17>:leAgn—az(szlg,Jfgn), VneA. (1.3.18)

We then find /1{”1 solving (1.3.17);, where substituting (1.3.18) and the definition of .
leads to

al(.]flﬂt?“,.}fln)wtfrslﬂt?“n:frslﬂt’;n—ag(%g/lg,.ifzn), VneA,
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which corresponds to (1.3.15); for f = 0. Thank the uniqueness of the solution of (1.3.15)
we conclude that # A7 = u'*! and that A7*! = u!"*!|r. A similar calculation concern-

ing (1.3.17), shows that we have AJ*! = uJ*!|r and AN = ul ™.

1.4 Scalability of domain decomposition methods

In the previous sections we introduced classical one-level domain decomposition meth-
ods for two subdomain decompositions. To exploit at best the large number of available
cores in modern computers, decompositions into two subdomains are not attractive. Ide-
ally, one would prefer to decompose the original domain Q into several (hundreds, thou-
sands, millions) of subdomains and to assign one subdomain to each core. In this way,
each core would solve a small subdomain problem and hence there would be an optimal
parallelization of the solution process. Thus, in view of high performance computing,
an important property of a solution algorithm is the so called scalability. In the litera-
ture there are two definitions of scalability [61]. An algorithm is “strongly scalable” if the
solution time of a fixed size problem is inversely proportional to the number of cores.
Strong scalability is extremely hard to obtain since if one considers millions of subdo-
mains, so that each subdomain problem becomes extremely cheap to solve, there would
a bottleneck due to the communication lag to transfer data among the large number of
subdomains. To mitigate the communication cost, asynchronous methods have recently
gained a lot of attention [132, 27]. Thus, a more practical concept is the weak scalability.
An algorithm is “weakly scalable" if the solution time is constant for a fixed ratio between
the size of the problem and the number of cores. In other words, if a weakly scalable al-
gorithm solves a problem with 100’000 unknowns in 10 seconds using 10 processors, it
should be able to solve a problem with 1’000°000 unknowns in the same 10 seconds using
100 processors. In the specific context of domain decomposition methods, a domain-
decomposition method is said to be weakly scalable, if its rate of convergence does not
deteriorate when the number of subdomains grows (definition 1.3 in [151]). Unfortu-
nately, one-level domain decomposition methods are in general not weakly scalable, and
a coarse correction is needed to achieve scalability. To see this, we consider the model
problem (1.1.1) and we divide Q into an increasing number of subdomains using the au-
tomated partitioning tool Metis. Figure 1.2 shows an automated decomposition into 16
subdomains and the convergence of the RAS method for an increasing number of subdo-
mains. The study of coarse corrections in two-level and multilevel paradigms will be the
aim of Chapters 3 and 4.

However it has recently been observed in applications in computational chemistry that
the classical one-level parallel Schwarz method is surprisingly scalable for the solution of
two-dimensional chains of fixed-sized subdomains [22, 127]. Mathematically, this prop-
erty has been studied rigorously for the parallel Schwarz methods in a series of papers
[36, 37, 38]. In the next subsections, we study this property for other classical one-level
domain decomposition methods, such as the Dirichlet-Neumann, Neumann-Neumann
and optimized Schwarz methods. The content of these sections is based on [28].
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Figure 1.2: On the left, convergence of the RAS method for different decompositions with
overlap equal to four times the mesh size. On the right, example of decomposition into
4x4 subdomains using Metis.
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Figure 1.3: Two-dimensional chain of N rectangular fixed-sized subdomains.

1.4.1 Scalability analysis for two dimensional chains of fixed size subdomains
1.4.1.1 Scalability analysis for the optimized Schwarz method

In this subsection we study the scalability properties of OSMs for a two dimensional chain
of fixed size subdomains. For the one dimensional chain analysis, we refer the interested
reader to 28, Section 4.1]. Let us consider L >0and ,0< 6 < %, and define the grid points
ajfor j=1,...,N+1and bj for j =0,...,N as shown in Figure 1.3. The j-th subdomain
of the chain is a rectangle of dimension Qj:= (aj,bj) X (O,D, and Q := u?’:le. We are
interested in the solution to

—-Au=finQ, u=gonodQ. (1.4.1)

We consider directly the error equation and we define the errors e”! := u—u'/, where u7 are
the iterates of the OSM. In the error form, the overlapping OSM with Robin transmission
conditions with parameter p is given by
—Ae;l =0in Qj,
e;l('y O) = 0) e;l(') Tl) = 0)
n n n-1 n-1 (1.4.2)
0xe;j(aj,-) —pejlaj,-) =0xe;_ (aj,) = pe;_;(aj,"),
dxe} (bj, )+ pel(bj,) = 0xelf | (bj,) + pel ] (bj,"),

forj=2,..., N-1,and
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—-Ael'=0 inQy, —Ae’,=01in Qy,
e'(,0)=0, e} (-, L) =0, el (,0)=0, el D) =0,
etlan) =0, @r - plelitan.) = @x - preltay ),
@x +p)el(by,) = (05 + p)ey by, el (b, ) =0,

To study the iteration, we use the Fourier expansion 67 (X, V) =Y kex v]’.l(x, k) sin(ky) with

K = {l, 27”,} Inserting this expansion into (1.4.2) and (1.4.3), the Fourier coefficients

'L
v]’.‘ satisfy
axxl/;l = kzy;‘ in (dj,bj),
0xvi(aj) - pvj(aj) =0 v}’__ll (aj) - pv]’f_‘ll(aj), (1.4.4)

Defining 2" (a;) := 0 1/]’.l_’11 (aj)—pv]’.l_’l1 (aj) and 271 (b)) := 0 v;l;ll(bj)erv]’.l;ll (bj), the
solution to (1.4.4) is given by

v} (x, k) = %" (a))

2 (k- p)eke) - Lk p)e’““’f"”]
1 L4 1 4 (1.4.5)
+'%z_1(b]) [;(k_i_ p)ek(x—aj) + ;(k_ p)ek(uj—X)] ,

where y := (k+ p)zek(L+25) — (k- p)ze_k(L+25). Inserting (1.4.5) into the definitions of
R"(a;) and Z'! (b;) we obtain

R"(aj) Z" aj-1) Z" aj)
=T + T , 1.4.6
aibp] = ] T R ) (146
where
Ty = [gg—pgl 84—P82] T ::[ 0 0 ]
0 (U 8i—pg 8-p&l’
with
1 —26k _ L 26k 1 kL, 1 KL
gri=—=(k-ple " —=(k+ple”", gr=—(k+ple"+—(k—ple ",
Y Y Y Y 1.4.7
—k 2ok, K 620k k(k kL k(k e kL (49
gi=—(k-ple " +—=(k+ple”, gi=—(k+ple"——=(k—ple "".
Ty Y Ty Y

Similar arguments allow us to obtain for the subdomains Q;, Q,, Qn_1, and Qp the rela-
tions

0 ] T [%ﬁ—l(az) R" (ap) _T[ 0 ]+T Z"(a3)
R" (by) T2 @ by | R (b R F7 X (0 ) BN V7 2 S U
[%E(am T R (an-1) R"(an-1)] .. [#" N an-2) 7 [%f—l(an)

0 I 72 70 ) R F7 303N | I K Uy (VA 0 ’

(1.4.8)
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where
0 (k+p)e *L+(k—p)eFt 0 0
Tii= | GepefErkop)e 20 Ti= | ey pjebla(k=p)ett
0 0 (k+p) ek(L+25)+(k_p)e—k(L+25)

Nowwe definer” := [0, 2" (b1), " (a2), B (b2), ..., R" (a;), R (b)), ..., R (bn-1), B" (an),0] ",
and using (1.4.6)-(1.4.8), we obtain the iteration relation r” = Tz%r”_l, where T. 2% is the

block matrix
T
T 1
T 1
o 5 1
79, := . . . (1.4.9)

T Ty
T T,
T

We are ready to prove the scalability of the OSM in the overlapping case.

Theorem 1.4.1. Recall (1.4.7) and define@(k,6, p) :=|g3—pg1|+|g4—pg2|. The overlapping
OSM (1.4.2) is scalable, in the sense that

p(T9,(k, 8, p) < 1 T (K, &, P) oo < maxmax{(k, 6, p), | T1(k,8, pP)lloo <1,

independently of N for every p = 0.

Proof. Because of the structure of TZOD, the norm || Tz% loo is given by

1T lloo =miaxZ|(T£D),-,j| =max{@(k,5,p), | T1lloo, | T2llco}-
Jj

We start showing that ¢(k, 0, p) < 1 for any k, p € [0,00) and 6 > 0. To do so, we notice that

-26k 20k 26 25k) |

1
|g3_pg1|:|;(‘k(k‘l9)e +k(k+p)e®* + pk— p)e % + p(k+ p)e
1 1
— )—/|(k+p)2€25k—(k—p)26_26k)| — ;((k+p)2926k_(k_p)ze_zgk)
and
1
|g4_P82|=;Kk(k—l?)e“—k(k—p)e‘“—p(k+p)e’“L—p(k—p)e"“L)|
1
= )—/(k+ plk— pl(e*t — e kL),

which implies that

(k+ p)2e®k — (k- p)?e 2% + (k + p) |k — pl(eL — ek

p(k,0,p) = (k+ p)2ekL+2kd _ (f — p)2e~kL-2kd
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By computing the derivative of ¢ with respect to p we find

a(p 2keZ§k+2kL _2k625k

0p K2 MK 12etk 1 2 80K g2KL 1 )2 G20k 220K 12 oKL 4 (p— k)2 for p<k,
o 2k 20k+2kL —2k 20k

=_ ¢ ¢ for p>k.

Op k2 ek 420k +p2 @40k g2kL 22 20k _2 20k |2 okL 4 (f— p)2

Analyzing the signs of these derivatives, we see that ¢(k,d, p) is strictly decreasing for
p < k and it is strictly increasing for p > k, thus it reaches a minimum for p = k. Therefore
the maximum of ¢(k,d, p) with respect to the variable p is obtained for p = 0 and for
p — +oo:

@(k,6, p) <max{¢(k,5,0), Jim ¢(k,0, p}.

For p=0,6>0and L >0 we have

26k _ =20k | pkL _ o=KL

e e
¢k, 0,p=0) = — ki ak
sinh(26 k) + sinh (kL)

)

sinh (kL) cosh(26 k) + sinh(26 k) cosh(kL) <
and, under the same conditions,

sinh(26 k) + sinh(kL)
sinh(kL) cosh(26 k) + sinh(26 k) cosh(kL)

l}grolow(k,é,ph =@(k,6,0)<1.

Hence, it holds that ¢(k,d, p) < ¢(k,5,0) < 1. We now focus on || Tl lloo and || Tg loo. Notice
that | T1lleo = I T2 llc and

(k+p) e kL4 (k- p)ekL
(k + P) ek(L+26) + (k _ p)e—k(L+26)
kcosh(kL) — psinh(kL)
kcosh(k(L+20)) + psinh(k(L + 20))

||T1||oo=‘

In order to get a bound independently of k, we observe that klim @(k,6,p) = klim I Tilloo =
—00 —00

0 if 6 > 0. Therefore defining 6(6) := max; max{p(k,§, p), | Tl(k,é, P}, we see that
1T lloo = maxie, | T11I, | T2 11} < p(6) < 1, for every &, p > 0. =

For the case without overlap, we need a further argument because for § = 0 both p(TZ%)
and || TZ%IIoo are less than one for any finite frequency k, but tend to one as k — co. One
can therefore construct a situation where the method would not be scalable as follows:
suppose we have N subdomains, and on the j-th subdomain we choose as initial guess
e(} the j-th frequency e? = é? sin(j%y). Then the convergence of the method is deter-

mined by the frequency which maximizes p(TzoD(k)). When the number of subdomains
N becomes large, this maximum is attained for the largest frequency ky = N E”—y since
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p(T (k)) — 1 as k — oo. Thus, every time we add a subdomain to the chain with a new
1n1t1a1 condition on the 1nterface N+1 accordlng to our rule, the convergence rate of the
method deteriorates from p( (N )) to p(T. D((N + 1)%)) and the scalability property is
lost. Theorem 1.4.2 gives however a sufﬁcrent condition such that the OSM is weakly scal-
able also without overlap, and to see this we introduce the vector e” with e}’ = [[r" (k)0
where r (k) contains the Robin traces at the interfaces of the k-th Fourier mode.

Theorem 1.4.2. Given a tolerance Tol, and supposing there exists a k that does not depend
on N such that ez < Tol for every k > k, then the OSM without overlap, 6 =0, and p > 0 is
weakly scalable.

Proof. Suppose that the initial guess satisfies [|e°||o, > Tol, since otherwise there is noth-
ing to prove. Then, due to the hypothesis, we have that MaXa i € k > Tol. We now show
that the method contracts with a p independent of the number of subdomains up to the
tolerance Tol, and therefore we have scalability. Indeed, for every k such that 7 < k < k

e = I () loo = I T3, () oo IE" " () lloo < 1 T3, () oo 1™ () o = 1 T3, () oo "

where || T (k) lloo = max il T (k) loo < 1 because || T (k) lloo is strictly less than 1 for

£.1
L—

<ks
every finite k. Now for k > k,
el = 1" () lloo = | T () oo It (K lloo < 6" (M) oo = €] 7,

since || T, 2% (k)lloo = 1. Therefore we observe that the method does not increase the error for
the frequencies k > k while it contracts for the other frequencies with a contraction factor
of atleast p = || TZOD(I_C) lloo < 1. Hence, as long as [le" ||, > Tol, we have [|"] o < p"[l€°]loo
with p independent of N. O

The technical assumption in Theorem 1.4.2 on the frequency content of the initial error
is not restrictive, since in a numerical implementation we have a maximum frequency
kmax which can be represented by the grid. Choosing k = kmayx, the hypothesis of The-
orem 1.4.2 is verified. Note also that without overlap, § = 0, we have that || T pleo =1
for p =0 or p — oco. Therefore we can not conclude that the method is scalable in these
two cases. For p = 0, the OSM exchanges only partial derivatives information on the in-
terface. For p — oo, we obtain the classical Schwarz algorithm and it is well known that
without overlap (6 = 0), the method does not converge. We finally show the behaviour of
p—I|T. D(k 8, p)llo for a fixed pair (8, k) in Figure 1.4. According to the proof of Theorem
1.4.1, the minimum of the function p — ¢(k, 8, p) is located at p = k. Even though it is
a minimum for ¢(k,§, p) and not necessarily for || T. D(k 6, p)llco Or p( 2D), we might de-
duce from Figure 1.4 that in order to eliminate the k-th frequency, a good choice would be
to set p := k in the OSM. For the Laplace equation, it has been shown for two subdomains
that setting p := k leads to a vanishing convergence factor p(k) for the frequency k [74].
In the case of many subdomains, a similar result has not been proved yet, but Figure 1.4
indicates that it might hold as well.
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Figure 1.4: Infinity norm of the iteration matrix TZ% as a functionof pfor L=1,L=1,6 =
0.1,k =20,N =50.
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Figure 1.5: Nonoverlapping domain decomposition in two dimensions. Notice that a; =
JjL.

1.4.1.2 Scalability analysis for the Dirichlet-Neumann method

We now consider a two dimensional problem decomposed into nonoverlapping subdo-
mains as shown in Figure 1.5. The error form of the parallel Dirichlet Neumann method
(PDNM) is given by

—Ae;lzo inQ;,
n _ ne Ty _
ej(-,O)—O, ej(,L)—O,

ef(aj,”) = (1-0)ef  (a;,) +0e] ] (aj,"),

Jj+1
Gxe;l(dj—l, J=(1- ,u)axe;.l—l(aj_h ) +I~lax€7__11 (@j-1,),

forj=2,..., N-1,and

—Ael'=0 inQy,
el'(-,0)=0, e} (L) =0,
e (ap,") =0,

ellar,) =1 -0)el (ay,) +0e) Hay,,
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and

—Ael’(] =0 in Qp,

e (,0=0, e} (-, 1) =0,
dcen(an-1,) = (1 - woxen Han-1,) + udxer ™ (an-1,),
eN(aNr'): ’

where 6, 1 € (0,1). We consider again the Fourier expansion of e , where the Fourier coef-
ficients v"(x k) solve

n
Gxxvj

viap)=01-60)v}" 1(a])+9v]+1(a]),

aij (aj—l) =(1 _,u)axl’j

= kzv'.l in (aj, b;),

(ﬂj—l) +,Uax1/j_1 (aj-1).

Defining
n-1
=(1- 9)1/ (aj)+911]+1 (aj),
= (1-w0xv} ™ (@j-1) + poxvi| (@j-1),
we get
vj HENOE ke KU-DI=xlgn | o=k(jL=2) yrn | jokli-DLl-xIgn _ ek(jL_X)W~"]
kYZ J J J il
forj=2,...,N-1,and
l’l
VI, k) = —E (M — e R, p(x, k) = o [ e FNL=x) 1t _ k(NL=0) n |
where y1 := e ¥l — ekl and y, := ekl + eI, Using the expressions of JVJ” and 2", we get
0 =R JV" 1 JV” 1
=11 1|+ T2 1
27 @” @”
N _ 0 Jyn 1 JV” 1
@zn =1o @{1—1 +T1 @n 1 +T2 @n 1
JV.n‘ ,/V.n_l n-1 n—l
I=To| SN+ | | +T| 2|, forj=3,...,N-2, (1.4.10)
2; | Zj 2 Zia ]
N L/‘/n—l JV” 1 JV" 1
N-1| = To N_—12 + T 1 +T2 ],
[@1’6_1 D=2 oy 0
N0 _ Jyn—l n 1
0 2y @"
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where
2 kn 1-p 0 0 0
To:=172 Y2 | T 2[ OH 1—9]' o= | -6y, 20 |

0 ky2  re

k
~ fo #2) _ ro 0] . [1-p 0] - 0 0
To := n , Th = ) » To:= )
o o |" [0 1—9] ! [0 0] PT-R 0

-
Defininge’ := [0,@1”,%/2",95‘,...,thj”,@;?,...,(/V]\’,l_l,@j’\l,_l,JVﬁ,O] , the iteration relations

(1.4.10) may be rewritten as

en_T%Nen—l
=T} ,
where R
I
To T T»
Iy, I I
o T) T
TN = - . (1.4.11)
Ihn I I,
To T Do
To, T

Numerically we observe that p(TZ%N ) <1, butin general || TZDDN loo > 1. Hence, the infinity-
norm is not suitable to bound the spectral radius and conclude convergence and scal-
ability. Nevertheless in Theorem 1.4.3, we prove scalability of the PDNM under certain
assumptions on the parameters p, 6 and using similarity arguments..

Theorem 1.4.3. Denote by knin the minimum frequency and define a(x) := 1/ cosh(x). If

0 =y, then
p(To) = p(w = \/1— p+ p? + pa(kminL),

where p(u) is independent of N. Furthermore, if cosh(kminL) > 2, then p(u) < 1 for any pos-

itive u such that u < %@m#, which implies that the PDNM is convergent and scalable.

We show in Figure 1.6 the function p(u) for the case L =1, that is ki, = 7. The proof of
Theorem 1.4.3 relies on the following lemma.

Lemma 1.4.4. Let a(x) :=1/cosh(x). Then for any x € (0,00) such that cosh(x) > 2 it holds
1-2a(x)

that a2 € (0,1). Moreover, for any x € (0,00) and u € (0,1) such that cosh(x) > 2 and

JTRS {jﬁg, it holds that /1 - pu+p2 +a(x)u<1.

Proof. Let x € (0,00), then a(x) = 1/ cosh(x) < 1. Hence we have 0 < 1 - a(x)? < 1. Now,

take any x € (0,00) such that cosh(x) > 2. First, we have % > m, which implies that
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Figure 1.6: Function p— p(u) for L= 1 and L = 1. Notice that for y < 0.831 (vertical dashed
line) it holds that p(u) < 1.

1-2a(x) > 0. Second, we note that 1 —2a(x) < 1 —a(x) < 1 — a(x)2. Therefore, we obtain
that } i‘f(fz) € (0,1). Now take any y € (0,1) such that y < 1= 2‘2‘(;“2) This implies that 1 —
2a(x) + (@(x)?> — 1)u > 0. Multiplying this by yu, with a direct calculatlon, we get —p+ p? <
—2a(x)p+ a(x)? uz. Adding 1 to both sides and taking the square root then leads to the
claim. O

We are now ready to prove Theorem 1.4.3.

Proof. 1f ;1= 6, the matrix T} has the structure

[0
~ ~ 2
Bi1 B Y—Z
By1 B
= = 2
Bi1 B2 Y_lzl
2_” ~ ~
7, B21 B2
DN ._ .. .. - -
TPN .= S :

By B =

2 I I T2
Y—Z By1 B
= = 2
By, Bip },—Z
w5 -
72 By, B




CHAPTER 1. INTRODUCTION TO DOMAIN DECOMPOSITION METHODS 26

where B, B , B € R2*2, We introduce an invertible block diagonal matrix

g
0

o Mo
oS Qo
[IR=
o

andé::[ ~

~ [d; o0
ith G:= ~
, with G [0 4

o
o .

0
8]

where the elements g, d\l, JZ, Jl, d~2 € R\ {0} will be chosen in such a way that the matrix
G! TZ%N G can be bounded in some suitable norm. We have

[0

~ ~ 2
Cii GCp =+
G Cop2

2u

72 C Cop

—1DN ~._
G T, G:= )
Cii Cipo 72

21 =~ =~
= G GCp

72 . . )
Ciqp Cip },—’;
2u - -
7. Ca1 Cazp
0 P

where
C=G'BG, C=G'BG, C=G'BG.
Now, we split G~! TZ%N G into a sum, i.e. G™! T?%N G = Tdiag + Tott, where Tyj,g contains the

diagonal blocks, that is

o)

Tdiag =
o
C

0.

and Tyt = G T/ G — Tiag contains the remaining off-diagonal elements % Then we

have
p(TEM) = p(G ' TN G) < 11G™ TRV Glla = || Taiag + Toitl2

< | Taiagllz + 1 Tomtll2 < \/O(T . Taiag) +/ (T To)-

(1.4.12)
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Notice that
. a2 442
T(;I;fToff = dlag (0,0, 7,..., —2,0,0 ,
2 2
and hence 4/ p(ToTff Totf) = % Now, we focus on the term ;()(Tga1g T4iag)- The block diagonal

structure of T;a g T4iag allows us to write

P(Tfog Tting) = \/ max{p(CTC),p(CTC),p(C O} (1.4.13)

The evaluation of the spectral radii p(C' C), p(C" C), and p(ETE) leads to the analysis of
cumbersome formulas, and we thus bound instead the spectral radii by the correspond-
ing infinity-norms. To do so, setting d; :=y; and d» := ky», we obtain

p(CTC)=p(GB"G G 'BG) <|IGB"G G 'BGlloo = 214* -2+ 1.
Next, we set cﬂ =7, and 672 := ky; and get

o@T) = p(GF GG'50) < 1CB ¢ Bl
‘uZ(e—kL _ ekL)4

2
(e~ kL 1 okLys }5 L=prp,

=max{1—p,l—u+

—kL_ ,kL\4 . . .
where the fact that Ei-ﬂfi“;‘* < 1 for any k is used. Now, a direct calculation shows that

4pu(l—p)

2
<1 —
(ekminL + e_kminL)2 - 1 u + IJ ’

20 —2p+1<2p®—2u+1+

for any p € (0,1). Therefore, we obtain

I Tdiagll2 = p(T(-lEagTdiag) <\/1-p+p2.

Recalling (1.4.12) and (1.4.13), we conclude that

2
P(TEN) < I Tiagllo + 1 Togella < /1 — p+ 2 + ==

Y2
2u _
_ 2 _.
<y /1-pu+pu?+ (Fnl 1 o) =:p(W),

which is the first statement of the theorem. The second part follows now from Lemma
1.4.4 by observing that if f(u) < 1, then p(T)}Y) < p(u) < 1 where p(u) is independent of
N. O
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1.4.1.3 Scalability analysis for the Neumann-Neumann method

28

Finally we study the convergence of the Neumann-Neumann method (NNM). For our

model problem, the error form for the NNM is the following: first solve
—Ae}l =0in Q;j,
n _ neoTy —
ej (,O) —0, ej ( ;L) —01
ejlaj-1,) =92}, ej(a;,") =27,

forj=2,..., N—1and

—Ael =0in Qy, —Aey =0in Qp,
el'(0)=0, el (L) =0, en(-0) =0, ey (-, L) =0,
el(ap,”) =0, ef'(a1,) =2{,  eylan-1,") =Dy_,, eylan,") =0,
then solve
—Ay" =0 inQy,

Oxy7(1,0) =0, y7(,L) =0,
Oxy(aj-1,") =0xej(aj-1,") —0xe}_(aj-1,"),
Oxw?(aj,-) = axe;l(aj;‘) _axe;‘+1(aj!'))
forj=2,..., N—1and
—ApT=0 inQ,
Y1(,0)=0, wi(,L) =0, wi(ap") =0,
0.y (ar,") =0xel(ar1,") —0xe) (a1,),

and
-Ayy =0 inQy,
Y0 =0, yy(,L) =0, yylan,") =0,
0xyn(an-1,) =0xey(an-1,) —0xey_ (an-1,7),
and finally set
27t =27 0w, (a),) + i (a), ), (1.4.14)
for j=1,---,N—1, where 9 > 0. We expand both e;? and w;? in Fourier series,,
n o n s n - n .
el (x,y) = rr;l vi(x kysin(ky), wix,y) = mZ;ﬁ w (x, k)sin(ky),
where k € % . The Fourier coefficients v;.? (x, k) and w7 (x, k) solve the problems
kzv;’ —dxxv;l =0 in(aj_1,a;)), kzw]’-’ —Gxxw]’-’ =0 in(aj_y,aj)),
v]’.l(aj_l,k) = @;‘_1, axw]’.‘(aj_l,k) = dxv;?(aj_l,k) —axv]’.l_l(aj_l, k),

U‘;l(a]r k) = @]rlv axw7(a]) k) = axV;L(a]; k) _0xV7+1(a]; k)v
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forj=2,...,N-1,and

kzv?—axxv;lzo in (ao, a1), kzwfl—axxwf =0 in(ag,a1),
U{l(a(), k) = 0, ﬁ){l(a()r k) = 0;
viiay, k) = 27, O wi (a1, k) =0xv] (a1, k) — 0,05 (a1, k),
and
k? VK[ - axxVKr =0 in(an-1,an), k? wK[ _axxwzr\l/ =0 in(any-1,an),
vylan-1,k) =25_,, dxwylan-1,k) =0 vy (an-1,k) =0 vy_, (an-1,k),
vn(an, k) =0, wy(an, k) =0,

for the first and last subdomains. For the sake of notation, we set 961 =9 1’{, =0 and defin-
ing y; := ekl — e kL the solution v can be written as

1 . , . .
vi(x, k) =— [@]r,z (ek(x—u—nm _ ek((;—l)L—x)) +o" | (ek(]L—x) _ ek(x—]L))] ,
12!

which is used to solve the problems in w;’, and we obtain

1 . 4
Wi, k) = — (207 (e + e~ 297 297 | (K7D 4 oK)
J Y% J J J
1 . .
+ = 297+ ey~ 297 | 297, | (FOTUTID 4 KU-DL),
Y] J J J

forj=2,..., N—1,and

n _ ne, kL —-kLy _ n kx _ —kx
wy (x’k)_)fnfz (2@1 (e""+e ™) 2@2)(e e ),
1
wi(x, k) =—— (—2@1’6_1 (el + e Ky 4 291’;‘,_2) (ek(x_NL) - ek(NL_x)),
YiYe

where v := e*l + e7*L, Using equation (1.4.14) we get

9 2
n+l _gpn __ ~ n kL kL _o| _ no_ n

?)"! =9} -5 [4@]. ((e +ek 2) 49" ,-4D",, |, (1.4.15)
for j=2,...,N-2,and
9

o1t =9 - — (20t + e o] - 290
Y2
- (20" + e F2 202 + 2(e5 + ey 2) - 495,
I (1.4.16)

9
D=2 2ttt + e Do), 29 )

9
2 (2((ekL +e 229l +2(ef +eTFgh  — 4@1’\‘;_3) :
1
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Wedefinee” = [2]', 2 ,---, 2} _, ]T, and write equations (1.4.15)-(1.4.16) as e’ ™! = TZI\{DNe”,
where the iteration matrix TZI\[’)N is given by

= o
o 8=
S o™
oo

TNN

0
a
Y

Qo™

a
0
B

. k2 ~ _ _
witha:=1- ;1/—12 ((ekL+e kL) —2), B:= ‘;—’2, d:=1- zy—’f(ekL+ e kLy Zy—’g((ekL+ e kL2 _ 9
1 1 1
S._ 20 _ 20 kL, ,~kLy F._ 40
=7, J/%(e +e %), B: el
Theorem 1.4.5. If % > M, then the NNM with 9 = L is scalable, in the sense that

4
P ) < IT3p oo = 32 < 1.

Proof. The infinity-norm of TZ%N is given by
1T, oo = max @l + 7] + | B, lal + 21 B1} .

Using 9 = % and exploiting the definition of y, the coefficient a in TZ%N becomes

U (( kr k)2 ) cosh(kD)? 1 1 2
=1-= -2|=1- = =-=.
e ((e rett) sinh(kD)? * 2sinh(kD? 2

L

Similarly, one obtains that & = — . Moreover, we have § = f = %. Therefore, we get
1

7 Y

2
1755 oo = maX{ (2+ —
Y2

1 4 } 4
i il 7
since Y > 1. This shows that || TZI}’)N lloo is strictly smaller than one if the condition }% <1

1
holds, meaning that y; > 2, and since the map k — y; = 2sinh(kL) is strictly increasing in
k, it suffices that y; > 2 is satisfied for just k = % Hence the condition becomes sinh(kL) >

1 or equivalently kL > arcsinh(1) = In(1 + v/2), which concludes the proof. O

1.4.1.4 Numerical results

We close this subsection with a numerical experiment. We start with a random initial
guess and we apply the different methods to solve (1.4.1) with f = g = 0. We set the ge-
ometric parameters equal to L = L = 1 and we discretize each subdomain square with
Ny, =100 interior unknowns. For the overlapping OSM we choose 6 = 10k, where h = ﬁ

and we set p = . For the PDNM, we set0 = 1 = % while for the PNNM 6 = i. In Table 1.1,
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N 10 20 30 40 50

OSM 13 13 13 13 13

PODNM 70 70 70 70 70
PNNM 6 6 6 6 6

Table 1.1: Number of iterations to reach convergence as the number of subdomains N
increases.

we report the number of iterations to reach convergence with a tolerance of Tol := 10712
for the different methods as the number N of the subdomains increases. We can observe
that every method requires a constant number of iterations to reach convergence. There-
fore, these numerical experiments are in agreement with the theoretical results presented
in this subsection. According to Table 1.1, it seems that the PNNM is the fastest method.
However, we remark that each iteration of the PNNM requires two subdomain solves, so
its cost is comparable with the OSM. Moreover, the PNNM is extremely sensitive on the
choice of 6, see [26].

1.4.2 Scalability analysis for Discrete Fracture Network

Discrete fracture networks (DFNs) are advanced mathematical models to study flows in
fractured media. A DFN usually consists of complex three-dimensional structures charac-
terized by the intersections of planar polygonal fractures generated stochastically. Thus,
fractures are represented by two dimensional planes which intersect randomly in the
three dimensional space, giving rise to highly complex structures, that are coupled through
the conservation of physical quantities of interest. The generation of accurate meshes is
not trivial for DFNs and in the last decade, there has been a great interest in developing
robust discretization techniques for DNFs, ranging from the virtual element method [7]
to XFEM [8] and optimization approaches [9]. Much less attention has been devoted to
the development of fast and robust ad-hoc iterative solvers. In this section, we limit our
study to the scalability properties of optimized Schwarz methods applied to DENs. Part
of this work has been carried out during a research visit at the GEOSCORE group led by
Prof. Berrone at Politecnico di Torino.

We consider a simplified DFN composed by the union of one-dimensional fractures F;,
i=1,..., Ndepicted in Fig 1.7. Denoting the DFN by Q, we have Q = Uf.\ilF,-. The boundary
of the fractures is denoted with 0F; and it holds that 0Q = uf.\i 0F;. Furthermore, the
boundary 02 can be decomposed into a Dirichlet boundaryI' , and a Neumann boundary
I'ny, so that 0Q = I'p UT'y. The intersections between fractures are called traces and are
denoted by S, m =1,..., N -1 =: M. We suppose that the vertical fractures have two
traces located at y = y; and y = y», while the horizontal ones are intersected at x = y; and
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Figure 1.7: On the left, we show the geometry of a discrete fracture network with five
fractures intersecting in four traces. On the right we specify the geometry of the fractures.

X =732, except the first and last fracture which have only one trace. Our goal is to solve

—v(T)0u=f inQ, Bu)=0 onodQ, (1.4.17)
Urg =Wr, onsS;i=1,.,M,
ou; ou;
— divl | 0 onS;,i=1,..,M,
ot 0Tit1

where 7; is the local variable on the fracture F;, the operator 98 represents the boundary
conditions, v(t) is the diffusion coefficient which might change between fractures and
[[v]] is the jump of v across the intersection of fractures.

We now define an OSM for (1.4.17). Given a DEN Q composed of N fractures, we decom-
pose Q into a set of Ny, nonoverlapping subdomains Q;, Q = U?ﬁ“l"Qi. Each subdomain
can correspond to a single fracture, or to a set of fractures. In the following we suppose
that Q; = F; and thus, Ng, = N. To solve equation (1.4.17), starting with an initial guess

u?, j=1,..., N, the OSM computes at each iteration n = 1,2, ... until convergence

—V;0r,1 ]":f] in Fj, @j(u]’f):o on 0F;,

) (1]
n_ _ n— .

aTj +Si_u; = Orj_l +8;_uj_; on Sj-1 (1.4.18)

ou” ou~1

L +s7ut=- My ssulon s

a‘[j J 6Tj+1 J il J

for j=2,..,N—1,whilefor j=1,N,

—Vi0rul = fiinF, %1(u}) =0, —VNOryryuy=fninFy, Bn(up) =0,

ouy oul!
6—1 +syul =~ % +syul " on Sy, (1.4.19)
T1 T2
ou?}, ount
N + n _ N-1 + n-1
. + Sy Un=— PR, + Sy Un_q 0N Sy_1.




CHAPTER 1. INTRODUCTION TO DOMAIN DECOMPOSITION METHODS 33

The functions f; are the restriction of the force term on the fracture F; and s}r’_, j=1..M
are positive parameters. We remark that equations (1.4.18), 3 are obtained taking a linear
combination with parameter s7'~ of the coupling conditions expressed in (1.4.17), 3. We
obtain what are usually called transmission conditions (1.4.18), 3 in the domain decom-
position literature to distinguish them from the physical coupling conditions (1.4.17) 3.
The two formulations are equivalent in the sense that, at convergence, u; = ulr,.

1.4.2.1 Convergence and scalability analysis

In this subsection we perform a convergence and scalability analysis of OSMs applied to
DFNs. For the sake of simplicity we suppose that s;.r’_ =peR"forj=1,.,N-landv; =
1, j=1,..,N. We first discuss the case in which every %; represents a Dirichlet boundary
condition. Second, we treat the more realistic case in which we have Neumann boundary
conditions everywhere, expect at the left boundary of F; and at the right boundary of Fy.
Intermediate cases can be derived straightforwardly from our analysis.

Equations (1.4.18) and (1.4.19) define a sequence {u;l} . To study the convergence of

the proposed method we use the linearity of the problem defining e;l =u- u;?, and we
consider the error equations

—OT,Tje;?:O, in Fj, 95’]-(@7):0 on 0F;,

J
e 1

ae;l n j-1 n—1
gj +pe; = - I +pe;_; on Sj-1 (1.4.20)
de” de" 1
J n j+l n-1
— + V== + . Si.
[a‘t’j } pe] aTj+1 P€]+1 on o]
for j=2,..,N—1,whilefor j =1, N,
07,1, =0, inF, %Blel)=0, —0ryryen =0, inFy, %Bnley) =0,
oe” del1 de’? de 1
1 2 - N N-1 -
o +pell=- o, +pel~lon S, ot | s pen =— T +pelt onSy_;.
Inside each fracture the analytical solutions are
énTl én(L—Tl)
e = =—x(10,y2)) + ——x(ly2, L), (1.4.21)
1=, XUY, 72 L—7» XY2
o ey - & (y2~ 1)) . & (T ~11) () &"(L-1)) (oL, =2, N-1
j Yl X ’Yl '}/2—'}/1 ')’2—')’1 X Yl)’}/z L—'YZ X YZ) y ] yeeey y
en N en (L—TN)
ey = 1; §0, 1)+ = x(y1, LD. (1.4.22)
) _

The functions y([a, b]) are characteristic functions which satisfy y(r) = 1 if 7 € [a, b] and
zero otherwise. We remark that the unknown coefficients é"", i = 1,2, j = 1,...,N rep-
resent the value of the error functions at the traces S (;-3)+1 on the fracture j. We now
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insert these expressions into the transmission conditions, and we aim to express the co-
efficients of the error in fracture j at iteration n in terms of the coefficients of the errors in
fractures j—1 and j + 1 at iteration n — 1. For instance, for F;,F» and F3 we find directly

L éZ,n—l
et (— + P) =e,"! (P S ) + -1 (1.4.23)
Y2(L—72) Yily2—v1)) v2—71
éZ,n L
é;,n(p+ Yz )_ 1 :éi’l—l (p_ ),
Yilya=v1)) 7v2—-m1 Y2(L—"72)
A1,
4 i +é2,n( + L-n ) _ él,n—l( T )+é2,n—l 1
Yo—y1 2 (L=v2)(y2—71) 3 Y1(y2—71) 5 yo-m’
A2, 1 ~n—1,1
plin (p+ Yo )_ & _ & +én—l,l( B L-m )
3 Yiy2=y)) y2-v1 y2-11 ° (Y2—y1)(L—72)
l,n
_ 4 +( L-71 N )éz,n _ pln-l (p— Y2 )+ 1 2n-1
Ya—y1 \(L-72)(y2—71) s Yiy2=yD) yo-1n1 ?

Carrying out the calculations for N fractures and defining the vector v"* = (&, é;’", é%’" yeeer é]l\’," )T,

v e RN, N:=2(N-2)+2, which contains all the values at the traces at iteration 7, we find

the recurrence relation
v =TV = My Nyv" L. (1.4.24)

The matrix My € RNN has the following block structure

R

2
1

F PHinsy Tren
My = ) , with blocks F, := Yl(l“ n) YZL_Y;] , (1.4.25)

Y2—71 p+ (L=y2)(y2—71)

B
Fy

Fi:=p+ # and Fy:=p+ yl(LL—yl) . The block F, appears N —2 times on the diagonal.

The matrix Ny has the following structure

a b

Ny = (1.4.26)

b ¢

—py Yo p._ 1 . Ln o4 L
where a:= p Yl(Yz—Yl)’b'_ Yz—Yl’C'_p (L—Yz)(Yz—Yl)’d' p Yil—y1)*
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Theorem 1.4.6. Suppose thaty,+7y. = L and s;.r’_ = p, Vj. Then, the optimized Schwarz
method is scalable for the solution of problem (1.7) with Dirichlet boundary conditions on
each F;, in the sense thatp(Tﬁ) =< C <1, independently of N for every p > 0.

Proof. We want to show that p(TIL\?) < C < 1 for every p > 0. To do so, we observe that
p(T) = p(My' Ny) = p(NNy M) < I[Ny My lloo. Direct calculations show that

NN My oo =

x ‘PYz(L—Yz)—L‘ 2p(L—7y2)* +|L+ (L-2y2)(L-y2)*p?|
py2(L=y2) +L|" (p(L—y2)+D(p(L—y2)y2—L)+L) |

The first term is clearly less than 1 for every p > 0. Considering the second term, we
distinguish two cases: if L+ (L—27y>) (L—)fz)2 p2 <0, then p > VL and the second

V2y2—L(L=Y2)
which is positive in the admissible range of p and strictly less
2p(L—y2)?+|L+(L=27,) (L-72)?p?| _

—1+(L-62)p
1I+@L—62)p

- . 2.2
than 1. Similarly, if L+ (L—2y2)(L—7Y2)“p~ = 0, then we have Py DT Cr T30 =
p(L-62)(2y,—L)-L

022627 -L < 1. Thus we conclude that INNMy oo < C, with C < 1 for every p >0
and independent of N. O

term simplifies to

We have shown that for a simplified DFN, the OSM is scalable for the solution of prob-
lem (1.7) with Dirichlet boundary conditions on the boundary of the fractures. We re-
mind that for one-dimensional chains of fixed size-subdomains, the OSM does not scale
[28]. What happens if we consider Neumann boundary conditions? Unfortunately, as one
could guess from the discussion in Section 3.1 and 8 of [28], the method does not scale
and thus the spectral radius of the iteration matrix tends to one as the number of frac-
tures increases. Imposing Neumann boundary conditions except on the left of the first
fracture and on the right of the last one, the general solution becomes

>N

e T1
L= x([O ya) + et x([y2, L)), (1.4.27)

" (10, y11) (CChr) e?’n”f —7)
e; = é 0, +
J x n Y2—71 Y2—71

X([Yl, L]). (1.4.28)

We can again obtain a recurrence relation v’ = TIJ\\,[ vl = M&l Nnv"~!, where the matrices
My Ny have the same structure of (1.4.25) and (1.4.26), but with blocks F; := p+ %, Fy:=
p+

1
1 7o_ Yz—)’l T —p__1 p=_1 F_gd=—p__-1_
p+L—Y1’F2 - p+ ¥ a=p Yz—%’b' Ym0 ¢ ad:=p (L=y1)*
Y2-71 (y2=7r1)

In Fig 1.8, we show how the spectral radii of 7% and T4 vary as the number of fractures
increases. We clearly observe that while the spectral radius of T Il\? remains bounded below

x([yl,yz])+e "y(ly2, L), j=2,..,N-1,
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Figure 1.8: Behaviour of the spectral radii of TII\:,’ and T}VV when increasing the number of
fractures. Parameters: L=1,y; =0.2 and y, = 0.6.
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Figure 1.9: Number of iterations to reach a tolerance of tol = 10710 a5 Nrop increases. The
DFN is made by 2003 fractures.

one, the spectral radius of TI{}] tends rapidly to one, indicating that we need a larger num-
ber of iterations to reach a fixed tolerance as N increases. This phenomenon has been
already explained in [28] and it is due to the fact that the constants require about N/2
iterations to start contracting in the fractures in the middle of the network, see Figure 3
in [28]. Fortunately, the situation is generally more favourable in realistic simulations.
First of all, every fracture which intersects the boundary of the cube/square, where the
fractures are generated, will have Dirichlet boundary conditions. Second, the number
of subdomains is generally less than N, since each subdomain will be composed by sev-
eral fractures. Therefore the convergence of the method will depend on the maximum
over the subdomains of the minimum distance between each subdomain and the Dirich-
let boundary. To imitate this behaviour, we simulate a one dimensional DFN which has
Neumann boundary conditions everywhere except on the first and last fracture. Then we
modify the DEN imposing Dirichlet boundary conditions every Nrop fractures. In Fig. 1.9,
we show how the convergence of the method depends on Nrop. A subdomain Q; such
that 0Q; NnT'p = @ is called “floating subdomain”. We conclude that the decomposition
of the DFN into subdomains should try to minimize the number of floating subdomains.
The use of a coarse level to obtain scalability even with Neumann boundary conditions is
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currently under study.

1.4.2.2 Optimization of the transmission conditions

The rate of convergence of OSMs depends strongly on the transmission conditions. There-
fore it is important to have good estimates of the parameters s . In the rest of the sub-
section, we derive optimized transmission conditions for two fractures and we show that
these optimized transmission conditions are very efficient in the many fracture case as
well.

We consider two fractures F; and F», and we suppose that on the two fractures we may
have discontinuous diffusion coefficients v; and v,. The OSM for the error equation is

n . n n : n
~v107,7,6; =0, in F;, e/ (0)=0 ~V20r,1,6, =0, in F,, e,(L)=0,
de del1 del) del 1
| +srel == ||| +sief onsy, || ||+t =—|| =
0‘[1 0‘[2 6‘[2 011

We now want to find the best parameters s7, s;’, to have the fastest convergence possible.
The general solutions are given by

>N Y

n elTl el(L_Tl)
ey = Y x([O,n]H—L y xUy2, LD, (1.4.29)
2 .
oo 8n ([0 ])+—ég(L_m (v, LD (1.4.30)
2 Vi XUY, 71 -1 x(y1, L), 4.

where the unknowns are the two coefficients &}’ and éJ'. Inserting these solutions in the
transmission conditions we obtain

VIL _ _ V2L _
AN An—1

L L
el (+—V2 +sf) =er ! (—Vl +sf).
Y1(L-61) Y2 (L—62)

Rescaling the index, one obtains &' = p(sl‘,sf,vl,vz)éf‘z and é} = p(sl‘,sf,vl,vz)ég‘z,

where
’V2L _ S_ V]L _ s+
. =51 ~ °1 [\ y-62) ~ 31
p(sy,87,v1,Vv2) = .
Nk - Vol o+
Y2@-62) " °1 )\ n@-6n T 1
- ot ; - _ opt _ vl
It follows from the structure of p(s;, s{",v1,v2) that if we chose s| = s, = SToeD and
sI“ = sf’()pt = }’Z(VLI——L52)’ we would have p(s;, sf, v1,Vv2) = 0. In other words we would have a

nilpotent method, i.e. a method which converges to the exact solution in a finite number
of steps, in this case two steps. We refer to [32] for a discussion about the nilpotent prop-
erty of some domain decomposition methods. We conclude this subsection showing that
the two fracture analysis can provide good estimates for the Robin parameters also in the
multifracture case. In Figure 1.10, we plot the spectral radius of T 1’\:,’ for 2,5,103 and 203
fractures with Dirichlet boundary conditions.

+S5 €
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Figure 1.10: Behaviour of the spectral radii of Tje when varying the Robin parameter p.
Parameters: L=1,y; =0.2, y, =0.6and vi =v, = 1.
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Figure 1.11: Geometry of a two dimensional fracture.

1.4.2.3 Asimplified 2-D model

In this section we consider the two dimensional extension of the 1D model. We suppose
that each fracture is a two dimensional plane which can be rotated and translated such
that it corresponds to Fig 1.11. The intersections between planes are called traces, de-
noted by S, and are straight segments crossing the whole fracture. On each fracture we
consider a local reference system of coordinates {7,72}. The coordinate 7, is perpen-
dicular to the traces while 7 is parallel. We consider the case in which all 28; represent
Dirichlet boundary conditions.

1.4.2.4 Convergence and scalability analysis

We work directly on the error equation. Under the geometry hypothesis, the error can be
expanded in Fourier series in each fracture, i.e. ej = 20:0 eéj(tr1, k) cos(%rg). The Fourier
coefficients &;(71, k) are obtained imposing the boundary conditions and the transmis-
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sion conditions. The general solutions can be written for k >0

T Ay ™ (10, ya]) + €1(K) mh(%u_m)x([y ) (1.4.31)
’ - - - _ 2 2’ ) . .
e Slnh(kL”Yz) P sinh (B2 (L~ )
sinh(*27;) sinh(¥2)(L-1})
611,k = 61" (k) ——L——((0,y1) + 8" () ——L———x([y, L] (1.4.32)
smh( ZLy1) smh(T(L—yg))

smh(’“I (y2—11) sinh(%Z (11— 1))

+[ b + 63" x({y1,y2D), j=2,..,N-
7 sinh(% (y, - 2 sinh(Z (y, - y1)) v
et k)=e (k)g ([0 ])+én(k)8inh(an(L_Tl)) ([y1, LD (1.4.33)
N N smh(Lyl) e N sinh(kT”(L—yl))X L o

while for k=0,
et A"(O)( -7T1)
1 ! yal) + —1

&"(11,0) = x([0,72 = x([y2, L), (1.4.34)

& (0)7 &) 2—7) &0 —71)
é"(11,0) = ——x([0,y1]) + + (Iy1,v2]) (1.4.35)
i v X Y1 I I XUY1,72

& OL-1)) o N

+L——')/2X([Y2’ ])) ] _2)~~') - 1)

()4 et (L-1pn)

&(11,0) = Ny—Nx([o,m) + NL—Nx(m,LD. (1.4.36)
) -
All’l

We remark that the unknowns é°" (k) are the values attained by the k-th mode of the
Fourier expansions at each trace. The Fourier expansion is generally truncated at kpyax =
Ny = %, where N}, is the number of discretization points on the traces. Indeed, the numer-
ical grid is only capable of representing a certain number of frequencies which depends
on the mesh size. Similarly to the 1D case, one can obtain recurrence relations which
link the Fourier coefficients of one fracture at iteration »n as functions of the Fourier co-
efficients of the neighbouring fractures at iteration n — 1. In particular for k = 0, vy :=

(éf(O),é;’"(O),ég’"(O),...,éN(O)) satisfies v{! = Tovl™!, where Ty is the matrix of the 1D

system with Dirichlet boundary conditions. For k > 0, we obtain instead v” = T2D (k)v"_l,
where T2D M, 1N2 p has the same block structure of the 1D case but w1th blocks deﬁned
as

IR N
coth(* (y,-y1)
p+coth(XZ(L—72)) + coth(*Z (y2 — 1))

p+coth(2Zy1) + coth(XZ (y, — y1)
Fg = 1

~ sinh(%Z (y,—y7)
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Figure 1.12: Behaviour of the spectral radii of the iteration matrix for OSMs applied to the
2D DEN. On the left with Dirichlet boundary conditions on the vertical edges and on the
right with Neumann boundary conditions everywhere. Parameters: L=1,y; =0.4,y, =0.8
and p = 20.

Fi:=p+ coth(kT”yg) + coth(k—L”(L —vY2))and Fy:=p+ coth(k—L”(L -Y1)) + Coth(kT”()q)). On
the other hand the coefficients of N, are

1
~sinh(X ¢y, —yp)’

k k
a:zp—coth(%yl)—coth(%(yg—yl)), b: (1.4.37)

k k k k
c:= p—coth(Tn(L—yg)) —COth(Tﬂ(Yg —yl)), d:= p—coth(Tﬂ(L—yg)) - coth(%(yg —yl)).

(1.4.38)

Fig 1.12 shows numerically that the OSM is scalable also for a 2D DFN with Dirichlet
boundary conditions. Observing that the frequency k = 0 behaves according to the 1D
analysis, one can easily guess that the OSM with Neumann boundary conditions on each
fracture except the first and last fracture does not scale. Repeating the calculations one
finds an iteration matrix T2” and Fig 1.12 confirms this intuition.

1.4.2.5 Optimization of the transmission conditions

We now analyse in more details the convergence behaviour of OSMs for two 2D fractures,
focusing on establishing optimized transmission conditions. We consider the problem

-viAel'=0, in F, el=00ndF -voAe) =0, in F,, e}(L)=0ondF,
de” del1 del del!
—L || +s7ef =~ 2 +speyt, onSy, || 2| +sier=—||=—]|+se
01, oty Ty 0ty

On the one hand, inserting the Fourier expansion into the transmission conditions and
defining

vokm vikn

(coth (k—ljtyg) + coth (k—Z(L - ’}fg))), folk) =

on S;.

k k
(coth (Tnyl) + coth (TH(L— }/1))) ,
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we obtain for k>0,

el (k) fo (k) + sy = —el (k) fi(R) + 57,
e k) fi(k) + sy = —el (k) fo (k) + s .

Rescaling the index we get é;?(k) =p(k, sy, s )e” 2(k), for k> 0,j = 1,2, where p(k, sy, s7) 1=
filtk)—=s7 folk)—sf
R®+s; fito+s
1D result, é7(0) = p1p(sy, s7)é~2(0) where

On the other hand, concerning the constant mode k = 0, we recover the

V2L - VlL _ ot
(YI_L 5T) Sl)(n(L—éz) sl)
(yg(L—(SZ) + 51_) (YI(L 5D "'51)

To derive optimized transmission conditions, we have to solve the min-max problem

p1p(sy,s7) =

m1n rnaX{pw(Sl,sl,), r[n%x ]p(k sl,sl)} (1.4.39)

sp,s) ERY »Kmax

To solve (1.4.39) we use some classical tools from the theory of OSMs. Guided by [95],
we set s = fi(p) and s{ = f>(p), for some p € R*. This ansatz allows us to rescale the
Robin parameters of the two fractures according to the physical properties of the problem
such as the diffusion coefficients v; and v,. We will see in Chapter 2 that rescaling the
parameters s; and s; permits to take advantage of heterogeneity, i.e. the OSM becomes
faster the more different v, and v, are. Moreover we remark that f;, j = 1,2 being positive
functions, we satisfy the constraint s;, s;” € R*. Hence we have simplified problem (1.4.39)
to

: , k, . 1.4.40
(o), s oo} a0

We now observe that p(k, p) is not defined at k = 0, since the hyperbolic cotangent has a

N . (st = ®) i =)
singularity. However we observe that limy_.q p(k, p) = ( ! 2

=pip(p).

vil voL
YZ(LI,,sz) +f1(P))(ﬁ +f2(P))

Thus we introduce the function p(k, p) = p(k, p) for k>0 and p(0, p) = p1p(p). Using this
result we can further simply the min-max problem to

min max p(k,p). (1.4.41)
PER™ k€0, kmax]

and we proof the following result.

Theorem 1.4.7. The solution of the min-max problem (1.4.41) is given by the unique p*
which satisfies p(0, p) = p(kmax, p)-

Proof. We first observe that both f; and f, are positive and increasing functions for k > 0,
while p(k, p) = 0 only if k = p. We compute the derivative with respect to p and we obtain

optk,p) _ (ilk) + L) (fa(p) = LN AWK + fa(p) f(p) + () (f2(0) + fi(p) (fi(p) - fi(k)
op (k) + fL(p)2(fL(k) + fo(p))? '
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Figure 1.13: Behaviour of the spectral radii of the T]e when varying the Robin parameter
p. Parameters: L=1,y; =0.2,y, =0.6and vi =v, =1

0p(k,p)
T. We

remark that if p > kpax then, Mé—’:;p) > 0 for all k € [0, kmax], and we are not at the opti-

where f]f( p) stands for the derivative of f; with respect to p. We set h(k, p) :=

mum. Thus we conclude that p € (0, kmax). For symmetry we have W = h(p, k), and
we conclude that the function is decreasing until k = p and then it is increasing until k =
kmax, hence the function has two local maxima located in k = 0 and k = kmay. Therefore,
MaXke [0,k ] 10 (K P)| = max{p(0, p), p(kmax, p)}. Now since apé—(;’p) >0 and %’f’p) <0
Vp € (0, kmax], by continuity the optimal p* satisfies p(0, p*) = p(kmax, p*). The unique-
ness of p* follows from the strict sign of apé—];’p) for k=0, kmax. O

In Figure 1.13 we plot the spectral radius of the iteration matrix for 2,5 and 103 fractures
as function of p. We remark that, as in the one dimensional case, the analysis for only two
fractures provides good estimates for the optimal parameters in the many fracture case.



CHAPTER 2

Heterogeneous optimized
Schwarz methods for Second

Order PDEs

"We begin with a few remarks concerning the choice of parameters (y;;): first
of all, it is possible to replace, say in the case m =2, A = A2 and pL = A1, by two
arbitrary constants,(...), or even by two proportional functions,(...), or even by
local or nonlocal operators(...)"

— Lions, On the Schwarz alternating method III: a variant for
nonoverlapping subdomains, 1990

Due to their property of convergence in the absence of overlap, optimized Schwarz meth-
ods (OSMs) are the natural domain decomposition framework for heterogeneous prob-
lems, where the spatial decomposition is provided by the multi-physics of the phenom-
ena. Their origins lie in the pioneering paper [126], in which Lions proposed a conver-
gent nonoverlapping algorithm using Robin transmission conditions. In a small para-
graph of [126], reported in the epigraph of this Chapter, Lions discusses briefly general-
izations of this method, using more general transmission conditions on the interfaces. It
is really incredible how seminal these few lines are and how much research derived from
them! Nowadays, there are standard procedures to obtain so called optimized transmis-
sion conditions. The problem of interest is posed in a simplified setting where one can
use the Fourier transform [74], for unbounded domains, or Fourier series expansion or
more generally separation of variables [100, 95], for bounded domains, to transform the
PDE into a set of ODEs parametrized by the frequencies k. Then, solving the ODEs and
using the transmission conditions, one can get a recursive relation for the Fourier coeffi-
cients and obtain a closed formula for the convergence factor which contains some free
parameters to optimize. The literature regarding OSMs for homogeneous problems is
well developed. Optimized transmission conditions have been obtained for many prob-
lems such as Helmholtz equations [91, 81], Maxwell equations [58, 121, 137], advection
diffusion problems [65, 95], Navier Stokes equations [12], shallow water equations [133]

43
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and Euler equations [62]. In all these works, homogeneous problems are analyzed, in the
sense that a unique physics is considered in the whole domain, and therefore the coupling
on the interfaces regards equations of the same nature. First attempts to generalize this
situation have been carried out in [131], [78], where Laplace equations with different dif-
fusion coefficients were considered, and in [60], which was devoted to Maxwell equations
with discontinuous coefficients. Let us remark that at least two possible interpretations of
heterogeneous domain decomposition methods exist. The first one concerns problems
where the same physical phenomenon is taking place in the whole domain, but it can
be convenient to use a cheaper approximation in some parts of the domain in order to
save computational resources. This might be the case in the presence of boundary lay-
ers, or for example in CFD simulations where a potential flow is used far away from the
zone of interest while the Navier-Stokes equations are fully solved near, for instance, an
aircraft. In this situation, good transmission conditions can be obtained through a fac-
torization approach, see [82] for further details. The second interpretation assumes that
two different physical phenomena are present in the domain and they interact through
an interface. In this case some physical coupling conditions must be satisfied along the
common interface, such as the continuity of the function and its normal derivative for
second order PDEs, or the continuity of normal stresses for fluid-structure problems. An
examples in this direction can be found in [102] where a partial optimization procedure
was carried out for a fluid-structure problem. For this kind of heterogeneous problems,
a domain decomposition approach can be extremely useful since it allows to reuse spe-
cific solvers designed for the different physical phenomena present in the domain. For
instance, one can use a finite volume solver where a strong advection is present while us-
ing a multigrid solver where diffusion dominates or an ad-hoc linear elasticity solver com-
bined with a CFD code for the Navier-Stokes equations. In this perspective, OSMs lead to a
significantly better convergence of the coupling routine with respect to other domain de-
composition algorithms ( e.g. Dirichlet-Neumann, Neumann-Neumann) since they take
into account the physical properties in their transmission conditions. We refer the inter-
ested reader to [122, 123] for the application of OSMs for the coupling of atmospheric and
oceanic computational simulation models. Optimized transmission conditions have also
been applied in time dependent PDEs [158] and in electrical circuits [85, 87, 86, 119].

This chapter is based on [97] and [96]. In these works we studied heterogeneous prob-
lems which arise from the coupling of second order PDEs. In [97], we focused on elliptic
PDEs and we proved theoretical results and asymptotic formulae both for single and dou-
ble sided optimizations. From our analysis, it follows that OSMs do not suffer from the
heterogeneity, it is the opposite, they are faster the stronger the heterogeneity is. It is even
possible to have i independent convergence choosing two independent Robin param-
eters. This property was proved for a Laplace equation with discontinous coefficients,
but only conjectured for more general couplings in [78]. We then focus on the coupling
between the Helmholtz equation and the Laplace equation [96]. In this case, the well-
possessedness of the problem is not obvious and thus we investigate it in detail. Then we
derive optimized transmission conditions. The last part of this Chapter aims to answer
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the question: what can we do if the theoretical analysis is not applicable to my case of
interest? Am I doomed to use other domain decomposition methods? No, actually you
are not. In fact, we show that using a technique called probing it is possible to obtain nu-
merically optimized transmission conditions for very complicated and general problems
in a inexpensive way.

2.1 Reaction Diffusion-Diffusion coupling

Let us consider two domains Q; := (—o00,0) x (0, L) and Q5 := (0, +oo) x (0, L) and the inter-
face I':= {0} x (0, L). In this Section we study a reaction-diffusion equation with discontin-
uous coefficients along the interface I',

M) -v@Au=f in Q 2.1.1)

where Q := Q; UQ», nz(x) = 172 =0 in Q; and n(x) = 0 in Qy, while v(x) = v; in Q; and
v(x) = v, in Qp, with v,v, € R*. Equation (2.1.1) is closed by homogeneous Dirichlet
boundary conditions on the horizontal edges and assuming xI—IHI u =0. The OSM for this
problem is -

M*—vidu] = fin Q, (V18 +S))(0,) = (va0x + S1) () )(0,),
—voAul = fin Qa, (V20x — S2)(u})(0,) = (vidx — So) (u™1)(0, ),

where S, j = 1,2 are linear operators along the interface I in the y direction. The goal is to
find which operators guarantee the best performance in terms of convergence speed. We
consider the error equation whose unknowns are e}’ := uj, — u;}', i = 1,2, and we expand
the solutions in the Fourier basis in the y direction, e? =Y key é? (x,k)sin(ky),i = 1,2 with
V= {%, ZT”, ...}. Moreover we suppose that the operator S; are diagonalizable, with eigen-
vectors ¥ (y) := sin(ky), such that Sjy = 0 j(k)y, where 0 j (k) are the eigenvalues of S ;.
Under these assumptions, we find that the coefficients &}’ satisty,

M = V10 +v1K2)(@)) = 0, keV, x<0,
(V105 +01(R) (@ 0,k) = (v20x+01(k)(@ 1) 0,k), ke, 2.1.2)
(—v20yx +Vv2kH (@) = 0, keV, x>0, o

(v20x — 02(k)(€})(0, k) (v10x—02(k) (@] 1)(0,k), keV.

Solving the two differential equations parametrized by k in (2.1.2), imposing that the solu-
tions remain bounded for x — +oo and defining A(k) := y/k? + 7 and y (k) := k, we obtain

er = o0, keVFTx=¢n0,k)eM* in Q, (2.1.3)

el = el0,ke* =62(0,k)e"®*  in Q, o
2

where ﬁz = Z—l The transmission conditions in (2.1.2) allow us to express the Fourier coef-

ficient at iteration 7 of the solution in one subdomain as function of the coefficient of the

solution in the other subdomain at the previous iteration n — 1, namely

—voy (k) +01(k)

a0k = oo

er10, k), (2.1.4)
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and AK) — 02 (K)

" Vi —02 an—1
eNo0,k)= ————=——2&"(0,k). (2.1.5)
2 —voy(k)—o2(k)

Combining (2.1.4) and (2.1.5) we get

—vay(k) +01(k)  viA(k) —02(k)

é1(0,k) = ViA(k) +o1(k)  —vay(k)—o2(k)

e 72(0, k).

By induction we deduce
&"(0,k) = p"el(0,k), &"(0,k) =p"é3(0,k),
where the convergence factor p is defined by

—vay(k) +01(k)  viA(k) —02(k)
vidk) +o1(k)  —vay(k) —oa(k)

p:=p(k,01,02) =

Expressing the dependence on the Fourier frequency k we get

—vok+01(k) V1\/k2+f]2—0'2(k)
vivk2+n2+o1(k) —vok—0a(k)

A closer inspection of (2.1.6) leads us to conclude that if we chose the operators S; such
that their eigenvalues are

oP'(k):=vak and o3P (k) :=viy/ k2 + 72, 2.1.7)

then we would have p = 0. In this case the algorithm would converge in just two iterations.
This option, even tough it is optimal, leads to non local operators S?pt, which correspond
to the Schur complements [136], and they are expensive from the computational point
of view. Indeed, the operator associated to the eigenvalues a(l)pt(k) := va k corresponds

p(k,01,02) = (2.1.6)

to the square root of the Laplacian on the interface T, i.e. S‘l)pt — v,(—Ar)? which is a
fractional and non local operator. The non-local property of S(l)p ' can also be understood
considering a discretization of the straight interface I and the discrete counterpart of S(l’pt,
Le STPi=va(-A,, 1)? where —A , ;, = Diag(~1,2, ~1) is the classical 1-D Laplacian. A direct
implementation shows that the matrix S(l)zt is dense. Even though the use of S(l)gt would
destroy the sparsity of the subdomain matrices, theoretically it could still be used as a
transmission condition and the method would then converge in two iterations. However,
the major drawback is that in general we do not know the operator S(;pt and therefore
we would have to assemble numerically the Schur complements. This is an operation
which requires the knowledge of the inverse of the subdomain operators and therefore it

is computationally expensive.

We thus look for classes of convenient transmission conditions which are amenable to
easy implementation, and then to find which transmission conditions among a specific
class lead to the best convergence factor. We consider here zeroth order approximations
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of the optimal operators in (2.1.7) which correspond to classical Robin conditions on the
interface. In order to get the best transmission conditions in terms of convergence speed,
we have to minimize the maximum of the convergence factor over all the frequencies
k. Defining 91,2, as the classes of transmission conditions, we are looking for a couple
(07,03) €D :=D x D, such that

(0},05)=argmin( max |p(k,01,02)]). (2.1.8)
(01,02)€D Kmin=k=kmax

The lower and upper bounds kmin, kmax depend on the problem under study: ki is
given by the Fourier expansion and here it is equal to kpnin = % The presence of kpin
in (2.1.8), is the “memory” that our problem has of the boundness of the domain. We
refer the interested reader to [76, 101, 100, 95] for more details on the influence of the
domain on OSMs. The upper bound k.« is instead the maximum frequency that can be
resolved by the grid and it is typically estimated as kmax = 7 where h is a measure of the
grid spacing.

2.1.1 Zeroth order single sided optimized transmission conditions

Let p be a free parameter, we define

o1(k) =vap, o2(k) =vi\/7?+ p?. (2.1.9)

We have made this choice because the optimal operators in (2.1.7) are clearly rescaled
according to the diffusion constants of the two subdomains and thus we imitate this be-
haviour. Furthermore we introduce the parameter 172 in the definition of o(k) in or-
der to make the problem amenable to analytical treatment. With this choice, we have
ojk) = a?p !(k) for k = p; in other words, for the frequency k = p, the transmission con-
ditions lead to an exact solver which converges in two iterations. The idea of introducing
free parameters such that the eigenvalues o (k) are identical to the optimal ones for a
certain frequency is essential, because as we will see in the following, it allows us to solve
the min-max problems which, for a generic choice of ¢ ;, are extremely hard to solve.

Inserting (2.1.9) into (2.1.6), the min-max problem (2.1.8) becomes

k—p VK> +7* —/p*+ 77

miﬂl}} max — — 7 , (2.1.10)
PER kmin<k<kmax k+ﬂ\/p +7 \/k +72+ 8
where A = 2. We define p(k, p) := kop | VKA p2+ﬁ2. We are now solving the

i k+Ay/p2+i? Vie+iz+

min-max problem (2.1.10). The main steps are the following:

* Restricting the range in which we are searching for p.

* Identifying the candidates for the maxima in the variable k.
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* Studying how the maxima behave when varying the parameter p.

Lemma 2.1.1 (Restriction for the interval of p). Ifp™* is a solution to problem (2.1.10) then
p* belongs to the interval [kmin, kmax] -

Proof. First we note that |p(k, p)| < |p(k,—p)| for every p = 0. Therefore we can assume
p* € R*. Moreover the function is always positive and equal to zero only for k = p. Thus

we can neglect the absolute value. Direct calculations show that apé—];’p) = h(k, p) where

(P - APG/K2 + 724+ k) (/P2 + 72 =/ K2 +TRIAG K2 + 721+ K)
ik, p) = + (2.1.11)
(k+ 44/ P2+ 7212,/ K2 +2A+ p)y [ p? +i72 (k+ 21/ p? +72) (/K2 + 721 + p)2
ap

We observe that if p* < kpyin then 3 p(k, p*) <0 for all k € [kmin, kmax], hence we are for
sure not at the optimum since increasing p* would decrease the convergence factor for
all the frequencies k € [kmin, kmax]-

On the other hand if p* > kpax then we have g—g(k, p*) > 0 Yk € [kmin, kmax]. Hence
we cannot be at the optimum either since decreasing p* would decrease p(k,p) Vk €
[kmin, kmax]. Thus we can conclude that if p* is a solution of (2.1.10), then p* lies in the
interval [kmin, Kmax!- O

Now we focus on the search of the maxima of p(p, k) with respect to k knowing that p €

[kmin, kmax] .

Lemma 2.1.2 (Local maxima in k). For any fixed value of p € [kmin, kmax], the function
k — p(k, p) assumes its maximum either at k = kmin or at k = kmax.

Proof. We consider the derivative of p(k, p) with respect to k and we recall that p(k, p)
is always positive so we may neglect the absolute value. Direct calculations show that
% = h(p, k). Thus considering (2.1.11) we have thatletting p € (kmin, kmax), g—i <0,Vk<p,
and g—z > 0,Vk > p. Therefore the maximum is attained on the boundary, either at k = kpin
or k = kmax.

On the other hand, if p = kmin, p(k, kmin) has azero in k = kpip. For all the other values of k
in the interval [kmin, kmax], the function is strictly increasing and therefore the maximum
is attained at k = kpmax. The case p = kpa is identical and hence the result follows. O

We now have all the ingredients to solve the min-max problem (2.1.10).

Theorem 2.1.3. The unique optimized Robin parameter p* solving the min-max problem
(2.1.10) is given by the unique root of the non linear equation

lo (Kmin, P)| = 10 (kmax, p ). (2.1.12)
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Figure 2.1: Illustration of the equioscillation property described in Theorem 2.1.3.

Proof. From the previous lemmas, we know that we can rewrite problem (2.1.10) as

pE[’CIriliiT}Cmax] max{p(kmin» P), p(kmaxr p)} ’

i.e. the maximum is either attained at k = ki Or k = kmax. We now show that the optimal
p* satisfies a classical equioscillation property [150], see Fig 2.1 for a graphical represen-
tation. We first note that p(kmin, p) = 0 for p = knin, and w > 0,Vp € (kmin, kmax]-
Therefore increasing p, p(kmin, p) strictly increases until it reaches its maximum value
for p = kmax. On the other hand, we have that p(kmax, kmin) is strictly greater than zero,
and while p increases from kpin t0 kmax, 0 (kmax, p) decreases, because %’;’“m <0,Vpe
[kmin, kmax)- Furthermore we have that p(kmax, Kmax) = 0.

Hence, thanks to the strict monotonicity of both p(kmin, p) and p(kmax, p), there exists by
continuity a unique value p* such that p(kmin, p*) = p(kmax, p*)- This value is clearly the
optimum, because perturbing p* would increase the value of p at one of the two extrema
and therefore the maximum of p over all k. O

Even though a closed form solution of (2.1.12) is not known, it is interesting to study

asymptotically how the algorithm performs. Therefore we keep v, v» and 7? fixed, and

kmax = 7 while letting 7 — 0. We introduce the notation f(h) ~ g(h) as h — 0 if and only if
fh)

}ll_r{'(l)m =1.

Theorem2.1.4. LetD :=/ krzni L+ 172, Thenifvy,va, % are kept fixed, kmax=% and h is small
enough, then the optimized Robin parameter p* is given by

D .
p*~C-h2, c:=ﬁ%. 2.1.13)

Furthermore the asymptotic convergence factor of the heterogeneous OSM is

D D . .
max _|p(k, p*)l ~1- 1} ’L—+_+kmm+@]

—_— 2.1.14
kmin<k=m/h cC C AC C ( )
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Proof. We make the ansatz p = C-h~% in the equation (2.1.12). Expanding for small k, we
get that

kmin, P)| ~1—-h% | —+
|0 (kmin, p) cTctac T e

AD 2 4 kmin kmin]

On the other hand,

AC 2C C
|p(kmaXy P)| ~1- hl_a [7 +

n o Am

Comparing the first two terms we get the result. O

Remark 2.1.5. Note that if we set > = 0, then we recover the results for the coupling of
two Laplace equations with different diffusion constants, see [78]. In that case,

1 kmin
~1-pzy| 220
p T

Moreover we have that the convergence factor (2.1.14) satisfies for A = % — 00, |pl~1-

A+1)2
A

’ p* =V kmjnnh_%.

1 1 .
hi/l\/% and for A — 0, [p| ~1— hi% % On the other hand as ) — oo we have |p| ~
3
_ ) a2
1-h2/7 NI 1
of the asymptotic term h2 becomes larger, therefore the deterioration is slower and the
method is more efficient.

It follows that for all strong heterogeneity limits, the constant in front

2.1.2 Zeroth order two sided optimized transmission conditions

Let us consider now the more general case for Robin transmission conditions, with two
free parameters p and q such that the operators S; have eigenvalues

o1(k)=vap, 02(k)=vi\/g*+ 7.

We remark that o (k) is exact for the frequency k = p while o, (k) is exact for frequency
k = q. Therefore from (2.1.6) we deduce the method converges in two iterations for two
frequencies. Letting again A = Z—;, we get

(k=YK +7? =/ q? +7?)
(k+AV @+ +72 + 5)

min max |p(k,p,g)l=min max . (2.1.15)

P9 kmin<k<kmax P4 kmin<k<kmax

Following the same philosophy of the previous section, we start restricting the range in
which we need to search for the parameters p and g. Then we focus on the maxima with
respect to k and finally we analyse how these maxima behave with respect to p and q.

Lemma 2.1.6 (Restriction for the interval of p, q). If the couple (p*,q*) is a solution to
the min-max problem (2.1.15), then we have that both p* and q* belong to the interval

[kmin; kmax] .
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Proof. For p >0, we observe that |[p(k, p, q]) < |p(k,—p, q)| and q is always squared so we
can restrict both parameters to be positive without loss of generality. Next we consider
the partial derivatives of |p| with respect to p and g:

; M)__- _ ; (M)__- _
s1gn(ap = —sign(k—p), sign 3q = —sign(k - q). (2.1.16)

Repeating the same argument of Lemma 2.1.1, we conclude that we are not at the opti-
mum unless both p and g belong to [kmin, kmax]- O
Next we analyse the behaviour of |p(k, p, g)| with respect to the variable k.

Lemma 2.1.7 (Local maxima in k). For p, q € [kmin, kmax!,

max  |p(k, p, @)l = max{|p(kmin, P, 1, 10K, p, D1, 10 kinax> P> D1},

kminSkSkmax
where k is an interior maximum between [min( p,q),max(p, q)l.
Proof. We first observe that |p(k, p, g)| has two zeros, one at k = p and the other at k = g.

Next we consider the derivative of p(k, p, q) with respect to k, and assuming that p # ql
we get,

dptk,p,q) WK+ =@+ )+ (VK2 + 72 + %)(Mq2+ﬁ2+p)+
ok D(k, p)

(2.1.17)
L k- Pk + AV @+ k(E +V/ @ +72)
D(k, p) '

The denominator D(k, p) is always positive. Now we consider the two cases in which k <

min(p, g) and k > max(p, q): in both we have that p(k, p, g) > 0, and analyzing equation

(2.1.17) we conclude that for k < min(p, q), 6’0((3’;”9) < 0 and for k > max(p, q), g—,’z > 0. Hence

by continuity of d;p(k, p), there exits at least one E, which is a local minimum of p(k, p)
and a local maximum for |p(k, p)| see Fig. 2.2, such that 0;p = 0, and all of them lie in the
interval [min(p, q), max(p, g)] for p and q fixed. Now we prove that the interior maximum
isunique. Indeed the interior maxima for |p (k, p, q)| are given by the roots of the equation
0rp(k, p) = 0 which corresponds to

2472 — /P2 1 2 k—n)k
VP +P - VP + k2 (k-p) 2.1.18)

K+ AVP+q (AR +p) VR

First we suppose that p < k < g. Then we have that the left hand side of (2.1.18) is positive
in k = p, it is strictly decreasing in k, and it reaches zero at k = q. The right hand side

1f p = g we are considering the optimization problem discussed in the previous subsection.
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Figure 2.2: The left panel shows an example of the convergence factor with its three local
maxima localized at k = kpin, kK = kmax and k = k. On the right we summarizes how these
local maxima behave as function of p and q.

of (2.1.18) instead starts from zero and it is strictly increasing. We conclude that there
is a unique point k such that the two sides are equal and hence a unique interior maxi-
mum £ for | p(k,p,q)l. If instead g < k < p, changing the sign of (2.1.18) and dividing by
k/+/k?+1?, the right hand side is strictly decreasing while the left hand side, computing
the derivative, is strictly increasing and hence the same conclusion holds.

We may conclude that the function assumes its maximum either at the interior point &,
or at the boundaries of the interval, i.e. kmin, Kmax- O

In the next lemma we prove that the end points kpin and kmax satisfy an equioscillation
property as in the previous case of a single parameter p.

Lemma 2.1.8 (Equioscillation at the end points). The optimized convergence factor|p(k, p, q)|
must satisfy equioscillation at the endpoints, i.e.

|p(km1ny P*»q*” = |P(kmax;p*y q*)|~

Proof. We study how |p (kuin, p, @)1, |0k, p, @)| and | p (kmax, p, )| behave as p, g vary and
we show that if we do not have equioscillation at the boundary points, we can always im-
prove the convergence factor until equioscillation is reached. Taking into account (2.1.16)
we have for every p, g € [kmin, kmax]

6|P(kmmyp»¢ﬂ| >0’ 6|P(km1n»p;Q)| >0,
ap aq
0|P(kmax»p»q)| <0, 0|P(kmax,p, 9l <0.
op 0q
In other words, increasing independently p, qincreases [p( kmin, p, )| and decreases | p (kmax, P> G)|-
We now compute the total derivative of |p(k, p, g)| with respect to p and g, which since
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we have aklp(% p,q)| =0, corresponds to the partial derivative with respect to the two ar-
|p(kpq)| dlpk,p,q)|
37 and 34

guments. One then finds that the sign of depends on the position

of k with respect to p and g. Indeed it holds

dlp(k, p, q)|

dlp(k, p,
sign(—m( P9 3q

op ) = sign(qg — k).

) =sign(p — k), sign (
The right panel of Fig. 2.2 summarizes the dependence of the local maxima with respect to
p and g. Let us suppose that p < g, g fixed, and | p (kmin, p, 9)| < 10 (kmax, P> g)|. The other
cases are treated similarly. We do not make any assumptions on the value of Ip(%, Dl
Now if we increase p we decrease max{|p (kmin, p, 91,10k, p, @)1, 10 (kmax, P, @)1} as long as
| (kmin, P, @1 < 1p(kmax, p, @) and p < q. If |p(kmin, P, )] = |0(kmax, p, q)| for a certain
p < g, then we obtain the desired result since we have improved uniformly the conver-
gence factor. Suppose instead that when p = ¢, and therefore | p(%, p,q)| =0, we still
have |p(kmin, p, @)| < |p(kmax, P, g)|. Thus the convergence factor is equal to | p (kmax, P, 9)1-
We now set up a process which improves max . .. 110(k, p, q)| until we get equioscilla-
tion at the boundary points. As long as |p(kmin, p, )| < |p(kmax, p, 9)I, we increase p > g
until [p(k, p, @) < |p(kmax, P, ). When we reach |p(k, p, ¢)| = |p(kmax, p» §)], We then in-
crease g until g = p. If while increasing g we still have |p(kmin, p, @)1 < |p(kmax, P, @)1,
then we repeat the process. Continuing this process, we must reach equioscillation at
some point by continuity since when p approaches kmax, we must have | p (kmin, kmax, §)1 >
|0 (kmax, kmax, )| = 0. At the same time we improved surely the convergence factor since,
in spite of the initial value of | p(%, p, )|, wehave thatmax_. . 110k, p, @) < |p(kmax, P, )]
which is decreasing along the process. O

We now have enough tools and insights to prove the main results of this subsection:

Theorem 2.1.9. There are two pairs of parameters (py, qy) and (p3, q, ) such that we obtain
equioscillation between all the three local maxima,

|o(Kmin, P}, 471 = 10 (kmax, P}, a7)1 = lp ke, p}, a1 j=1,2, (2.1.19)
The optimal pair of parameters is the one which realizes the

min kmin, P35, g3 2.1.20
(p;f.q;f),jzl,z'p( min, P> 4;)| ( )

Proof. Let us define Fi(p, q) := p(kmin, p,q) and F»>(p, q) := p(kmax, P> q). Due to Lemma
2.1.8, we know that there exist values (p, q) such that F := |F; (p, q)| - |F2(p, q)| = 0. We can
thus express one parameter, for example g, as a function of the other one, i.e. g = g(p).
Although the expression is too complicated to be used for analytical computations, we are
able to infer about the structure of g(p). First of all we can state that q(p = kmin) = Kmax
since |F} (Kmin, (kmin))| = 0 implies that | F» (kmin, ¢ (kmin)| = 0 but then the only choice
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possible is G(kmin) = kmax. Similarly we have g(kmax) = kmin. We next use implicit differ-
entiation to infer about the behaviour of g with respect to p.
Following classical arguments we have that, since F(p, g(p)) =0,

_dF(p.qp) _ dFi(p,q(p) =~ dFa(p.q(p) _OF ~0F, OF ~0F, ,

0 )
dp ap o oq 17
and therefore
0F, _ 0F
ap 0
q'(p) = 55—k 2.1.21)
g  0q

Analyzing the sign of each term, we conclude that ¢'(p) <0 Vp € (kmin, kmax). Therefore
we state that g(p) is a strictly decreasing function which starts from q(p = kmin) = kmax
and reaches its minimum at g(kmax) = kmin-

Now we have only one free parameter p, since g is constrained to vary such that the
equioscillation between the end points is achieved, thus we look for values of p such that
we obtain equioscillation between kp,i, and the interior maximum k.

Let us first study how F(p, q) := p(E, p,q(p)) behaves while p varies. As long as p < k<
q(p), we have

Sign(OIF(;;,Z(p))I

S@%MHggwm

) = sign(\/q(p)2 +72 - \/752 +7?2) -sign(F(p, q(p)) <0,
) =sign(p - k) - sign(F(p, q(p)) > 0.

Then, keeping in mind the g'(p) <0, F( p, q(p)) is strictly decreasing for all the values of p
such that p< k< q(p),

dIF(p,q(p)| _ 3IF(p,q(p)| , IF(p,q(p)I

!/
0.
dp ap ag 1)<
Similarly it is straightforward to verify that for g(p) < k< p
d|F(p, dIF(p, dIF(p,
\E(p, q(p))| _ 0lE(p, q(p))] N |F(p, q(p))l -4 (p) >0,

dp op oq
Moreover we have that for p = k= q(p), |E(p,q(p))| =0 and w =0.
Focusing next on |F; (p, q(p))| we can state that, neglecting the sign(F; (p, g(p))), because
it is always positive or zero, the derivatives at the left and right boundary extrema are
equal to

d|F1(kmin, kmax)' _ a|F1 (kmin; kmax)| " a|F1(k7min» kmax)| 4 — a|Fl(kmin, kmax)| -

0,
dp op 3q 7P op

and

d|F1(kmax, kmin)' _ 6|F1 (kmax» kmin)| a|F1(k7ma>0 kmin)| / _ au'—"l(kmax, kmin)|
= + q(p)= <

0.
dp op aq op
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So for values of p in a right neighbourhood of p = kmin, |F1(p, q(p))| increases, while
for values of p in a left neighbourhood of p = knax, |F1(p, g(p))| decreases. Using the
monotonicity of |F(k, p, q(p))| and the fact that when k = p = q(p), |F(k, p,q(p))| = 0,
while |F(kmin, p, 4(p))| > 0, we conclude that there exists at least one pair (p, g) such that
|F(kmin, P, 4(p)| = |F(k, p, g(p))].

We still have to prove that actually there exist only two couples (pj, g;) such that equioscil-
lation is achieved. Indeed, if we imagine that |F;(p, g(p))| had a certain behaviour, for
example it oscillates, then we might have more than two pairs. Nevertheless we show that
|F1(p, q(p))| has a unique local maximum for p € [kpin, kmax] SO that only two equioscilla-
tions are allowed among all the three local maxima: one while Iﬁ (p, g(p))| decreases, the
other one for increasing |F(p, g(p))|.

To do so, we consider ‘Ml(s—’;(p))' again and substitute (2.1.21),

OF OF, 0F, OF
d|F1(p,q(p))I_ dqg JOp dq OJp
dp B OF,  OF, '

0q 0q

The zeros of the derivative are given by the non linear equation

/12 =2
kmin +7° +

(P Kinin) O g + 712 =[R2+ ) V2L =

V kmax+ 2 2
kmin+1\/ 6]2+7~72

(Kinax = p) (\/‘72 77 \/krznin ) —
kmax + A4/ 2 + 72
It is sufficient to observe that the left hand side starts from 0 and it is strictly increasing in
p, while the right hand side starts from a positive value, it decreases with p and it reaches
0 for p = kmax- So the equation admits only one solution and therefore the local maximum
with respect to p of |F; (p, g(p))| is unique. The solution to the min-max problem (2.1.15)
is the pair of parameters (p*, g*) which allows equioscillation among the three local max-
ima and realizes (2.1.20). Every other pair of parameter would led to the increase of at
least one of the local maxima and therefore of the maximum of |p| over k. O

SRESS

In [78], the authors proved a similar result for the Laplace equation with discontinuous
coefficients without the presence of the further optimality condition (2.1.20). Their result
was based on the possibility to restrict the interval of interest for the parameters to p < g
or g < p according to the value of A. In the present case this is not possible because of
the presence of 7?> which breaks the symmetry of the convergence factor. Therefore we
cannot discard a priori one of the two possible equioscillations and the further condition
(2.1.20) must be added. Nevertheless in the asymptotic regime for 7 — 0 and kpax — 00,
the next result allows us to clearly choose the optimal pair as a function of A, recovering
the property of the results for the simplified situation treated in [78].
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Theorem 2.1.10. Let D :=/ kIZn . +11?. Then if the physical parameters ?,v1, vz are fixed,
kmax = 7 and h goes to zero, the optimized two-sided Robin parameters are for L = 1,

AMkgin+D) _ 220+ AD+kmin) A* /7 (kmin+ D) i

*
Py~ TAA-1)3
— — 2(1 2\/ min D -1
q; ~ "G h + - +)L2)/1(/17_[(1’; B ps, (2.1.22)
1 2V20+A)/(kmin+D) 5 1
maxg, . <k<n/h |0k, pf: qik)l 21~ VIA(A-1) h2,

and for A <1 we have

2./ .
p; . %777(1 _A«)h_l + \/i(l"'/l) ”(D"'kmm) hié,

2(1-1)
2
D+kin =2 2V2(D+kmin)* A+ AD+kmin) 7,1
g~ (f)_ _ min)_py5, (2.1.23)
2 1= A=) /7D + o)/ 2 Emin 2
2V2AA+ M)V (kmin+D) ; 1
maxg, . <k<z/h |0k, P;, q;” ~A- V-1 h.

Proof. Guided by numerical experiments, for A > 1 we make the ansatz p ~ C), + Ahz,
qg~Qh '+ Bh_%, and k = Ckh‘%. First of all considering the equation dp(k, p,q) = 0,
we find setting to zero the first non zero term Cy = \/C, - Q. Inserting this into (2.1.19)
and comparing the two leading terms, we get the result. Similarly for A < 1, we make the

ansatz p ~ C,h™! +Ah™2, g ~ Q+ Bh? and k = Cth™2 and we get Cy = \/ Cpv/ Q% +172.

Substituting and matching the leading order terms we obtain the result. O

If we set f)? = 0, then D = ki, and we recover the results of [78]. Note that in contrast
to the one sided case, the convergence factor does not deteriorate to 1 as h — 0, but it is
bounded either by % if A=1o0rbyAif A <1, sowe obtain a non-overlapping OSM that
converges independently of the mesh size h. We emphasize that the heterogeneity makes
the method faster instead of presenting a difficulty. A heuristic explanation is that the
heterogeneity tends to decouple the problems, making them less dependent one from
the other. In contrast with other domain decomposition methods, OSMs can be tuned
according to the physics and therefore they can benefit from this decoupling.

2.2 Advection Reaction Diffusion-Reaction Diffusion coupling

In this Section, we consider the domain decomposition described at the beginning of Sec-
tion 2.1. In Q; we have a reaction diffusion equation, while in Q, we have an advection
reaction diffusion equation. We allow the reaction and diffusion coefficients to be differ-
ent among the subdomains. The OSM reads

(n%—le)u{l = f, in Qi
(V10 +SDW0,-) = (v20x—a- (1,007 +S) () )0,
(n§+a-V—v2A)u§l = f, in Q,
(v20x—a- (1,007 =$)5)(0,) = (10x—S) (] )00,

(2.2.1)
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where a = (a1, a») . The additional term in the transmission conditions arises from the
conservation of the flux in divergence form, see Chapter 6 in [139]. We first suppose
ap = 0. Then we can solve the error equations in the subdomains through separation
of variables and we obtain e}’ =} ¢y €' sin(ky), i = 1,2, where

m
é{l(k'x)ZA”(k)emx el (k, x) = B"(k)et-®~,
and A_(k):= < @ +4v2 k2 +4von?

2V,

. Inserting e;, e, into the transmission conditions we get

V\/Zl K2A™ (k) +01(k) A" (k) = vaA_ (k) B" Y (k) — ay B" Y (k) + o1 (k) B" 1 (k),
1

vZA_(k)B”(k)—alB"(k)—az(k)B”(k)=m/zl +k2A" (k) — 02 (k) A" (k).
1

The convergence factor is therefore given by

Vod_(k)— a1 +o1(k) V1V fl% +k?—0,(k)
vi\/T§ + k% + 01 (k) VoA (k) — a1 —02(k)’

where 171 "1 . We rewrite A_(k) as A_(k) = —Vk? + 62 with 6% = al —2 Using the
dependence on k, the convergence factor becomes

N8+ L —gy (k) V1T k2 —02(k)
v1\/fm+01(k) vaViZ+ 82+ G +0a(k)

We can define two optimal operators S;?pt associated to the eigenvalues ocl’pt(k) =voVEk2+ 6%+

P(k»UI;UZ) =

plk,01,02) =

and UOpt(k) =V K2+ fﬁ which lead to convergence in just two iterations.

2.2.1 Zeroth order single sided optimized transmission conditions

Following the strategy of the previous section, we choose o1 (k),o2(k) so that they coin-
cide with the optimal choice for the frequency k = p, i.e. g1(k) = vo\/p?>+62 + % and

o2(k) =vi\/p*+ fﬁ. Defining A := :—;, the convergence factor becomes

k2 +175 —\/ p? + 17 2102 — /02152
p(k,p) = \/ : \/ l VIO -V : (2.2.2)

V(IS ) o[ e AR (Vo )

Theorem 2.2.1. The unique optimized Robin parameter p* solving the min-max problem

min  max |p(k, p)l,
PER km1n<k5kmax
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is given by the unique root of the non linear equation

|P(l9*; kmin)l = |P(P*; kmax)|.

Proof. The proof is very similar to the proof of Theorem 2.1.3, therefore we just sketch

the main steps. We start observing that p(k, p) has only one zero located at k = p and

p(k,p) >0 Vk,p. Thus we may neglect the absolute value. Analysing the derivative with
respect to p, we find

op(k,

sign(%) = —sign(k — p).

ap(k p) ap(k p)

This implies that >0if k< pand < 0if k> p. We conclude that p must lie

in the interval [kmm, maX]. Similarly the derlvatlve with respect to k satisfies % gfcp <0if
k < p and ap (k 2 s0ifk> p. Hence, the local maxima with respect to k are located at the
boundary pomts k = kmin and k = kmax. Repeating the final argument of Theorem 2.1.3

we get the result. O
Since a closed form formula is again not available, we study the asymptotic behaviour for
the optimal parameter p* when taking finer and finer meshes.

Theorem 2.2.2. If the physical parameters are fixed, kmax=7, and h is small enough, then
the optimized Robin parameter p* satisfies

\/vz (/1+1)Jr(2\/klznm+n%/11/2+2\/k2 +62vz—a1)

V2vy (A+1)

1
p*~Cq-h72,Cy=
Furthermore the asymptotic convergence factor is

max |p(k,p*)| ~1-h? (

C,(A+1)? )
Kkmin<k=<m/h

An

Proof. We insert the ansatz p = C,- h~% into the equation (2.1.12). Expanding for small £,
we get that

Ca A+1)?

P(P, kmin) ~1- ha (aT) .

On the other hand,

a+l 1(/14_1)( zm/le_z\/kim52V2+al)

CaVZ/l

P(P» kmax) ~1+h~

Comparing the first two terms we get the result. O
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2.2.2 Zeroth order two sided optimized transmission conditions

In this paragraph we generalize the previous transmission conditions, introducing an-
other degree of freedom q. The operators S; are such that their eigenvalues are

O'1(k)=V2\/6]2+62+%, UZ(k)=V1\/ PZ‘Hﬁ»

and the convergence factor becomes

\/k2+7~7%_\/l)2+'f7% \/k2+52—\/q2+62
%(m+%)+\/p2+ﬁ% A\/kZ_}_ﬁ%_l_(\/m_i_Zale)
In order to prove a similar result as in Theorem 2.1.9, we suppose that #; = 0, i.e. only dif-

fusion is present in Q,, and a; > 0, i.e. the advection flux is pointing into the subdomain
Q.

plk,p) =

Theorem 2.2.3. There are two pairs of parameters (py, qy) and (p;, q;) such that we ob-
tain equioscillation between all the three local maxima located at the boundary extrema
kmin, kmax and at the interior point k,

The optimal pair of parameters is the one which realizes the

min |p(kmin»pf;q%)|-
(P},a7),j=12 I

Proof. Similarly to the proof of Theorem 2.1.9, we observe that the function admits two
zeros, one located at k = p, the other at k = g due to the choice of the transmission oper-
ators. Computing the derivatives with respect to p and q we get

0
sign(al—zl) = —sign(p) - sign(k — q) = —sign(k — p),
. Olpl . . .
mgn(a) = —sign(p) - sign(k — p) = —sign(k — q).

We conclude that, at the optimum, both p and g lie in [kmin, kmax], i-e. the function at
the optimum has two zeros in the interval. Now we study the behaviour with respect to
k. Computing the derivative with respect to k, we find that the potential local maxima are
given by the roots of

Vo2+k2—\/6%+q> p-k
k(?lk+\/q2+62+2“712) ‘/k2+52(p/1+~/k2+62+2“712)'
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p—k
(PA+VEE+6%+a1 /1 (2v,))
has a monotonic behaviour with respect to k is that a; > 0. Letting p, g in [kmin, kmax], we

have that the local maxima of the function are located at kuin, kmax, k. Moreover we have

With some algebraic manipulations, we find that a sufficient condition such that

odlpl alpl

N lk=kni 0) K lk=kuy; 07

ap =k > 3q le=komin >

dlpl dlpl

2 lk=kipax <05 Sl k= ke < 05 (2.2.3)
op dq

dlpl alpl

%lk:%<0’ Wlk:E>0.

We can thus repeat the same arguments as in the proof of Theorem 2.1.9 since all steps are
now exclusively based on the sign of the partial derivatives with respect to the parameters,
see (2.2.3), and the result follows. O

Theorem 2.2.4. Let D := ‘/krznin +62. If the physical parameters ﬁ%,vl,vz, ay are fixed,
kmax = 7 and h goes to zero, the optimized two-sided Robin parameters are for A = 1,

1 1 1
p; ~Pih '+ E\h™z, g ~ Qi - Fihz, max  [p(k, p},q)l ~ A~ ﬁ;fﬁ;)lz)hi,
min= Sﬁ
with
T(A—1) D+kmin+a—1;L
1:= 21 s Ql::\j—lzvz_az,
1-3
. (2(P11/6% +QF + CH)(A+ 1)va + Pray) (AP + m)?
b 2A2P1v,Cpt(A+ 1) ’
Fo 2(P1/6% + Q% + CH) (A +1)va + Prar) 2va (Akmin + /6% + Q%) +a1)2\/62+Qf’

422 P\v5C Q1 (2v2 (Akmin + D) + a1)

\/Pl(Z\ [6%+Q?vo(A+1) + ar)
Cy = .
g V2vo(A+1)

and forA <1,

1 BATO+D) L

1 1
p, ~P,—Ehz, q; ~Qh '+Fh™2, max . lo(k, p5,q;5)| ~ Ut O

min SK= I
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with
, _ D+ kmin + 557 _ -1
2 -2 T2
((A+1)(D? + P,Q2)Va + “52) 2V, (AP, + D) + a1)?
2 2v2D}, Qs (2kiminAva +2v2 D + ay) ’
. Vit 1\/(D+ Kimin) (A +1) + £ /(31— 1)2
. V2(1-12) ’
D e VQRPv A+ D + @)
hi= .
V2Vva(A+1)
Proof. The proof follows the same steps as in the proof of Theorem 2.1.10. O

2.2.3 Advection tangential to the interface

In the previous section we restricted our study to the case of advection normal to the in-
terface. Here we consider the other relevant physical case, namely advection tangential
to the interface, so that a; =0 and a, # 0 in (2.2.1). For homogeneous problems, this case
has been studied through Fourier transform in unbouded domains, see for instance [64].
However, in [95] we have shown that for homogeneous problems with tangential advec-
tion this procedure does not yield efficient optimized parameters. The reason behind this
failure lies in the separation of variables technique which applied to the error equation,

(n% -viAel! = 0, in Q,
(v10x+S1)(€N(0,)) = (v20x+S1)(ey H(0,),
M5+ a0y —v2A)ey = 0, in Qp,
(v20x—S$2)(€N(0,)) = (vidx—S2) (e} H(0,),

leads to

ay
el=Y &70,keM P sin(ky) and e =Y &7(0, ke 2Pe sin(ky),  (2.2.5)
kev kev

_ VIR 2 ]
where 11 (k) = v/ k? + 171, A2 (k) = anhn? = Z—j Since the functions 9 (y) :=

sin(ky) and ¢ (y) := e% sin(ky) are not orthogonal, it is not possible to get a recurrence
relation which expresses é;.’ (0, k) only as a function of é;."z(O, k) for each k and j = 1,2.
Nevertheless, we propose a more general approach. First let us define two scalar prod-
ucts, the classical L? scalar product and the weighted scalar product

xRy

2 2 _ @y
<f,g>=szgdy, <f,g>w=szge 2 dy.
T r

Itfollows that (w g,y ;) = 6, j and Pk, Pj)w = O, j. Setting Sy := voda(p) I and Sz := viA1(q) ]
for p, g € R and inserting the expansions (2.2.5) into the transmission conditions of (2.2.4)
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we obtain
+00 +00
21 é{l(O, DAL () +vado(P)yi(y) = IZ é;"l 0, D) (=vaAda(D) +vada(p)) i (1),
i= =1

=1 =1 (2.2.6)
L 0DV A0 - vih@)hi0) = L &7 0 DM D -vih@)wi).
=1 i=

We truncate the expansions for i,/ > N, since higher frequencies are not represented by
the numerical grid, and we project the first equation onto . with respect the scalar prod-
uct (-,-) and the second one onto ¢ ; with respect to the weighted scalar product -, -),

N
e (0, k) (viA1 (k) +v2A2(p)) = Zég_l(O,l)(—Vz/lz(l)+V2/12(P))(1//k,¢>1),

e (2.2.7)
70, )(=v2A2(j) —vidi1(q)) = glé{kl((),i)(vlﬂl(i)—V1/11(q))(¢j,1l/i>w-

Defining now the vectors e;.l € RN such that (e;’),- = é;? (0, 1) for j = 1,2, the matrices Vj ; :=
(Wi, ), Wji :={$j,¥i)wand the diagonal matrices (D1) 1,1 := (=v2A2(D+v242(p)), (D)kk:
(viA1(k) +v2A2(p)), (D2) ;i := (viA1 (@) —viA1(g)), (D2)j,j := (=v2A2(j) —v1A1(q)), we ob-
tain,

no _ D—l VD n—l,
e}l _ &4 1e2n—1 (2.2.8)
e/ = D;'WDye!!,
which implies
el =D;'VDD;'WDye! ? and e} = D,'WD,D;' VD, el 2. (2.2.9)

Since for two given matrices A, B the spectral radius satisfies p(AB) = p(BA), we conclude
that p(D;'VD1D;'WD,) = p(D;'WD, D' VD) and therefore, in order to accelerate the
method, we are interested in the minimization problem

min p((D;' VD, D;'WD,)(p, q)). (2.2.10)
p,qeR

Remark 2.2.5. Problem (2.2.10) does not have a closed formula solution. However in the
next subsection we show its efficiency by solving numerically the minimization problem.
For these cases where the theoretical analysis falls short without providing any good es-
timates, in subsection 2.5 we discuss a cheap and reliable numerical procedure to find
optimized transmission conditions.

Remark?2.2.6. Equation (2.2.10) is a straight generalization of the min-max problem (2.1.8).
Indeed, assuming that the functions v and ¢; are orthogonal, the matrices V and W are
the identity matrix. Therefore equation (2.2.9) simplifies to e}’ = De’f‘2 and e} = Deg_z,

. R . ~ _ VQAz(k)—Vg/lz(p) V]]L](k)_lel(q) . . _
where the d1e‘1gonal matru‘( D sat‘lsﬁe's D)k k=3, TRV A () Vo L 0TV A, (@) Since the eigen
values of a diagonal matrix are its diagonal entries we get thatif W =V =1,

) - _ - . A2 (k) =vada(p) vidi(k) —vidi(q)
min p(D;7'VD,D;'WD s = minmax Ve .
e P (D1 VDD, 2)(p, ) =iy Vil (k) + V2o (p) vada(k) +viA1(q)
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Remark 2.2.7. The case of an arbitrary advection, i.e. a; # 0 and a, # 0 has been recently
treated in [95] for homogeneous problems. Considering a heterogeneous problem with
advection fields a; = (a1 j, a2 j)T in domain Q;, j = 1,2, a separation of variables approach

would lead to non orthogonal functions ¥ (y) = euZlely sin(ky) and ¢ (y) = eaZZTZzy sin(ky)

unless g—f,‘l = g—ﬁi, and thus it is not possible to obtain a recurrence relation as shown in

(2.2.5). However the approach developed in this section can be readily applied. The sub-
domain solutions are

a1y ay
JOR L A (k 22 Aok
el (x,y) =k§ efke 21 gin(ky)e 1)x e} (x,) =k§ ezke 22 gin(ky)e 2(k)x
eV eV

_ 272 2 -2, 7
a12+\/4v2k +4vim,°+ay,
2Vy

an+ \/41/% k2+4vfr]~12+af1 +(Z§1

+a;, Defining S; =
v .Defining S; =

with A, (k) =

and A, (k) =

ayny
Voo (p) + a1z, Sz = viA1(p) — ai1, the two scalar products (f, g)w, = %fr fge_%dy and

a2y

(fr 8w, = % Jr fge 2 dy and repeating the calculations (2.2.6)-(2.2.8), one finds the re-
currence relation (2.2.9), with Vi ; := (@, ¢dw,, Wji := (¢}, ¥;)w, and the diagonal ma-
trices (D1),; := (=vaAa (D) + v2A2(p)), (D1 i := (V1AL (k) +v2A2(p) — ai + arz), (D2);i ==
Vi (D) =viA1(q), (D2)jj := (V2 A2 () =viA1(q) — arz2 + ar1).

2.3 Numerical results

The numerical experiments are performed using the subdomains Q; = (-1,0) x (0,1),
Q, =(0,1) x (0,1). We use a classical five point finite difference scheme for the interior
points and treat the normal derivatives with second order discretization using a ghost
point formulation.

2.3.1 Reaction Diffusion-Diffusion coupling

We first consider the reaction diffusion-diffusion coupling analyzed in Section 2.1. Tables
2.1 and 2.2 show the values of the convergence factor in two different asymptotic regimes,
when h — 0, and for strong heterogeneity. As the asymptotic Theorem 2.1.10 and Remark
2.1.5 state, a strong heterogeneity improves the performance of the algorithm. In the sin-
gle sided optimized case, the value of the convergence factor |p(k)| tends to 1, while in
the double sided case, |p(k)| is bounded either by A or by 1/A. Fig. 2.3 shows the num-
ber of iterations required to reach convergence with a tolerance of 10~ as function of the
optimized parameters in both the single and double sided cases. We see that the analysis
predicts the optimized parameter very well.

2.3.2 Advection Reaction Diffusion-Diffusion coupling

Next we consider the advection reaction diffusion-diffusion coupling with advection nor-
mal to the interface. Table 2.3 summarizes the behaviour of p(k) as h — 0 and for strong
heterogeneity. Similarly Fig 2.4 shows the number of iterations required to reach conver-
gence with the tolerance of 1078, Figure 2.5 shows the number of iterations to reach con-
vergence for the tangential advection case. The minimization problem (2.2.10) is solved
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h p single sided | p double sided h p single sided | p double sided
1/50 0.7035 0.4052 1/50 0.1721 0.0337
1/100 0.7801 0.4748 1/100 0.2625 0.0456
1/500 0.8950 0.6160 1/500 0.4868 0.0685
1/1000 0.9245 0.6672 1/1000 0.5823 0.0760
1/5000 0.9655 0.7650 1/5000 0.7662 0.0872

Table 2.1: Asymptotic behaviour as i — 0 for the reaction diffusion-diffusion coupling.
Physical parameters: left table 77> = A = 1, right table 7* = A = 10.

A p single sided | p double sided
0.001 0.0125 7.8-107%
0.01 0.1075 0.0078
0.1 0.4453 0.0757
1 0.5851 0.4748
10 0.2625 0.076
100 0.0389 0.0078
1000 0.0040 7.8-107%

Table 2.2: Asymptotic behaviour as A — 0 and A — oo, with & = 0.05 for the reaction
diffusion-diffusion coupling. Physical parameter: 7 = 1.
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Figure 2.3: Number of iterations required to reach convergence with a tolerance of 107° as
function of the optimized parameters for the reaction diffusion-diffusion coupling. The
left panel shows the single sided case while the right panel shows the double sided case.
Physical parameters : v; = 2, v, = 1, n? = 10, mesh size h = 0.02.
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A p single sided | p double sided

h p single sided | p double sided || 0.001 0.0031 4.89-1074
1/50 0.4766 0.1835 0.01 0.0297 0.0049
1/100 0.5910 0.2306 0.1 0.2101 0.0458
1/500 0.7889 0.3274 1 0.4865 0.2552
1/1000 0.8452 0.3618 10 0.2786 0.0517
1/5000 0.9273 0.4228 100 0.0459 0.0056

1000 0.0049 5.6-107*

Table 2.3: For the advection reaction diffusion-diffusion coupling, the left table shows
the asymptotic behaviour when % — 0 while the right table shows the values of the con-
vergence factor for strong heterogeneity when h = 1/50. Physical parameters: n% = 1,7;% =
2,v1i=2,v2=1,a, =0, a; =5, mesh size h = 0.02.

30 30
12 28 28

28

Iterations

20 L L L L L L L L [ L Log4
5 10 15 20 25 30 35 40 40 50 60 70 80 90

P P

Figure 2.4: Number of iterations required to reach convergence with a tolerance of 107°
as function of the optimized parameters for the advection reaction diffusion-diffusion
coupling with normal advection. Physical parameters: vi =2,v, = 1,175 = 1,15 =2,a; =5,
mesh size h = 0.02.

numerically to find the optimal parameters p and g using the Nelder-Mead algorithm. We
have solved the minimization problem with different initial couples (p, g) and we have
noticed that the optimal solution satisfies an ordering relation between p and g depend-
ing on A as in Theorem 2.1.10 and 2.2.4.

2.3.3 Application to the contaminant transport problem

Contaminant transport in underground media is a topic of great interest in the last thirty
years due, for instance, to the increasing threat of contamination of groundwater supplies
by waste treatments and landfill sites or to the disposal of nuclear radioactive waste [10].
We refer to [5] for a reference regarding modeling issues of contaminant transport. Our
model assumes that the computational domain Q = Q; UQ, UQ3UQy, represented in Fig-
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Figure 2.5: In the top row, we show the number of iterations required to reach conver-
gence with a tolerance of 107° as function of the optimized parameters for the advection
reaction diffusion-diffusion coupling with tangential advection. In the bottom row, we
show the dependence on p and the level curves of the objective function in the min-max
problem (2.2.10). Physical parameters: vi = 1, v, = 2, 5 = 1, )5 = 2, a, = 15, mesh size
h=0.01.

ure 2.6, can be partitioned into four layers. In the first one, the contaminant, whose con-
centration is described through the unknown u, penetrates mainly thanks to rainfalls and
therefore an advection towards the negative y direction is present. The next two layers are
formed by porous media so that the contaminant spreads in a diffusive regime described
by the Laplace equation. We furthermore suppose that in the second layer, some chem-
ical reactions may take place which are synthesized in the reaction term. Finally in the
last layer, an underground flow transports the contaminant in the x direction towards a
groundwater supply which is connected to a water well. The problem belongs to the het-
erogeneous class, since in different parts of the domain we have different physical phe-
nomena, and thus in the last paragraph we use the results discussed in this manuscript
to design an efficient domain decomposition method to compute the stationary and time
dependent distribution of the contaminant.
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Figure 2.6: Geometry for the contaminant transport problem.

The computational domain Q is set equal to Q = (0,8) x (—4,0), with Q; = (0,8) x (1 -
Jj,—1J), j = 1...4. On the top boundary I';, we impose a condition on the incoming con-

taminant flow, i.e. g—;‘ — apu =1 while on the bottom edge I's we impose a zero Neumann

boundary condition 6—;‘ = 0. On the vertical edges I'» and I'y we set absorbing boundary
conditions so that

g_z+pu:0 on {0}><[—3;0]and{8}><[—3;0],
% _giu+pu=0 on {0} x[-4;-3] and {8} x [-4;-3],

where n is the outgoing normal vector. The parameter p is chosen equal to p = /77,
being kmin = 7 and kpax = % This choice derives from the observation that imposing
g—;‘ +%u =0, where . is the Steklov-Poincaré, is an exact transparent boundary condition,
see [136, 135]. Thus we replace the expensive exact transparent boundary condition with
an approximation of the Steklov-Poincaré operator. We know from [74] that p = \/n»% is

indeed a zero order approximation of .#. To solve the system of PDEs, we consider the
OSM:

—viAuj — az0yu; =0 in Qq, %’ﬂuf):Oonan\fl,
Ony, Ul + proul = 0y, ul ™t + proult™! onTy, o
nauy —vaAull =0 inQ,, %(uy)=00n0Q \{I'1,I5},

- -1 -1 g0 T
On,, Uy + p21uy = 0n, U™ +poruy™ only,

On,, Uy + P23ty = Op,, u?’,’_1 + pos3 ugl_l only, 2.3.1)
—v3Aull =0 inQs, B3u)=00n0Qs\{T,T3},
On,, UL + p32uy = O, uﬁ"l + P32 ug_l onTy,
Ony, Uy + p3aliy = Op,, uf‘l + p3a uf‘l onT3,
—Vv4Auy +aj0xuy =0 inQy, %4(uy)=00n 0Q4\T3,

Ony, Uy + pagty = Oy, ugl_l + Pu3 u:_’;_l onT3,
where T'; are the shared interfaces T'; = 0Q; N0Q;.1,i = 1,2,3, the vectors n; ; are the nor-
mal vectors on the interface I'; pointing towards the interior of the domain Q; and the op-
erators 9%;(u;) represent the boundary conditions to impose on the boundary excluding
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Figure 2.7
Stationary distribution of the contaminant. Physical parameters:
v1=0.5v,=3,v3=3,v4=1,175=0.01,a2 = 2,a; = 2.

the shared interfaces. Regarding the Robin parameters p;, j, we choose them according to
the two subdomain analysis carried out in this Chapter. Due to the exponential decay of
the error away from the interface, see eq. (2.1.3), if the subdomains are not too narrow in
the y direction, the information transmitted from each subdomain to the neighbouring
one does not change significantly and therefore the p; ; from a two subdomain analysis
are still a good choice. We remark that this argument does not hold for the Helmholtz
equation, for which there are resonant modes for frequencies k < w, where w is the wave
number, which travel along the domains and they do not decay away from the interface.
Figure 2.7 shows the stationary distribution of the contaminant. We observe that due to
the advection in the y direction in Q1, the contaminant accumulates on the interface with
Q,, representing the porous medium, and here we have the highest concentration. Then
the contaminant diffuses into the layers below and already in the porous media region
it feels the presence of the tangential advection in Q4. Next we also consider the tran-
sient version of equations (2.3.1). We discretize the time derivative with an implicit Euler
scheme, so that each equation has a further reaction term equal to 7]?., tran = 173.’5 car t Ait.
Figure 2.8 shows the time dependent evolution of the concentration u over 400 integra-
tion steps. The initial condition is set equal to zero on the whole domain Q.

Table 2.4 shows the number of iterations to reach a tolerance of 107 for the algorithm
(2.3.1) both used as iterative method and as a preconditioner for GMRES for the substruc-
tured system, see [80] for an introduction to the substructured version of (2.3.1). We con-
sider both single and double sided optimizations for the parameters p;, ; at each interface.
For the time evolution problem, the stopping criterion is

n,k nk nk n,k nk nk
e S B L U I O U
max ,1nk L1 , yznk 12 ) ylnk 13 510—6. (2.3.2)
e "< |l la= |l e, = |l
1T, 2,I', 3,3

From Figures 2.7 and 2.8, we note that this physical configuration would represent a safe
situation since a very small concentration of contaminant manages to get through the ver-
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(a) 100 time steps. (b) 200 time steps.
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(c) 300 time steps. (d) 400 time steps.

Figure 2.8: Evolution of the contaminant concentration u.

Iterative | GMRES Iterative | GMRES

Single sided 270 33 || Single sided 11.5 5.7

Double sided 55 25 || Double sided 9.6 4.3
Table 2.4

Number of iterations to reach a tolerance of 10~° for the OSM (2.3.1) used as an iterative
method and as a preconditioner. The left side refers to the stationary case while the right
side to the transient one where we consider the number of iterations needed to satisfy
the stopping criterion (2.3.2) averaged over 400 time steps.

tical diffusive layers and to reach the right-bottom of the domain, where it could pollute
the water well.

2.4 Coupling Helmholtz and Laplace Equations

In this Section, we introduce and analyze heterogeneous OSMs with zeroth order op-
timized transmission conditions for the coupling between the hard to solve Helmholtz
equation [71] and the Laplace equation. It is a simplified instance of the coupling of
parabolic and hyperbolic operators, which might arise in Maxwell equations. The Helmholtz
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equation is used in the time harmonic regime of a wave equation and the Laplace opera-
tor represents the parabolic part.

2.4.1 Well-posedness analysis

We consider the nonoverlapping decomposition described at the beginning of Section
1.3. Our model problem is

(—A—qwz)uzf in Q,
ou
a—+1wu:0 onl;:=00;\T, (2.4.1)
n

u=0 only:=00,\T,

where w > 0 is the Helmholtz frequency, and g € L*(Q) satisfies g = 1in Q; and g =0
in Q. Since the well-posedness of the problem is not straightforward due to the indefi-
nite nature of the Helmholtz part, we first analyze it in more detail adapting arguments
presented by Després in his PhD thesis [50].

Lemma 2.4.1. The norm ||ull®> = [ |Vul®+ [, |u|? is equivalent to the canonical norm
on H(Q) ifIT'1| > 0.

Proof. We first observe that H(Q) is the direct sum of V = {v e HY(Q): fQ v= 0} and V =
{ve H (Q): vis constant in Q}, H'(Q) = V@ V. Then, on the one hand, it easy to see that

for all v € V, there exist a constant C = w||$1;|1| such that

Clivlig o = vl < Clivll g - (2.4.2)

On the other hand, for every v € V, we first use the Poincaré inequality with constant C to
get

vl =< +C)fQ V> < (1+0)

fIVv|2+wf |u|2) =1+0O)|vl> (2.4.3)
Q I

Using the continuity of the trace operator, we obtain

||v||2:f Vvl +w |v|25f |Vv|2+wf |v|25max(1,CaQw)(f |Vv|2+f |u|2).
Q I, Q 0Q Q Q
(2.4.4)

Having proved that the two norms are equivalent on the subspaces V and V with Ve V =
H'(Q), the two norms are also equivalent on H'(Q). O

Let us define V:={ve H' (Q): v =0o0n Ty}, with ||-|lv = || - Il ;11 (), and consider problem
(2.4.1) in the variational form

FindueV: a(u,v)-b(u,v) =y (f,v)y VveV, (2.4.5)

where a(u,v) = [ VuVo+iw [ ub, b(u,v) = w* [ uv and f € V-'. To use Fredholm
theory, we now show that the bilinear form b is a compact pertubation of a.
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Lemma 2.4.2. Let 98 be an operator from V to V such that
a(Bu,v)=b(u,v) VYvey, (2.4.6)

then 9 is a continuous compact operator.

Proof. We first prove continuity, i.e. 3C > 0: VYu € V,||Bully < Cllully. From the defi-
nition of 98, and applying Lax-Milgram to (2.4.6), we have ||Bully < é”b(u)llv—l, where
b(u) : V. — Cis the functional defined by -1 (b(u), v)v := b(u, v). Then we have Vv e V

f uv
Qo

We thus conclude that ||b(w)||y-1 < w?||ul| 12(Q,)» and hence we have the bound

2 2 2
ly-1<b(w), v)v|:=1b(u, v)| = w s ol|ullpzy)lvllizq, < o llullzqyllvilv.

1
2
[|Bully = P lully.

To prove compactness, let u;, be a bounded sequence in V, i.e 3C > 0: Vn,||u,lly < C.
From weak compactness of V' it follows that there exists a subsequence u,; such that
un; — u for some u. Hence u,, converge strongly to u in L?(Q). Considering a(Bun; -
P/Bu,%unj - %Bu) = b(unj - u,%unj — %u) we have letting n — oo and using the Cauchy-
Schwarz inequality

f \V(Bu,, —Bu)l* + iwf |Bu,, — Bul®
Q I

2
<w ||un] - u”LZ(QZ)”%unj —,%ulle(Qz).

(2.4.7)
We observe that Buy; — BuinV because Up; ~uinV and 2 is a continuous operator
[44]. Hence, both u,; and Bu,,; converge strongly in L?(Q). In particular we have that
a(ggunj - @u,%unj — %Bu) — 0 which implies II%u,,j —%u|| — 0. With Lemma 2.4.1, we
have that Bu,;, — %uin V and thus 28 is a compact operator. O

Since £ is a compact operator, due to the Fredholm alternative, existence of the solu-
tion of problem (2.4.5) follows from uniqueness. We need two further Lemmas to prove
uniqueness. We denote with y;u and .4ju the trace of u and the trace of the normal
derivative on the j-th interface and we introduce the space E(Q,A) :={ue€ H LQ):—Aue
L*(Q)}.

Lemma 2.4.3 (Grisvard, Theorem 1.5.3.11, page 61, [106]). LetQ be an open bounded sub-
set of R? whose boundary is a curvilinear polygon of class CV' with interfacesT pJi=1,.,N.
The mappings u — vy ju and u — Aju have a unique continuous extension from E(Q, A)
to respectively H 2 (I'j) and H -3 (I'j). Moreover for every u € E(Q,A) and v € H LQ) with
YjVE H? (I'j) Y j, the Green’s formula holds:

N
(—Au,v) = (Vu, Vo) = Y_(ANju,7;0). (2.4.8)
j=1
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Lemma 2.4.4 (Després, Corollary 2.1, page 22, [50]). LetQ be an open bounded arc-connected
subset of R? and assume thatT is a nonempty open subset of 0Q of class C*> and q € L™ (Q).
Ifu € H(Q) satisfies

(—A—qwz)uzo onQ, ulr=0,ulr=0, (2.4.9)
then u=0in Q.
Theorem 2.4.5. Under the hypotheses of Lemmas 2.4.3 and 2.4.4, u = 0 is the only solution

of the boundary value problem (2.4.1) with f = 0.

Proof. Choosing v € D(Q), the space of C*(Q) functions with compact support, in the
weak formulation of eq. (2.4.1) we obtain —Au— gw?u = 0. Hence, since u € V, Au € L*(Q)
and u € E(Q,A). Using Green’s formula and choosing v = u we get

f|Vu|2—w2f |u|2+iwf lul® = 0. (2.4.10)
Q (O I

Considering the imaginary part we have frl |ul? = 0, which implies u = 0 on I';. We now
have homogeneous Dirichlet data on the whole domain 6Q2 = T'; UT'5. Regularity results
for Dirichlet problems in smooth domains state that u € H?(Q). Using again the Green’s
formula and —Au — qw?u = 01in Q, we obtain

ou
_1 <—,v> +iwf uv=0, VveV. (2.4.11)
H 2Ty \on H% T) I,
Since u = 0 on I'1, we can conclude that 6,u = 0 onI'; and by the unique continuation
principle in Lemma 2.4.4, the result follows. O

2.4.2 Zeroth order single sided optimized transmission conditions

In order to make analytical calculations, we simplify the analysis and set Q = R?, with Q;
being the left half plane and Q; the right half plane. The heterogeneous OSM is

—0*-Nuy = f inQy, @x+SDWHO,) = @x+S)wi 10,9,

2.4.12
Ay = f nQy Ox+SHWNO0,) = @y+SHaf e, P

where the S;, j = 1,2 are linear operators along the interface in the y direction. The system
is closed by the Sommerfeld radiation condition lim_. _, v/[X] ﬁ (0xul—iwui) = 0and by
the boundedness condition limy_. ; t; = 0. The goal is to find which operators lead to
the fastest convergence. We define the errors e; := u—uj, and taking the Fourier transform
of the error equations in the y direction, we obtain

(_wz_axx'f‘kz)(é{l) =0 keR, x<0,
Ox+01())(EN0O0,k) = @x+01(k)@1H0,k), keR, (2.4.13)
(—0xx+kHE@)) = 0 keR, x>0, =

Ox+02()(@)(0,k) = (Ox+0200)(@H0,k), keR,
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where o j (k) are the Fourier symbols of the operators S;. Solving the equations in (2.4.13)
and imposing the radiation/boundedness conditions, we get

ot = o0,k "™, e = e} (0, ke M,

where A(k) := iVw? — k? if k < w and A(k) := V k? — w? if k = w. Applying the transmission
conditions, it follows that

el=pler=, el =pker =,
where
[kl + 01 (k) A(K) + 02 (k)
~AKk) + 01 (k) —lkl+0a(k)”
Next, to approximate the optimal choice for (k) and o2(k) which would require non
local operators, we set 01 = —02 = p(1 +i). This choice is motivated by [70] where the
single and double sided optimizations were studied and compared for the time harmonic

Maxwell equations. Since both ¢; and A(k) contain complex numbers, we have to study
the modulus of the convergence factor,

(i)

(k- p)? + p?) (VK2 - w? - p)? + p?)

k=w,
otk 2 = ((k+P)2+p?) (VI =2+ p)2+ p?) (2.4.14)
' (k= p)? + p?) (Vw? - k% - p)? + p?) <o

((k+ p)2 + pz) (Vw2 - k2 + p)z + pz)

Since we are interested in minimizing the convergence factor over all relevant numerically
represented frequencies, we study now the minimax problem

min  max |p(k,p)l?, (2.4.15)
pZO ke[kminvkmax]

where kpip is the minimum frequency and kpax is the maximum frequency supported by

the numerical grid.

Theorem 2.4.6. Assuming that kyax > 2w, the solution of the minimax problem (2.4.15) is

given by p* = \% if lo(kmax, p* = %)I2 < %, and otherwise it is given by the unique

p* such that |p(k = w, p*)|* = |p(kmax, p*)I*.

Proof. We consider p > 0, because for p = 0 the convergence factor is equal to 1, and for
p < 0 it is greater than one, while for values of p > 0, the convergence factor is always
less than 1. We introduce a change of variables which will be useful in the computations,
namely x = Vk? — w? if k> w and x = Vw? — k? for k < w. Problem (2.4.15) then becomes

minmax max  G(x, p), max F(x,p)|, (2.4.16)

p>0 0,1 /0?—k2. ] [0,/ oy — 2

'min
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where
e p) = (x—p)? +p?) (Vw? - x2 - p)* + p?)
P GE P ) (ar 224 e pt)|
Fx, p) = (x—p)?+p») (VX2 +w? - p)* + p?)
, (x+ P+ p) (V2 + 0 +p2+pD)
N2 2
First, we observe that g_%x:o = 3_5|x:0 = —% < 0 for all p > 0 and G(0,p) =

F(0, p). Indeed, x =0 (k = w) is a cusp for pz(k, p) and hence it is a local maximum which
needs to be minimized. The minimum of G(0, p) with respect to the variable p is given by
(V2-1)%+1
(V2+1)2+1
the value of the minimax problem. Next, we study how G(x, p) behaves in the rest of the

interval, and start by restricting our attention to the case p = p. Computing the partial
derivative with respect to x of G(x, p), we find that it has a unique zero x; given by the
root of the non linear equation

p= % and G(x=0,p = \%) = ~ 0.176. We thus have found a lower bound for

x(@p* + xH2p® + 1% - 0?) = (0* - ¥*)? +4p*) 2p* - ¥*)V w? - x2. 2.4.17)

To proof uniqueness, it is enough to notice that the LHS is zero for x = 0 and strictly in-
creasing in x, if p = p, while the RHS is greater than zero for x = 0 and strictly decreas-
ing in x. Therefore G(x, p) decreases until x < x; and then increases monotonically. If

x1>/w?— k2. then the max[o’\/m] G(x, p) = G(0, p), otherwise if x; < \/w? — k2, it

is sufficient to notice that G(,/w? — krzn i P) < G(w, p) = G(0, p), to conclude that it holds
again max[oy \/‘*kamn] G(x, p) = G(0, p). Next we focus on the second interval, considering

the function F(x, p). The zeros of the derivative ‘3—1; are given by the zeros of the equation

x(@p? + xM 22 + x* - 2p?) = 2p? — X)) (* + ¥*)? + 4p*) V 02 + x2.
Repeating an argument similar to the one above, we find that again there is a unique zero
Xo, in this case V p > 0, which again might or might not belong to the interval [0, \/ k2, — w?].
If x, is outside the interval or F(y/ klzmlx —w?, p) < F(0, p), then we can conclude that the

optimal value p* is given by p* = p, i.e. the value which minimizes the convergence
factor for the frequency k = w. Otherwise the local maxima are located at x = 0 and

x = \/k2,.x — w?. We compute the partial derivative w.r.t the variable p, which satisfies

k2 ax—?

oF . . .
op Ix: N <0forpel=]0, —1, and under the non restrictive hypothesis kmax >

2w, we have that p € I. Analyzing the sign of the derivative shows that it is not useful to
look for p* in [0, \%J, since both local maxima would increase. This justifies why we stud-

ied G only for p = p. Since g—ilxzo >0 for p > % and because

kzax — ? V2-1)2%+1
F [\ Koy — w?, | = =
( ¢ 2 ) ((\/§+1)2+1

2 2 2

’ \/_2 ’ 2 ’
(2.4.18)
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we conclude that there exists a unique value p* such that F(0, p*) = F(1/ k2,ax — 02, p*),
which concludes the proof. O

Remark 2.4.7. It is interesting to note that this problem is different from the ones already
studied in the literature. For instance we showed immediately that the convergence fac-
tor is bounded from below, i.e. it is not possible to get a better convergence factor than

2 _ (V2-1)%+1
p=(k,p) = (V2+1)2+1
introducing w- and w4, as in the Helmholtz case [91]; the OSM can benefit from the het-

erogeneity, leading to |p(k = w, p)|* < 1.

. We also did not have to exclude the resonance frequency k = w by

We now present two asymptotic results. First we let h — 0, h being the mesh size, and
suppose that the maximum frequency supported by the numerical grid scales like kmax =
7m/h— oo.

Theorem 2.4.8. When the physical parameters w and kmin are fixed, kmax = % and h — 0,
then the solution of problem (2.4.15) is given by

« VO  _ _ " 4v/w
pr == -n2 107, |plk,pHi=1- Vo

h7 +o(h''?). 2.4.19
2 N 2 +0( ) ( )

Proof. For kmax — 00, p(kmax, p) — 1, and hence the solution of the minimax problem
is given by equioscillation. Inserting the ansatz p = C,h™“ into |p(k = w, P =lplk =
kmax p)|? and comparing the leading order terms then gives the result. O

The second asymptotic limit is typical of the Helmholtz equation. As w increases, in order
to control the so called pollution effect [3], we need to decrease significantly % in order to
have a good approximation of the solution. Generally, the scaling relation used is h = Cy

07’
with ¥ > 1. Common values are y = %, ory=2.
Theorem 2.4.9. If kmin is fixed, kmax = 7, @ goes to infinity and h = %, withy > 1, then the
solution of problem (2.4.15) is given by
7T 1+ 1+ 4./C 1- 1-
* v 0z +0(wTy), ok, p*)I>=1- thy+0(wTY).

G Vi

Proof. A direct calculation shows that |p(k = kmpax, \%)IZ — 1 for w — oo, and thus again

the solution is given by equioscillation. Expanding equation |p(k = w, p)|*> = |p(k = kmax, p)I%,
with the ansatz p = C,w® then leads to the desired result. O

2.4.3 Numerical results

We implemented our heterogeneous OSM on a square domain Q := (-1,1) x (-1,1), with
Q1:=(-1,0) x (-1,1) and ©Q, := (0,1) x (—1,1). We used second order centered finite dif-
ferences for the interior points and first order approximations for the boundary terms. In
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Iterations

Figure 2.9: Parameters w? = 50, h = 0.05. Left: Modulus of u(x, y). Right: Parameter p vs
number of iterations. The optimal p given by equioscillation is indicated by a star.

h  Optimal p* maxklpz(p*,k)l iterations

= 16.52 0.4225 53 (810)
o 23.53 0.55043 73 (1614)
0 33.37 0.6543 104 (3284)
1o 47.27 0.7403 148 (6554)
o  Optimal p* max|p?(p*, k)| iterations
10 34.8451 0.2119 31 (839)
20m  84.7084 0.2622 38 (2954)
40w 205.0570 0.3167 46 (8096)
60m  342.6739 0.3506 48 (>10000)

Table 2.5: The two tables show the behaviour of the heterogeneous OSM under mesh
3
refinement and when w increases with hw2 held constant.

Figure 2.9 on the left, we show the modulus of the solution of problem (2.4.1) for »? = 50
and f = 1. On the right in Figure 2.9, we show a comparison between the optimal nu-
merical value p and the theoretical estimation provided by Theorem 2.4.6. We see that
our simplified analysis on unbounded domains is able to give a good approximation of
the optimal parameter in the bounded domain context. Finally, we show in Table 1 the
behavior of the algorithm when the mesh size i decreases and for large values of w, with
hw? = const. In brackets, we show the number of iterations required for a non-optimized
case, i.e. using p = 1. We clearly see that the optimization leads to a much better algo-
rithm, which deteriorates much more slowly when the mesh is refined, and w increases.
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2.5 Probing the Steklov-Poincaré operator

Over the last decades, several theoretical results have been developed to establish opti-
mized transmission conditions for many different PDEs. We have already cited several of
these contributions and we proposed a new analysis for heterogeneous PDEs in the pre-
vious sections. Despite this large effort and their better convergence with respect to other
classical domain decomposition methods, optimized transmission conditions are not so
widely. This is mainly due to the strict hypotheses used in the theoretical analysis, that are
not always satisfied in practice, and they can discourage the potential user from imple-
menting optimized transmission conditions. This is especially true if the PDEs needs to
be solved few times and thus one relies on other domain decomposition methods. Nev-
ertheless, there are cases where one really needs to use OSMs and to have good estimates
of the optimized parameters. Heterogeneous problems are instances, since a decoupling
approach is often preferable compared to a monolithic one. Then, OSMs provide a robust
and simple decoupling framework. Other nonoverlapping domain decomposition meth-
ods, like the Dirichlet-Neumann method, are not so robust and they cannot be adapted
to physical parameters of different scales between the subdomains. Concerning homo-
geneous problems, time dependent PDEs or parametric PDEs require the solution of the
same PDEs several times, and thus the better convergence rate of OSM can represent a
significant advantage. In this paragraph, we discuss numerical procedures to find opti-
mized transmission conditions in those cases where the theoretical analysis falls short.

From (1.3.17) and setting i = 0, we observe that an OSM can be seen as a fixed point
iteration /1’2”1 =9 (s1, sz)Ak, where the iteration operator 7 : A — Ais

T (51, 52) := (s2I + F) (5ol = F) (s 1+ F) sy I - F). (2.5.1)

Itis possible to show thatif s; = s, = 5, then [T (s, s)|| < 1, see [52, Theorem 5.4.2], and thus
the sequence {15} > converges in A thanks to the Banach fixed point theorem. Given the
equivalence between (1.3.17) and (1.3.15), this result is another proof of the convergence
of OSMs, different from the one originally proposed by Lions in [126].
The discrete counterpart of (2.5.1) is

T(s1,82) = (2 +Z) H(s2 I = Z) (1 T+ Z1) " (511 - 2p), (2.5.2)

where [ is the identity matrix which derives from Robin transmission conditions. In order
to speed up the convergence of the fixed point iteration, we can rely on the wide literature
about ADI methods, see [2, Chapter 7.7] and [153, Chapter 7] for a general introduction,
and [130, 52] for an application to OSMs. We here summarize these approaches and we
distinguish two cases. If £; and X, commute, then they share a common eigenbasis {v;} i

[2, Lemma 7.18]. Defining pj. the eigenvalues of Z; associated to the eigenvector v;, a
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direct calculation shows that

2

S1— U
T(s1,52)V) = (521 +Z2) " (2] = Z1) (11 + 21) 7 (51 — gV = (521 +25) 7 (52— £1) - +ui v;
1 .
J
(2—pl)(s1—p2)  s1—pd sp—pt
=l +2) — L Ly =Ly,
S]+H]. 81+H].82+Hj
We thus consider the problem
S1— 15 S2— 1
mlnmaxp(T(sl, $2)) = mlnmax 1 5| (2.5.3)
LS jo[Ss1+ ,u] Sy + ,Lt]

Supposing s; = s = s, and introducing the upper and lower bounds «, 5, 0 < a < ,uj. < B,
i =1,2, Vj, we focus on the simpler problem

. S—Xx\2
min max ( ) . (2.5.4)
S x€la,pI\S+ X

The solution of (2.5.4) is provided by sOPt = \/a_,B, see for instance [74]. Hence, we have
found an optimized choice for the transmission conditions if £; and £, commute. Let us
briefly note that one could also consider a sequence of parameter {si};. For g steps, this
choice leads to an iteration operator

q
TUsihe) = [[ (el +Z2) 7 sk T = ) (s T+ 20) 7 (5] — Zo).
k=1

This possibility has been studied under the commutative hypothesis by Wachspress in
[154] and [155]. See also [79] for an application to OSMs.
If the matrices do not commute and setting s; = s, = s, one relies on the estimate

P(T(5)) = p((sT+Z2) M (sT=Z1) (s +21) (5] - Zp))

= p((ST =) (sI + Zp) " H(sI = Z))(sT+21) 7))

2 1

S— 5 s—ut
< 15T =Z2) (57 + 22)™ 2l T = 20 (5T + 20 7)ll2 = max 2| e HM{ :
J J
(2.5.5)
Supposing that 0 < a < p;. <pB,i=1,2,Yj, wehave
e e
max 5| max ’
Jo|stug| s+p sta s+/3

The two terms are simultaneously minimized when s = /a 8.
From this analysis we obtain that, in both the commutative and noncommutative case
and supposing s; = sy = s, it is reasonably to set s = \/af. One could estimate a and S
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either through variational estimates or using the power method. Both these tecniques are
discussed in [52]. From [130] we know that & ~ O(1) while 8 ~ O(h™!), thus we obtain
s=0(h™2) which s in agreement with several results in literature, see [74, 160].

Let us remark that this analysis does not lead to any good insights in case we use higher or-
der transmission conditions, since instead of the identity matrix we would have a general
sparse matrix. Finally the estimates (2.5.5) split the iteration operator into two parts, one
depending on X, the other on X, thus neglecting completely the interaction between
the X;. It follows that for non commutative matrices, (2.5.5) is not always a sharp upper
bound.

In this paragraph, we consider a new numerical procedure to find optimized parameters
based on probing which has been already studied in the context of domain decomposi-
tion methods. In [143, Section 4.2.6], the authors proposed to probe the matrix X to find
an approximate matrix ¥ to use directly as preconditioner for the Schur complement sys-
tem (1.3.5). In the frequency filtering method proposed in [156, 157], probing is used to
replace inverse matrices with cheap approximations in a block LU decomposition. We re-
fer the interested reader to [92, 93] for a discussion about the relations between frequency
filters, analytical factorizations and OSMs. Our renewed interest in probing is mainly mo-
tivated by [10], where the authors estimated an optimized Robin parameter by probing
the Steklov-Poincaré operator.

With the word ‘probing’ we mean the numerical procedure through which we estimate a
generic matrix G by testing this matrix over a set of vectors. In mathematical terms, given
aset of vectors x; andy; := Gx;, i € £ :={1,..., M}, we study the problem

Find G suchthat Gx;= yi,Vie s, (2.5.6)

In general we look for a matrix G with some nice properties( diagonal, tridiagonal, sparse...),
so that problem (2.5.6) does not always have a solution. Calling D the set of admissible
matrices, it is better to consider the problem

minmax|y; — éxi Il (2.5.7)
6€D ied

We now observe that if one uses more general transmission conditions described by ma-

trices 27 and X,, (2.5.2) becomes

TELZ) = +2) 1 E-ZDE +2) 1E - 2. (2.5.8)

It is sufficient to assume that > j are positive definite matrices to guarantee the invert-
ibility of (fj +2;), j =1,2. Choosing fl =2, 0r fg = X;, we have T = 0, and hence the
method is nilpotent. We have simply reobtained that the Steklov-Poincaré operators are
optimal transmission operators [32, 136, 88]. Since the assembly of matrices 2;, i = 1,2
is too expensive, we propose to approximate them through probing. Unfortunately, this
very natural idea turns out to be inefficient.

To see this, let us carry out a continous analysis on a infinite strip Q = Q; U Q,, with
Q1 = (—00,0) x (0,1) and Q, = (0,00) x (0, 1). We consider the Laplace equation and thanks
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to symmetry we have .4 = .% =: %. It is well known that the eigenvectors of .#, are
vi = sin(kmy), k € N* with eigenvalues . = k7 so that S, vy = urvr =: yx, see [74]. Sup-
pose now that we look for an operator S = sI with s € R*, which corresponds to a Robin
transmission condition with parameter s. Choosing as probing functions the normalized
functions vy with k =1,...Nj, 2, (2.5.7) becomes

min max || Sv ||—m1n max ||y — Svill
$:S=s1, seR* ke[1,N,] Y= OVk ke[1,Np] Y k
(2.5.9)
=min max ||,ukvk—svk||—rn1n max |km— s|.
s ke[l,N, S ke[1,Ny]

The solution of (2.5.9) is s* N”” , while, since 4 and % commute, the parameter which
minimizes the spectral radius of T is s°P' = /Ny n. The difference between the two es-
timates can be explained as follows. Probing the optimal Steklov-Poincaré corresponds
to minimize the numerator of (2.5.3), neglecting completely that the iteration operator T
involves also the inverse of (Z; + fi), i = 1,2. This observation suggests us to consider the
minimization problem

Soxi— 21Xl 121X — 2o X;
mln max ” 200 1 l” ” 141 2 l” (2.5.10)
$.,5,eD i€s || Z1x; +21x,|| ”22x1+22x1”

We say that this problem is ‘consistent’ in that sense that if ¥, %, share a common eigen-

basis {vj}j with eigenvalues {,ué.}, ;= s;1,i=1,2, then choosing x; = v},

P R |
ﬂj $2 /Jj

31+H} 82+/J§

Zox; — Z1x; [l 1Z1x; — ZoX; |l )
min max = minmax €
3.,25,eD j€F ||21X] + le] II ||22X] + ZzX] | S8 jes

= min p(T(s1,s2)).
S1,5€RT

(2.5.11)
We stress that the (2.5.10) has to be solved numerically. In our experiments we used the
function fminsearch in MATLAB which is based on the Nelder-Mead algorithm. Further-
more, the application of the Schur complements Z; on a vector X; requires a subdomain
solve. These evaluations can be done in parallel, however it is desirable to keep the num-
ber of probing vectors small. The choice of x; plays a key role to obtain good estimates
and it is usually driven by insights provided by theoretical analysis.

2.5.1 Numerical results
In this subsection we present numerical results to validate the approach of (2.5.10) in
different cases. We also discuss how to choose properly the probing vectors x;.

2.5.1.1 Laplace equation in a square box

We start with a sanity check considering a Laplace equation in a domain Q = Q; UQ, with
= (-1,0) x (0,1), Q2 = (0,1) x (0,1) and I" = {0} x (0,1). Given a discretization of the

2We approximate the maximum frequency on the numerical grid with kmax = Nj,, where Ny, is the size
of the Schur complement matrix, i.e. the number of degrees of freedom on the interface.



CHAPTER 2.

HETEROGENEOUS OSMS FOR SECOND ORDER PDES

220

210

0.72:
06861243
0.64785
0.60959

— 057134

190

S2

180

170

4367
5

160

g8501

0.60959

0.57134
053308

150

053308

04565,

" 049483
® I
— 89S0 —

T 0.4565,

—

0.45657

———— €8¥6Y'0 —

——— E£8¥6¥'0

— 80£E5°0 —|

—— 80€€5°0 -

——— VYELLG0 -

- VELLS0 —

656090

656090

S8/¥9°0

G8L¥9°0

1989°0

1989°0

o[ 049ag3

20

0.1

0.09
0.08
0.07 F
0.06
0.05

N
0.04
0.03 P

0.02

0.01

0.33523
0.29777

0.26032

0.22287
[ 0.18541
——0.14796

Vv

=)
5!
>

\>\

S

0.33523
0.29777

0.26032

0.22287 — —

—— 0.18541

——0.14796 —

— 011051~
7105,
% 0073056 ———— N
© \
g} \
o L
073056 __ , /g s
~0.11051 o8t

\ %%;%W 7’*%%%%

81

1 p

Figure 2.10: Contour plot of the spectral radius of the iteration matrix T'(Z1,2,) with Z; =
s; I (left) and of T(fl,fg) with f,- = pl+ gH (right). The red crosses are the parameters
estimated solving (2.5.10).

interface I" with N points, we choose as probing vectors the discretization of the following
functions

x1 =sin(wy), xp=sin(y/Npmy), x3=sin(Npmy). (2.5.12)

This choice is motivated by the theoretical analysis in [74] and Theorem 2.1.9, which show
that the optimal parameters s; satisfy equioscillation between the minimum, the maxi-
mum and a medium frequency which scales as \/Nj,. We first look for matrices X; = s; I
representing zeroth order double sided optimized transmission conditions. Then, we look
for matrices £; = pI + gH, where H is a tridiagonal matrix H := Diag( hz) Diag(+» 57— —
Diag(#, +1), where h is the mesh size. At the continuous level, b ; represents second order
transmission conditions, so that (1.3.14), 3 become

aun+1 62 n+1 aun azun
1 n+l1 2 n 2
+puy - =—=+pu, — , onrl,
on; pih q 612 on; PUz =4 072 (2.5.13)
owptt . Fuwtt owy N
an, P2 95 Ton, TP dGn ot

Fig 2.10 shows that solving (2.5.10) with just three probing vectors permits to obtain good
estimates in both cases.

2.5.1.2 Second order PDE with curved interface

We now look at a more challenging problem. We solve a second order PDE

—V-v(x)Vu+a(x)T-Vu+17(x)u=f in Q, (2.5.14)
where Q is represented in Fig 2.11. The interface I' is a parametric curve y(f) : [0,1] —
(0, rsin(knt)), with r € R*. In our first example, we choose v(x) = 10, a(x) = (8,0) T ,n(x) =

inQ;,vx)=1,ax) =

2,007

, NX)

=5inQ,, r=0.1 and k = 4. Driven by the theoretical
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Representation of the domain Q and its decomposition into Q; and Q.

Figure 2.11:
250 — T T ‘ 0.5 .
] | [ ]
' | leeose oo 4578 049718
| [ SaRRR B QR 045 1 0.46632
[ ] 388888 2 8 ' 0.46652
e g IR ZT S x 2 0.4 f 0.43547 0.43547
g8 g g | | ‘ | | 0.40461 0.40461
20 € 3 § & 035 F
§39 3 g 37375 0.37375
T T T & ——0.3429 —o03429 —
o [ 03 F 031204 — 031204 —— ]
@ | | 028119 —————028119 —
x | ‘ ‘ 0.25 025033 - ——o2s03 — 1
| | 2 R
150 [ cS8%858¢8 % 0zl <1,2194* 021947 —]
| s88588 3 § : e
o 123888 ¢ ¢ 21947 ——— 021047 — |
! | 4] —_—
535 5z | | 0.15 | oz 1
© ¥ 94 o ©° ‘ 25033 —
§ &8 2 2
S sss 3 ) ‘ ‘ 01 e s —]
| G Y -
| 2 N —
100 = : L 005 /. ‘ ‘
5 10 15 20 ’ 2 4 6 8 10
Sy p

Figure 2.12: Contour plot of the spectral radius of the iteration matrix T'(Z1, Z,) with ;
sil (left) and Z; = pI + qH (right). The red crosses are the parameters estimated solving

(2.5.10).

analysis of Section 2.2, we rescale the transmission conditions according to the physical

2
i Ce= filss e g2 Gy Y
parameters setting S; := f;(s;)I, where f; :=v; i+ 4;? + 4;?

der transmission conditions, and S; := f;(s;)I + q H for the second order ones. In Fig 2.12,
we show that (2.5.10) still leads to a good estimate of the optimized parameters both for
zeroth and second order transmission conditions.

+ % — %4, for the zeroth or-

If we increase the parameter r and %, then (2.5.10) loses its accuracy. The reasons are
two-fold. On the one hand, the matrices X; becomes strongly non commutative and their
eigenvectors are significantly different as Fig 2.13 shows. On the other hand, there is no
reason to choose the probing vectors according to (2.5.12). In the case of strong het-
erogeneity or strong asymmetry of the decomposition into subdomains, we suggest to
choose the probing vectors as the eigenvectors of the Steklov-Poincaré operators X;. To
approximate the eigenvectors associated to the largest eigenvalues, we select some initial
vectors(we can choose for instance x3 of (2.5.12)) and we compute few iterations, e.g. 2 to
3, of the power method applied to the operators X;. To approximate the eigenvectors as-
sociated to the smallest eigenvalues, we apply the power method to Zi‘l, which is known
as the Neumann to Dirichlet operator. All these computations require the solution of a
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Figure 2.13: The top panel shows the solution of (2.5.14) with v(x) = 1, a(x) = (10(y +
x2),00T,n(x) = 0.1(x*+y?) in Q1, v(x) = 100, a(x) = (10(1-x),x) ", nx) =0in Qy, f(x) = x>+
y?in Q, r = 0.4 and k = 8. In the bottom-left panel, the crosses represent the optimized
parameters obtained solving (2.5.10) with probing vectors computed with k iterations of
the power method. The black circle represents the solution of (2.5.10) with the probing
vectors in (2.5.12). The green upward-pointing triangle corresponds to /a8 where a =
min{u}c, ,ui} and = max{u}c, ,u%c}. On the right, we plot the eigenvectors associated to the
smallest eigenvalues of 2 ;, j = 1,2 for this test case.

Dirichlet or Neumann problem, but they can be performed in parallel. Fig. 2.13 shows
that solving (2.5.10) with probing vectors (2.5.12) does not lead to a good estimate of the
optimized parameter s in the case Z; = f;(s)I. Solving (2.5.10) using the approximation of
the eigenvectors of X; instead leads to a perfect estimate. Let us remark that already with
only one iteration of the power method we obtain a very satisfactory estimate.



CHAPTER 3

Multilevel optimized Schwarz
methods

"The third idea to improve the efficiency of Schwarz's methods is not to use
multigrid as a solver in an overall DD context, but to use the DD idea for smooth-
ing in an overall multigrid context.”

— U. Trottenberg, C. Oosterlee, A. Schiiller, Multigrid, Chapter 6.5.1.

We have seen in Figure 1.2 that one-level domain decomposition methods are in general
not weakly scalable, that is, their rate of convergence deteriorates when the number of
subdomains grows. Some exceptions are possible in specific geometries, and we have
discussed examples in Section 1.4. Two-level methods are needed to achieve scalability. A
two-level domain decomposition method consists of two components: a domain decom-
position iteration and a coarse correction which can be either additive or multiplicative.
For several decades, the main goal of the second level was just to make the subdomains
communicate among them to obtain a convergence independent of the possibly large
number of subdomains. An example is the Nicolaides coarse space [61, Chapter 4]. Un-
der this perspective, a coarse grid correction for OSM was first studied numerically in [66],
where the authors proposed to consider a coarse mesh defined by a single mesh point for
each subdomain, see also [34] Variants of this idea were also discussed in [67] where a
convergence analysis is carried out.

However, coarse corrections can do much more than just providing scalability; indeed for
every domain decomposition method there is a coarse correction, called optimal coarse
correction, that makes the domain decomposition method a direct solver, that is the iter-
ation becomes nilpotent [89, 94, 83]. The main idea behind these articles is to identify a
space which contains the optimal coarse correction. This space is called complete coarse
space and then one aims to find the smallest space possible containing the optimal coarse
correction which is denoted as optimal coarse space. Finally, the optimal coarse space,
which is still to large, is approximated leading to a so called optimized coarse space. This
approach shares similarities with the ideal coarse correction in Algebraic Multigrid, see

84
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for instance [152, Section A.2.3] or [148]. In this Chapter, we follow the same path. We
analyze the one-level OSM and we identify in which coarse space lies the optimal coarse
correction. However, computing the optimal coarse correction would be as expensive as
solving directly the original problem. We therefore approximate the optimal coarse space
geometrically, solving on a coarse grid the equation for the optimal coarse correction.
These steps lead to the definition of a two-level optimized Schwarz method.

Our method can also be interpreted in another perspective. Following multigrid litera-
ture, our method can also be thought as a two-level method consisting of a smoother,
the OSM iteration, and a coarse grid solver. Generalizing, we define a multilevel opti-
mized Schwarz methods where on each level we use the OSM as a smoother and we call
it multilevel optimized Schwarz method (MOSM). The idea of using domain decomposi-
tion methods as smoothers inside a multigrid scheme is not new. Some remarks in this
direction are available for instance in Section 15.3.3 of [109], Section 3.4 of [143] and Sec-
tion 6.5 of [152]. There is also a wide literature regarding multilevel domain decomposi-
tion methods which traces back to the 90s and an introduction is available in Chapter 3
of [143]. However, in this research area the authors framed several multilevel precondi-
tioners, into the so-called Schwarz abstract theory, see Chapter 1.2.1, and they provided
condition number estimates for the resulting preconditioned systems in very general set-
tings [159, 14]. In this Chapter, we do not consider condition number estimates but we
focus on the properties of the iterative method, carrying out a Fourier analysis which, al-
though under more restrictive hypotheses, permits to have a complete description of the
method through the derivation of an iteration matrix which acts on the Fourier modes. In
addition, the use of Fourier techniques is motivated by our interest in understanding the
dependence of the multilevel method on the optimized transmission conditions.

We analyze the OSM because it has a very good smoothing property: in case of overlap, it
inherits the smoothing property from the classical Schwarz method which converges ex-
ponentially fast for high frequencies. This property can even be enhanced by an adapted
choice of the transmission conditions in the OSM. However the potentiality of OSM is re-
markable in the case without overlap, essential for heterogeneous problems, in which the
classical Schwarz method simply would not work, while the transmission conditions in
OSM allow us to tune at will the OSM as a smoother or as a rougher. Thus, even though for
homogeneous problems, the classical parallel Schwarz method would do its job, for het-
erogeneous problems only the OSM has the desired properties. Furthermore, we show
that there is no need to develop a complete new theory for the optimized transmission
conditions in a multilevel setting. Indeed we show that one can just choose the optimized
parameters using the already available literature for the one-level OSM by just changing
the range of frequencies in the min-max problems in order to optimize the smoothing
property of OSM. We show that these two approaches are asymptotically equivalent as
h — 0. We also prove mesh independent convergence for the two-level OSM, recovering
the well-known properties of multigrid schemes, see Chapter 2 of [152]. This is a signif-
icant improvement over the one-level Schwarz methods which have a mesh dependent
convergence and therefore their convergence deteriorates as the number of unknowns
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increases [74].

The strength of the approach presented in this chapter lies in its generality and flexibil-
ity. In fact, even though the development of efficient smoothers has reached a certain
maturity in the multigrid literature, see for instance Chapters 5-8 of [152], one may have
to use ad hoc solutions according to the specific equation under study which might be
very sophisticated and difficult to implement. Our approach is instead very general since
the smoother, being a domain decomposition method, does not change according to the
equation and it is straightforward to implement as long as one has a routine for the one-
level domain decomposition method.

This Chapter is based extensively on [99]. In Section 3.1, we present the two-level OSM for
a nonoverlapping decomposition and in Section 3.2 we propose a convergence analysis
based on Fourier expansion. Section 3.3 defines the method for overlapping decomposi-
tions and studies its convergence properties. In Section 3.4, we generalize the two-level
OSM to a multilevel framework, discussing implementation details on how to modify the
residual while moving from one grid to the other to assure we add the right correction on
the fine grid. Numerical results are presented in Section 3.5.

3.1 Two-level OSM for a nonoverlapping decomposition

In this section we introduce the two-level OSM for a nonoverlapping decomposition. We
consider a second order elliptic PDE,

Lu=f on Q, 3.1.1)

in the geometrical setting described at the beginning of Chapter 1.3. Given two initial

guesses u(l), ug, the one-level parallel OSM reads for n = 1,
Lul=f %n Qi, Oxul'+pul’ =0 u)! -tpug‘l ~om T, (3.1.2)
Lul=f in Qp -0yul)+pul=-0cul'+pul! onT.
If we define two functions on I as
ryi=—0xul — pul +0xuy + puy and rp:=—-0yxul + puy +0xuy — puy, (3.1.3)
and then we solve the coupled system
Zey=0 in Q;, Oye;+pe—0xe2—per=r1; onT, (3.1.4)

Ze,=0 in Qy, —-0xex+per+0ie1—pey=r1r, onl,

we have that &) := uf + e and i, := uy + e are solutions of problem (3.1.1). Indeed i, i
satisfy the PDE in the interior of the subdomains, and from (3.1.4) we have that d,(e; —
ez) = —0x(u} — uy) and (e; — ez) = —(uj — u}). Thus

axﬁl = dxu?+0xel = Oxuf —ax(u{’— ué’) +ax€2 =6xu§’ +6xe2 =0xﬁ§’.
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Similarly we have that #; = ti; on I'. Clearly at the continous level we have that e, such
that e, = e}, lies in the complete infinite dimensional coarse space [94]

o = {U € Hl’diSC(Q) : ff(l/mj) =0,j= 1,2},

with HVdisc(Q) .= {vel?(): Vi, € H'(Qj), j =1,2}. With this observation, it has been
proposed to construct a discrete coarse space 7}, < o, a restriction matrix R, to the coarse
space, and to solve the linear system

(R:AR])"'R.e = R.(f— Au"™).

Following this strategy, it is possible to define a complete discrete coarse space <7}, which
leads to a direct method. However the complete coarse space is too expensive to use and
therefore it is usually approximated obtaining optimized coarse spaces which are sub-
spaces of <}, see Refs [94, 83, 89] for an overview.

In this manuscript we define a two-level OSM which, inspired by the multigrid method,
solves equation (3.1.4) on a coarse mesh. Our two-level method can be summarized as
follows: we iterate algorithm (3.1.2) on a fine grid, we define after n; iterations the func-
tions r; and r,, we restrict them to a coarse grid where we solve directly system (3.1.4),
we interpolate the corrections e; and ey to the fine grid and we add them to the iter-
ates. To analyze the discrete version of this algorithm we set Q := (—%, %) x (0,1), Qp :=
(—%, 0) % (0,1), Q5 := (0, %) x (0,1), with an interface I" := {0} x [0, 1]. We discretize equations
(3.1.2) on a fine mesh with mesh size h := 2—1, and equations (3.1.4) on a coarser mesh with
mesh size H := 2[%1 Thus the fine mesh has N, := 2¢ — 1 degrees of freedom in the y di-
rection and N, := Ny;l in the x direction for each subdomain, while the coarser mesh
has Ny := Nt ) and N¢:= Nf;l. Therefore each subdomain has N := N, N, degrees of
freedom on the fine mesh and N°:= NyNy on the coarse one. In the following we use the
index ¢ to indicate which mesh we are considering. In [146] the authors introduced the
augmented system Aoty :?g, which contains the variables at the interface I" twice, with

~ A -B
A, = ( 1,0 12,4) c R2N2N
—Byip Asy

where A;j ¢ € RNN

is the discrete Laplacian in the domain Q ; with Robin boundary condi-
tionsonT, Bj; ¢ are interface operators, f; = [f1 ¢, 13 /] is the force vectorand uy = [u; ¢, u ¢] €
R?N is the vector of the degrees of freedom on the mesh indexed by ¢. They showed that

the discrete version of eq. (3.1.2), i.e.
1 .
Aj’[u;l’; = ij[ + ];lBjkfqu’ j=12,
J

is equivalent to the algebraic iterative method ORAS, which in the correction form reads

2
uyt = Se(Aguy T f) = 0"+ ) R, AT R (B - Agup), (3.1.5)
j=1
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where R/ € RN2N are restriction operators on the domain Q j- We emphasize that the
residual rj = £, - Zgﬁ? is a vector with zero entries except for the degrees of freedom as-
sociated to the interface, where it represents a discretization of the functions in (3.1.3).
Thus, we construct the restriction operator Ry so that it acts as the full weighting restric-
tion operator Rip € RVNY for the points on the interface, and it has zero blocks corre-
sponding to the interior degrees of freedom,

0 0 0 0
Rops = Rip rire| | Riprtire|  |[Tine-1]
Ty = R =g = =r/-1.
1D ror,e 1DY2r,¢ ror,r-1
0 0 0 0

Other possible choices are available: one could replace the zero blocks with 2D full weight-
ing restriction operators Ry p, or with straight injection operators. This change would not
affect the method, since they all map a zero function on the fine mesh to a zero function
on the coarse mesh. Therefore the properties of the restriction operators are uniquely de-
fined once we characterized the action of the restriction operator on the interface. This
is an advantage of the two-level OSM, and of a large class of two-level domain decom-
position methods: they do not require to restrict on the whole volume but only on the
interfaces, which are 1-D curves for two dimensional problems, or 2-D surfaces for three
dimensional problems. In Chapter 4 we will further introduce a new framework of two-
level and multilevel domain decomposition methods defined directly on the interfaces.
On the coarse mesh, we solve the restricted residual equation inverting the operator A,_;,
which corresponds to a direct discretization of the original problem on the mesh indexed
by ¢ — 1. Finally concerning the interpolation operator, we define I, = diag(lop, ¢, I2p,¢),
with L, € RNV ‘ being the standard linear interpolation operator from the coarse to the
fine grid. Another possible choice is to define / ? which interpolates on the interface and
then extends harmonically on the fine grid. With all these ingredients, the algorithm we
have described previously at the continuous level to solve the continous problem (3.1.1)
can be rewritten in the discrete form as

Algorithm 1: Function two-level OSM(E/,ﬁg,?g).

-Forn=1:n;, 0} — S[(}{[,ﬁg—l,fg),
-Iy <—?g - E[ﬁzl .

-Tp—1 — Ryryp.

e — Al

T (g ﬁ;l +1s€p_1.

¢
-For n=ny+1:ny, U} — Sy(Ag,u) ).
- Return ﬁ?z.

Considering the error equation, i.e. ﬁ = 0, Algorithm 1 leads to the classical iteration
matrix of a two-level method,

Sarosmliy = Sy? (I-1,A, | Ry Ag) Sy, 3.1.6)
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where I € R*NV2V is the identity matrix and §; corresponds to n iterations of the itera-
tive method defined in (3.1.5). The convergence properties of the two-level method de-
pend on an effective team play between the smoother and the coarse correction. As in
the multigrid literature, n; and n, are mainly chosen heuristically. The stronger is the
smoothing property of the smoother, the smaller n; and n, can be. We show in Sections
3.2.2 and 3.3.1 that OSMs are very efficient smoothers, so that common choices for n;
and ny are 1 or 2. In the numerical experiments section, we set n; = np, = 2. We close this
section emphasizing that the exact correction given by €, = ﬁzlrg is a discrete harmonic
function (in the PDE sense) in the interior of the subdomains. The coarse correction, be-
inge,_; = AVXIR[U is still harmonic on the coarse mesh, but the interpolated correction
I,€,_1 is not harmonic on the fine grid. In other words, the linear interpolator destroys
the harmonicity of the correction and thus we conclude that with the linear interpolator
I, we cannot have a direct method! The interpolator / ;‘ should therefore be preferred
since it adds a correction which lies in the complete discrete coarse space. However its
use is more expensive since it requires to solve subdomain problems. In the rest of the
manuscript we will always use the geometric interpolator I, if not explicitly stated other-
wise.

3.2 Convergence analysis for the two-level OSM

Our analysis is based on a semi-discrete study of Algorithm 1. We take into account the
mesh properties in the y direction, while we consider a continuous problem in the x di-
rection. We carry out the calculations supposing that £ = —A, but at the end of the sub-
section we discuss how the analysis adapts to general second order operators. Further-
more we assume 1; and 7, to be even numbers. Accordingly, the error equation of (3.1.1)
can be written as

—0xxU—0yypu=0 on Qj; j=1,2,

where, using separation of variables, u is semi discrete as well, i.e. u = ¢(x)w(jh), where
Jj=1,...,Ny. Inserting this ansatz we obtain the eigenvalue equation in the y direction

=0y,ny(jh) =Y’y (jh),

whose solutions are given by y(jh) :=sin(kzjh), j=1,...,Ny, k=1,...,Ny, and y2(k) :=
hi sinz(kng). Solving the equation in x we obtain ¢ (x) = A(k)er0x 4 B(f)e~MOx with
A(k) = \/y%(k). To simplify further the problem we suppose that the domain is unbounded

in the x direction so that the general solution is given by

N, N,

Y Y
u =Y AYe*™™* and w =Y Bkyre M. (3.2.1)
k=1 k=1

The initial guesses u‘f and ug can be written in the general form of eq. (3.2.1) for a proper
choice of A(k) and B(k). After an even number 7n; of iterations of the smoother, standard
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calculations, see for instance [74], show that
N, N,
=) p(k, p)™ A(k)y e ¥ and uy' = plk, P By e "X
k=1 k=1

where p(k, p) = (%). If n; is not even then the role of A(k) and B(k) is flipped, and

the analysis follows the same calculations, but the notation to keep track of both cases
becomes cumbersome. Thus we prefer to assume that n; is even for the sake of clarity.
Then we compute the residuals 1 and r, in (3.1.3),

n=Y,", g-(ARpk )"y + X, g (KBKRpK, p) "y,
=%, 8+ (kAU pk, )"y + X, §-(K)B(K)p(k, )"y,

where g_(k) := —A(k) — p and g, (k) := —A(k) + p. We observe that r; and r, are one di-
mensional functions in the variable y, which are sums of eigenfunctions of the discrete
Laplacian. Well known results are available for the action of the full weighted restriction
operator R;p and the linear interpolation operator hp:= 2R 1 p on these functions, see for
instance Chapter 2 of [109]. In particular, defining k= Ny, +1 -k, we have

(3.2.2)

Riplexyi+ezwi) = (ekck - eEsk)gbk, (3.2.3)

where cj := cos(kn%), S := sin(kng) and Ok, j = sin(krjH) with k,j € 7V := {1,2,...,N§}
are the eigenvectors of the 1D discrete Laplacian on the coarse grid. The eigenfunction
1//Ny+1 is actually mapped to zero by the restriction operator, thatis R py Ny+1 =0, and thus

this frequency is not represented on the coarse level. Using these results we obtain

J’ ~ ~ ~ ~ ~
Ripri= % ¢ [Pt (8- A + g+ (B &2 — p(B)™ (g- (VAR + g+ (OB(B)) 2
NC
Ripra = Z Gic[pU0™ (g4 (AW +g- (B 2~ p(B)™ (g+ (VA +g-(DB(B) 2,

(3.2.4)

where for the sake of brevity we omitted the dependence of p(k, p) on p. On the coarse
mesh the general solution of the semi-discrete Laplace equation is again given by a for-
mula similar to (3.2.1),

NL NL
Z Ak pret®* and e, = Z B(k)pre e bx, (3.2.5)
k=1 k=1

where )Lz(k) HZ sin (kn y are the eigenvalues of the 1D Laplacian on the coarse mesh.
Imposing the boundary condltlons to solve the residual system (3.1.4), we obtain

(Ac(Kk) + p) A(k) + (Ac(k) = p)B(k) = Ripri(k),

- _ 2.
Ae(k) = PYAG) + Ae(k) + P B = Ripra(k), (3:2.6)

which leads to
. Ripri(k)+Ripra(k) Ripri(k)—Ripra(k)
A(k) = + ,
4 (k) 4p
Ripri(k)+Ripra(k)  Ripra(k)—Ripri(k)

2.0 * 4p

B(k) =
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The last step is to interpolate the correction to the fine grid. Since we deal with a semi-
discrete analysis, we can use the results on the interpolation of the eigenvectors of the
Laplace operator [109]. In particular we have that, Vk € ¥, I ¢y = ciy . — sag.. It follows
that N

u+Iey = X ]\,711 (p(k, p)™ A(k) + d2 A(k)) e* P xyy,

uy' +Ipe; = X, (p(k, p) B(k) +dB(k)) e MO xy,
where di = ci ifk< N;, di = —si if k= N; +2and d,% =0ifk= N; + 1. Algebraic calcula-

tions allow us to write a linear relation which maps the coefficients A(k), B(k), A(E), B(E)
after one step of this two-level method. Denoting with p = p(k, p), p = p(k, p) and v} =

(A"(k), B"(k), A™(K), B"(K))" , we obtain

Vi =GEDGIVET! Vke7, (3.2.7)
where
[ Alk) [ Alk) st AR st (A
(1 -5 (1 + /lc(k))) 2 (1 - Ac(k)) 5 (1+ Ac(k)) T (Ac(k) - 1)
o A(k) A AR ) Sk (AR Ci St AR)

By 2?2(1_/10(1@ (1;2?(“%6(1@)) 2 (L® _}) T4(1+/IC~(k)) (3.2.8)
Sk A(k) Sk [ ALK Sk A(k) Sk A(K) ’ -
> (1 + Ac(k)) 2 (Ac(k) - 1) (1_ 2 (” 1.(0) )) 2 (1 - Ac(k))

Sk [ Ak s Ak 5i AR S AB)
5 (/lc(k) - 1) T (1 + /lc(k)) 2 (1 - /lc(k)) (1 -7 (1"' e (k) ))
p(k)"
p(k)"
G!':= ~ (3.2.9)
k p(k)n N
p(k)"

The smoother is described by the matrix G}! while Dy takes into account the coarse correc-
. . . N N T _
tion. Denoting with e” = (V?,...,VI'QC,A(YTH) ,B( y;l)) , we conclude that e” = Te" !,

y
where
G*D1G"
n2 1N n
T= G Dy Gy . (3.2.10)
Ny+1 n+n;
2 M
Ny+1 n+n;
(%5 )

Remark 3.2.1 (Extension to more general differential operators). Equation (3.2.10) has
been obtained supposing £ = —A, but it can be readily extended to more general oper-
ators. The necessary hypothesis for the calculations are the assumptions on the geome-
try of the problem, on the use of a uniform mesh along the interface and that w(jh) =
sin(km jh), so that we can characterize the action of the restriction and prolongation op-
erators. As long as these assumptions are verified, one can consider a general equation
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(=vA+ a0 u+azdy+c)u=0.1If a; = a = 0 and ¢ # 0, then equation (3.2.10) is still valid

replacing A(k) with A(k) = {/y(k)? +{ and using the corresponding convergence factor
[74]. If only ay = 0, then using the expansions
N, N,

Yy Y
u =Y ARy ®* and wu =) Bkwre -*%, (3.2.11)
k=1 k=1

. ali\/af+4v(;—2 sinz(kng))+4vc . .
with A(k)4,— = T , and carrying out the same calculations, one can

derive a similar iteration matrix. The case ay # 0 cannot be treated in this framework
because it leads to ¥ (jh) # sin(km jh), see Chapter 2.2.3 for more details on tangential
advection.

3.2.1 Optimization of the semidiscrete nonoverlapping two-level OSM

To optimize the parameter of the two-level method one would have to solve the mini-
mization problem min, p(T), which, T being block diagonal, is equivalent to minimizing
the spectral radii of the matrices G2 DG} and p (252, p) i
of the matrices Gzzﬁ k GZ1 are lengthy expressions. Thus, we look for a sharp upper bound

of p(T). We first prove the following Lemma.

. However the eigenvalues

Lemma 3.2.2. DefiningT (k, p) :=3p(k, p)™*" si, we have

p(T) = max T'(k,p). (3.2.12)
€

Yy

Proof. We define the matrix T which is obtained from T replacing the blocks GZZEkGZI
with Dy := ﬁszl GZZ = ﬁng, where n := nj + ny. A classical property of the spectral
radius states that p(G? DxG}") = p(DrG}' G;*) = p(Dy). Therefore we have p(T) = p(T) <
I Tll;. We note that due to the diagonal structure of the matrix T,

max+4max y y .

Thus we focus on the term || D ||;. Using the trigonometric formula sin(2x) = 2 sin(x) cos(x),
we obtain

2 sin(kml Hsin(krk
/l(k) = hSIH( 7'52) = Sln( nz): 1 :i>1, Vk€7/,
Ac(k) %sin(kng) hsin(kmh) cos(kn%) Ck
AR £sin-knd) Hcostknd) 1 1o ey
Ac(k) %sin(kn%) hsin(kmh) sin(kn%) sk '

Substituting these expressions into (3.2.8), direct calculations yield

IDklly = max{p” (1-c} +cks5),p™ (1 - 3 + cose)}-
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Exchanging the order of the max operations over a finite set we have

max|| Dyl = 1]1C1€e}/xmax{p” (1—cf+cxss), p" (1—sp + cose)}

n 4 2 ~n 4 2

=maximaxp" (1-c, + csy), max 1-s.+cisk)¢-

{kwp( K+ CkSy) keVp( k kk)}

Now we proceed with a change of variable in the second term in the curly brackets. Due to
2 sin(Ny+1-k)rd)—p

2 gin(Ny+1-k)md)+p

our hypothesis on the mesh, we have that h = ﬁ, so that p(%, p)= (
20

(%), where we used the trigonometric identity sin(5 — x) = cos(x). Using again this re-
h

lation and denoting with Z := {% +1,.., Ny}, we conclude that

gSk—P "
g‘ ) (1—ci+sick)
E5k+p

= rl?&)(((p(k, p"(1- Cé + sick)) .

2

7Ck—P
max )
kevV Eck-"p

n
1oty c2e) =
)( S+ CLSk) rlgflzx(

Thus we obtain the equality,

~ N+1 n
_ n(y_ 4 2
||T||1—max{k£r71/%>§z(p(k,p) (1 ck+skck)),p( 5 ,p) }

Now we relax the discrete constraint and we consider the continuous frequencies k €

1, Ny;l) u (%, Ny . Clearly it holds that

max{ max_(p(k p)"(1—64+5 02)) 10(M P)n}<
kevuz o kTR 2 a

n 4 2 NJ’+ 1 "
max max (o, p)" (1=cp + skci)), p| ——p| ¢-
kel1, 202 Ny 2
We now use the key observation that
4 3
N,+1 \" V2 V2
. 4 2 Y
Ny+1 \"
> p( 5 ,p) : (3.2.14)

and hence we can bound || Tlll as
Tlh< max p(k,p)"(1-ci+s2ct).
1Tl (max p(k, p)" (1= ci + sick)
To simply further the right hand side of this inequality we use the relation
(1—cp+spcr) = sx(L+co+cx) < s5(3—s5) <553, Vke[L, Ny,

and defining I'(k, p) :=3p(k, p) "si we obtain the desired bound. O
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We now consider the problem min || T'||;. From now on we restrict our analysis to the case
p

n + ny = 2 and due to Lemma 3.2.2, we study the simpler problem mpinkn[})a&(]l"(k, D),
€10,y

where we expanded the range of frequencies to k € [0, Ny ].

Theorem 3.2.3. Assuming that n + np = 2, the solution of the min-max problem

min max ['(k,p) (3.2.15)
P kelO,N,]

is given by

. v6+2v3-2v2-4)sin(z hNym)
= h ,
which is the unique root of the non linear equation

(3.2.16)

I'(k,p) =T(Ny, p),

where k is the unique interior maximum of T'(k, p) in the interval k € [0, Nyl

. h
2arcsm(7’”)

Proof. First we observe that I'(k,p) =0, Yk, p and I'(k, p) = 0 if and only if k = e
or k = 0. Second, we compute the derivative of I'(k, p) with respect to p,
or(k,
n( ((3 p)) =sign(hp —2sg).

Therefore, at the optimum, p must lie inside the interval [0, %sNy]. We then look for the

s hp
. . . . 2 -5 .
maximum with respect to k. We have that arg;’p ) = 0ifand onlyif k; = %H(Z) which
. .. ~  2arcsin(3(v2-1)ph
therefore is a minimum and zero, and for k, = 0, k3 = % and k = arcsm(zﬂ(}\lf L) < k.

We can conclude that the function for p € [0, 28%] starts from zero at k = 0, it increases
until it reaches an interior maximum at k, then it decreases until the zero k; and then it
is strictly increasing until k3. We observe that k3 = % > N, therefore the function has two
local maxima, one located at k and the other one at k = N,,. Moreover varying p € [0, sNy],
the zero k; (p) is mapped into the interval [0, Ny]. Suppose now that I k, p) >TI'(Ny, p), the
other case is treated similarly. Since sign(d,I') = sign(k; — k), we have d,I'(k, p) > 0 and
0pT'(Ny, p) <0, therefore increasing p decreases the maximum of I'(k, p) until T (k,p*) =
I'(Ny, p*). This is the optimal solution since varying the parameter p would increase the
value of T either at k = k or k = “Ny. The uniqueness follows from the strict monotonicity.
Finally, solving the equation I'(k, p*) = T'(Ny, p*) we get the expression for p*. O

Theorem 3.2.4 (Mesh independent convergence). Assuming that ny + ny = 2 and choos-
ing p as in Theorem 3.2.3, the spectral radius of the two-level OSM iteration matrix T is
bounded below 1 uniformly with respect to h,

p(T(p*)<C<1 ash—0, with C=0.0520. (3.2.17)
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Proof. Based on Lemma 3.2.2, we have

p(TN=ITPI1= kn[})afvc ]F(k, p).

Yy

Taking the minimum with respect to p, the inequality still holds, thus
minp(T <min max I'(k,p).
p PPy P kelO,Ny] tp)
We denote with p* the solution of the min-max problem studied in Theorem 3.2.3. Clearly

there is no reason why p* would still be the solution of the min-max problem min pP(T(p)).
Nevertheless we have that

m’}np(T(p)) <p(T(p*) <T(Ny,p") = mpinmlflxl"(k, p).
Substituting the expression of p* we get that

3(v2+3 - VB~ v32sin("37)
(V2+1-v6-1/3)2

We now observe that I'(Ny, p*) is a strictly decreasing function of h, therefore it has its
maximum for & — 0. Computing the limit }liné I'(Ny, p*) = 0.0520 =: C. Hence we con-

clude that min, p(T(p)) < p(T(p*))=C<1,as h—0. O

Remark 3.2.5. The asymptotic performance of the one-level OSM has been the subject of
intensive study. For straight interfaces, in [74] it has been shown that for zero order trans-
mission conditions the spectral radius is bounded from above by 1 - O(h?) in a nonover-
lapping decomposition and by 1— O(h%) in the overlapping case with overlap proportional
to the mesh size. See also [130] for a generalization to arbitrary interfaces. For second or-
der transmission conditions [74], we have respectively 1 — O(h%) and1-— O(hé). Theorem
3.2.4 shows that the two-level OSM gains the same property of the multigrid scheme with
a convergence independent of the mesh size because of the presence of the coarse cor-
rection. We emphasize that the same conclusion holds if one uses the classical parallel
Schwarz method instead of OSM as smoother.

3.2.2 How to choose the optimized parameter in the nonoverlapping case

As we emphasized in the proof of Theorem 3.2.4, in general p* is not a solution of the
minimization problem min, p(T(p)). Thus we study numerically the behaviour of the
spectral radius and of the other bounds as functions of p. On the left of Figure 3.1, we plot
the behaviour of different quantities as p varies. From the right panel, we observe that
the solutions of none of the min-max problems involving the different bounds or even
p(T(p)) provides an optimized convergence. The reasons of this discrepancy lie in the
several simplifications used in the literature for the derivation of the convergence factors
for the one-level OSMs which is mainly based on a continuous analysis. It therefore ne-
glects the computation of the discrete derivative and it approximates the eigenvalues of
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Figure 3.1: On the left comparison between the spectral radius of S»;osy and T and var-
ious upper bounds. On the right, number of iterations required to reach convergence
as function of p and comparison between the predicted p obtained by solving different
min-max problems involving the quantities presented in the left panel. The fine mesh
corresponds to ¢ = 6.
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Figure 3.2: The continous line corresponds to the numerical convergence factor, the
dashed line corresponds to p2(k, p) and the dash-dotted line to p?(k, p).

the discrete Laplacian with the ones of the continuous Laplacian!. In our analysis, we in-
deed take into account the eigenvalues of the discrete Laplacian, but we did not include
the discrete derivative. We show that our small theoretical improvement actually worsens
the approximation of the numerical convergence factor in the high frequencies regime. In

Figure 3.2, we plot, for a fixed p, the numerical convergence factor, p?(k, p) and also the
nk—p
nk+p
eigenvalues of the Laplace operator in 1D. It is evident that actually p?(k, p) is a better ap-
proximation of the numerical convergence factor. On the other hand, p?(k, p) is wrongly

faster for high frequencies and that is why our estimates for p are constantly lower than

2
continuous analogue of p?(k, p), i.e. p2(k,p) = ( ) , which involves the continuous

1We remind that usually the unbounded hypothesis is also made, but it has no significant impact in this
case.
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the optimal ones.

Guided by these observations we now consider an analysis which is less precise from the
theoretical point of view than the one proposed in Section 3.1, but that will provide a
better approximation of the optimal parameter p. We carry out a complete continuous
analysis by replacing the expansions (3.2.1) with

Ny NJ’
=Y ARpre™ and wp =Y Byre ™. (3.2.18)
k=1 k=1

We insert this anstanz into the iterative method and when dealing with the restriction and

prolongation operators we assume? that the same results as in the discrete case hold, see
for instance eq (3.2.3). Repeating the same calculations we obtain the recurrence relation

Vi = EEVZ* similar to (3.2.8) where

2 2 ~ 2.2 ,~
4 %Sk k) S5k (k
(1-ct) o FE[ieg) HE(E1)
22 -~ 22 -
| o (i) EE(E) SR04
k 5 5 0 1_%(“’%) sé(l—E)
b 14 4]
sif1-k si{1+k
2.2 k k k k
0 CLSy 5 1- 5

Defining G;’" = diag(p” (k, p), p(k, p), p (K, p), 2 (k, p)), D := D'EG;’”I and recallinge” :=

(v’f, Vi AR, B (%)), we conclude that e” = Te" !, where

D,

D,

~|
1
I

D e

p?(Ny;l,p)

Ny+1
p?( 3 ,p)
Lemma 3.2.6. DefiningT (k, p) :=3p"(k, p) si, we have

T <|ITl; < T(k,p).
p(T) = ||1<kgl[lal§] (k,p)

Yy

Proof. The proof follows the step of the proof of Lemma 3.2.2. Direct calculations show

that
N,+1
7))

k Cc
2It is a slight abuse of notation since under our hypothesis on the mesh, the eigenvectors of the discrete

Laplacian correspond to the discretization on the mesh points of the eigenvectors of the continuous Lapla-
cian.

Ny+ 1) n
' 2

- 2 2 T2 2
Tl = max{r]?g/xp?(k, p)si(1 +2c‘k),r]£1€z%/xp2’(k, p)cy (1 + 5
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Studying the second term in the brackets we conclude that 1 + si NJ;CH <2forkeV,so

that we can consider the upper bound

_ . N, +1
2 2 v
1Tl < maX{IIJCrIEaV)cSpZ’(k, p)sk,rllcnea;(?)p?(k, p)ck,p?( 5 ,p)}.

Ny+1
2

Similarly to Lemma 3.2.2, we introduce the set Z := { + 1,...,Ny}, so that | T|; <
N,+1
max{manEVuZ 3p¢ (k, P)Si»P? (yT’P)}

. . Ny+1 N .
Finally observing that 3p?(NJ;+1 , p)szNyi+1 =p] (yT+, p) and considering a continous set

of frequencies k € [1, Ny], we get the dezsired bound. O

We are ready to prove the following theorem.

Theorem 3.2.7. Assuming n =2, the solution of the min-max problem

min max T(k,p) (3.2.20)
P ke[O,N,]

is given by p which is the unique solution of the nonlinear equation
Tk, p) =T(N, p), (3.2.21)

wherek is the unique interior maximum of T (k, p).

Proof. The function has two zeros, one located at k = 0, the other at k = %. Analyzing the
sign of the derivative with respect to p we obtain that

ini—in( —km)
sig % =sign(p — kn),

and we conclude that at the optimum p € [0, Ny7]. The derivative with respect to k is
given by

ofT (mk—p)sin (% hkn] T (cos(% hkn) hk?m?% - cos (% hkn) hp? +4 sin(% hkn) p]

—=3 .

ok (vk+p)°

Therefore the stationary points are located at k =0, k = 5, k= %, which is actually outside
the interval [0, Ny] and at k = k, which is the unique root of the equation cos (3 hkn) hk*m? -
cos (3 hkm) hp? +4 sin (3 hkr) = 0. Indeed dividing by cos (3 hkr) #0, Vk € [0, N, ], we get
the equation

1
hk?*n — hp? +4tan (Eﬂhk) p=0,

which is a strictly increasing function of k which for k = 0 is negative and for k = Ny is pos-
itive. Moreover we have that k < g. The function therefore has the following behaviour:
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Figure 3.3: On the left comparison between the spectral radius of S»;psy and of T and
various upper bounds. On the right, number of iterations required to reach convergence
for different values of p obtained by solving different min-max problems involving the
quantities presented in the left panel. We also add a magenta triangle which represents
the solution of min,, g}ryl?lx p%(k, p).

kel=5—Nyl

it starts from 0 at k = 0 and it is strictly increasing until it reaches its local maximum at
k = k. Then it decreases and it reaches zero at k = % and eventually it increases until the
local maximum located on the boundary at k = N,,.. Using the classical arguments of The-
orem 3.2.3 we conclude that the solution is indeed given by equioscillation between the

two local maxima. 0

In conclusion we show in Figure 3.3 a comparison of the different optimized parame-
ters that can be obtained minimizing the spectral radius, the 1-norm or the upper bound
T(k, p). We see that the unique solution of equation (3.2.21) leads to an optimized con-
vergence.

Remark 3.2.8. In a one-level setting, one chooses the optimized parameter solving the
min-max problem

. 2

min max p%(k, p). (3.2.22)

PN pclk, p
In the case without overlap, the parameter p solution of (3.2.22) does not lead to a smoother,
since it tries to balance the convergence factor for low and high frequencies. However,
similarly to the Jacobi smoother in a multigrid setting [109], one can choose p such that
the OSM eliminates the high frequencies, see Figure 3.4, while the low ones are corrected
on the coarse mesh. One obvious choice would then be to solve the min-max problem

min max p%(k, p). (3.2.23)

p kE[Ny2+1 ,Ny]

Figure 3.3 shows that this heuristic idea indeed leads to an excellent optimized parameter
so that, instead of the min-max problems involving the new quantites I',I', one could
just use the same min-max solution involving the one-level convergence factor p.(k, p)
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Figure 3.4: Comparison of the smoothing property among the Jacobi method with damp-
ing parameter w = %, the OSM tuned as a solver, and the OSM tuned as a smoother.

by changing the interval for the variable k. The analytical solution of (3.2.23) is given

by p* = Ny;l Ny = C h~! as h — 0, so that the asymptotic behaviour of the optimized

parameter obtained from (3.2.23) and (3.2.16) is the same.

3.3 Two-level OSM analysis for an overlapping decomposition

In this section, we present an analogous analysis for the overlapping two-level OSM. Given

two initial guesses u(l), ug and an overlapping decomposition of Q into Qy, Qp with T; :=

0Q;\0Q, j =1,2, the one-level parallel overlapping OSM reads for n = 1

Zul!=f in Q, 6xuf+pu{l=6xu§‘_l+pug_l onlj, (3:3.1)
Lup=f in Qp —0cul+pu)=-0ul'+pul! onl,.
Defining two functions on the interfaces as
r =—0xul —puy +0xuy +puy onl; and rp:=-0xui +puj +0xuy —puy onTy,
(3.3.2)
and then solving
Ley=0 in Q;, Oye;+pe;—0xe2—per=r1 only, (3.3.3)

ZLe,=0 in Qp, —0re2+per+0ie1—pey=r1r2 only,

we have that #; := u{l +e; and up = ug + e, are solution of problem (3.1.1) in the sense
that &} = ulqg, and @iz = ulq,.

To analyze the method, we suppose that the two subdomains are Q; = —%, a) x (0,1) and
Qs =(—a, %) x (0,1), with two interfaces I'; = [a] x [0,1] and I'» = [—a] x [0, 1]. Inserting the
expansions (3.2.18) into the residual definition (3.3.2) we get

N. N,
n=Y g (AR (k Pwre™+ Y g (B (k, p)wre @ on T},
k=1 k=1 (3.3.4)

NJ’ NJ’
r2 =kz g+ (k) A(k) pl (K, p)wke—k”“+kz g_(k)B(k)pl (k, p)y e on Ty,
=1 =1
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where p,(k, p) = (Z];—;Z) e~2amk

sion of eq (3.2.6), we obtain

, see [74] for a derivation. Solving the corresponding ver-

Z(k) — Ripri(k)+Ripra(k) + Ripri(k)—Ripro (k)

R (%:UIC?) (k) R (i)G(}C?) (k) ,
n _ Ripn(K)+Ripr 1pl2(K)—Ripn
B(k) = 2F(0) + 2G(k) ’

where F(k) :=2kn cosh(mka)+2psinh(rka), G(k) :=2knsinh(rka) +2p cosh(rka). Then
computing the updated approximations u? '+ Ie; and ug ! + e, we obtain that the vector

V= (A™(k), B"(k), A" (K), B”(E)) ! satisfies the recurrence relation v = ﬁgvg’l, with

mo(q_ .4 Oo CiSe (E, G Po GSt (E_G
po' (1-¢) 0 2 F+G) 2 (F G)
~Nny 2 2 ,~ ~ ~N|1 2 2 , ~ ~
0 m (1—64) Po Sk [E_ G Po Sk (£, G
=0 Po k z (F7G 2 (FTG
Dy = ~ny 4(F_ G ~ny 4(F_G , (3.3.5)
k 7+7 E——t
n 2.2 ~ny Po Sk|FTa Po Sk\F~G
Leos 0 !
Po €Sy Po 2 2
~n G ~n G
m 2.2 p”lsi(g_é) ~n pOIZSi(§+5)
0 Po CiSk - 2 Po————

where F := F(k, p), F:= F(%, p) and similarly for G and G.

Remark 3.3.1. We note that the same calculations can be adapted to obtain an iteration
matrix for a two-level method which uses the parallel Schwarz method as a smoother. We
need to replace Equation (3.3.1) with the classical parallel Schwarz method, the residuals
arer, = —u{l + ug = —r, and in the residual problem (3.3.3) we impose e; —e; =11 on I';
and e; — e; = rp on I'y. Finally, we use the properties of the interpolation and restriction
operators and the convergence factor ppsas(k) := e~ 2ark

Computing the 1-norm of 5? is delicate because the sign of the terms g - g depends
on p, and therefore many possible cases arise. Therefore assuming n; = 2, we look for a
proxy quantity to analyze, and inspired by Section 3.2 we define Tyyer (k, p) := 3s103. We

consider the problem analogous to (3.2.20) for the overlapping case.
Theorem 3.3.2. The solution of the min-max problem

min max Toper(k, p) (3.3.6)
P ke[0,+o00]

is given by p which is the unique solution of the nonlinear equation
fover (/k\I, p)= fover (75; p),

where k and k are the interior maxima offo,,er (k, p) for k € [0, 00].

Proof. We first observe that Tover(k, p) =0,Yk, p and Tover(k, p) =0if and only if k =0 or
k= 5. The sign of the derivative of I';,,., with respect to p is

sign (afover (k, P)

a7 ) =sign(p — k),
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therefore we conclude that at the optimum p = 0. The zeros of the derivative with respect

to k are located at k=0, k = % and at the only two zeros k, k of the non linear equation

2 122
hlzcn) 3 hn(p®— k) (33.7)

t = .
an( 4pn + 20 P2 — 26k2n2

Indeed g(k) :=tan (th”) is a strictly increasing function in k, which is equal to zero for k =

0 and goes to infinity as k — +oco. The function I(k, p,0) := % is positive for
k =0, it is stricly decreasing for every k and equal to zero at k = %. Therefore there exists
akin [0, %] solution of (3.3.7). On the other hand I(k, p,6) has a vertical asymptote at
ki = w > 5 and we have klinkl; I(k, p,6) = +oo and kETml(k, p,0) = ’2‘—2. Therefore
we conclude that there exists a k > g solution of (3.3.7). fo,,er (k, p) has therefore two local
maxima k < 5 < k, and repeating the final argument of Theorem 3.2.3 we obtain that the

solution of (3.3.6) is given by equioscillation. O

3.3.1 How to choose the optimized parameter in the overlapping case

The nonoverlapping OSM is not a natural smoother and therefore the tuning of the trans-
mission conditions is essential to have an efficient two-level method. In constrast, the
overlapping OSM is a perfect smoother since it is exponentially fast for high frequencies
and thus we expect the tuning to be less important. Nevertheless, we want to study how
close the solution of the optimization problem (3.3.6) involving fover(k, p) is to the solu-
tion of miny, p(S2.0sMm). On the left panel of Figure 3.5 we plot the behavior of the itera-
tion matrix (3.1.6) and of Ty er (k, p) as function of p. We denote with S»;0s)s the iteration
matrix where we use the linear interpolator I, and with S3, ,, the one which uses I/,
Concerning the choice of the optimized parameter, we deduce from Figure 3.5 that if we
use the harmonic extension operator, then Theorem 3.3.6 provides a perfect choice for
the optimized parameter. However, we observe that there is a significant difference in
the spectral properties of Sorpsy and S?Los »- The explanation for this behavior lies in
the different choice of the interpolation operator: if we use the linear interpolator I,, the
corrections which we add to the iterates are not harmonic anymore. Hence, we cannot
assume that the expansions (3.2.18) hold in the interior of the subdomains and especially
on Ty, j = 1,2, where the smoother S, acts. In Fig. 3.6 we plot the first eigenvector of
the iteration matrices Sarosp and Sg‘LO ) in the overlapping case. We can clearly observe
that the eigenvector of Sy;psy does not behave as an exponential along the x direction,
as required by expansion (3.2.18).

On the right panel of Fig. 3.5, we plot the spectral radius of Sy;posp and S?LOS » in the
nonoverlapping case where the discrepancy is negligible, the min, S, 05y being attained
at p ~ 124 and min, S?Los » &t p = 118. Hence, in the nonoverlapping case the use of I, or
of f does not influence the method significantly. We remark that using I,, the correction
we add is not harmonic on the fine grid, but the nonoverlapping smoother takes values
next to the interface and thus is less affected by the non harmonicity inside the domain.
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Figure 3.5: On the left, we plot the behavior of Sa; o5, S?LOS A p(T) and max; [ gper (K, p)
with respect to p. We remark that S»;psp does not behave as our analysis predicts. On
the right we plot SarosMm, S?LOS »r in the nonoverlapping case in which the discrepancy is
negligible. The fine mesh corresponds to ¢ = 6.

Figure 3.6: First eigenvector of Sa;osps on the left and of S?LOS  on the right.

3.4 Multilevel generalization

In this section we generalize the two-level Algorithm 1 to a multilevel setting. As empha-
sized in the multigrid literature [109, 152], the coarse problem A,_,&,_; = Rng‘, may still
be too large and therefore one could use recursively a two-level method to solve it. How-
ever in the nonoverlapping case, the smoothing property of the OSM depends strongly on
the transmission conditions and therefore, moving from one grid to another, they need
to be tuned according to the new mesh and this implies also that the residuals must be
properly modified.

Suppose that at the continuous level we do some smoothing steps of the double-sided
OSM, see [74], with free parameters p and g. According to equation (3.1.3), the residual
will be zero inside the domain and on the interface I' we have the two functions

ryi=—0xul — pul +0xuy + puy and rp:=—-0xui +quy +0xuy —quy. (3.4.1)
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Suppose now that we want to change the parameters in the transmission conditions to a
new couple (p, g;). We are thus interested in the system

ZLey =0 in Qp, Oyxe1+pcer—0xe2—pcer=ri,c onT,

4.2
ZLep=0 in Qp, -0xex+qgcex+0se1—qgee1=ry, onl, (3.4.2)

for some choice of r; . and r, .. We would like to choose r;  and r, . such that the solu-
tions of (3.4.2) and of (3.1.4) are identical. In this way the discrete solution of (3.4.2) with
new parameters p, g, on a coarse mesh would lead to a good coarse correction.

Therefore we look at the expression of r; . and rz . such that e; . = e; and ey = e;. We
observe that the transmission conditions in (3.4.1) with the two parameters p and g imply

r-—r n+pr
(e1—ep) = . 2, (Oxe1 —0xer) = M
ptq ptq
Thus r,. and r», . should be such that
Fic—T r-—r
elc—ec= be Ao T2 er— ey, (3.4.3)
Pct4qc p+q
Toc+qer ro+qgr
axel,c_axez,c = Pel2c ¥ Gellc = Prz+qn =0xe; —0xeo,
Pctqc pt+tq

so that e; . = ej, j = 1,2 since they satisfy the same PDE in the interior of the subdomains
and the same boundary conditions on the interface. Direct calculations from (3.4.3) lead

to
Pct(qc

qd—dc +r2p+L70.
p+q p+tq
Moving to a discrete setting, we define r, as the residual on the fine grid computed with
parameters py, g, and with r; . the modified residual where the role of p. and g, in eq
(3.4.4) is now played by py_1, ge-1, i.e. the smoothing parameters we want to use on the
coarse grid. We call ¢ the operator which takes r, and returns the modified residual ac-
cording to eq (3.4.4), i.e r; . = 9 (x;, p1, g1, P1-1,91-1)- Thanks to these observations, the
multilevel optimized Schwarz method to solve the linear system A; #; =f, _ con-
sists in multiple calls of the MOSM function described by Algoritm 2 until convergence is
reached. In the overlapping case, the smoothing property of the OSM is guaranteed by the
overlap and so there is no need to tune the parameters p, and g, on each mesh. We can
always use the parameters solution of (3.3.6) without losing in efficiency. Therefore, in the
overlapping case, we just consider ¢ as the identity operator. According to the value of y
in Algorithm 2 we obtain a V-cycle (y = 1) or W-cycle (y = 2). In the numerical section we
consider only the V-cycle, since the W-cycle shows a similar behaviour.

T ci=T2c+ (r—r2), Tr2ci=n1 (3.4.4)

3.5 Numerical results

Every experiment starts with a random initial guess with values between -1 and 1, and
the right hand side is equal to f = 1. We use the acronyms OSMo(p) and OSM(p) to indi-
cate a one-level OSM with a single sided optimized parameter p with and without overlap.
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Algorithm 2: Function MOSM(Zg, ﬁg,?g)

-If ¢ = 0 ,,in, then return Upmin — Z;iin Comin®

-Forn=1:n,, ﬁ’; — Sg(ﬁg,ﬁ?‘l,?g).

-11,c — G — Ay, pr, e, pe-1, Go-1).

- Set é[—l =0.

- Call y times €_; — MOSM(A,_,&_1, R ().
- — ﬁ?l +1s€;_1.

¢
-Forn=m +1:ny, ﬁ? — S[(A[,ﬁ;l_l,f[).
- Return ﬁZz.

OSMV(p,q) indicates a V-cycle OSM with two optimized parameters p, g. The optimized
parameters are obtained by maximizing the smoothing property of the OSM scheme ac-
cording to the Remark 3.2.8. MGV stands for a multigrid V-cycle with a Jacobi smoother
with damping parameter w = % The number of pre- and post-smoothing steps is set
equal to n; = np = 2 on each level, except on the coarsest one where the linear system
is solved directly, for all the multilevel schemes, i.e. for MGV, OSMV(p), OSMV(p,q) and
OSMoV(p). For each equation we compute the exact solution Uexact Solving directly the
augmented system and we present a table containing the number of iterations required
to reach a relative tolerance of Tol:= 1075, i.e.
I} — Gexactlloo

< Tol.

” ﬁexact ”OO

3.5.1 Elliptic problems and scalability

We first consider the discrete setting described in Sections 3.1 and 3.3.1 with overlap fixed
to a = 0.0625. We study the diffusion equation

-V-v(x,y)Vu=f in Q, u=0 on 0Q, (3.5.1)

where v(x, y) = vy in Q) and v(x, y) = v, in Q,. We define the ratio A = Z—; as a measure of
the heterogeneity. If heterogeneity is present, we do not consider overlapping methods.
The coarsest grid corresponds to ¢ = 3 and the finest to ¢ = 9, leading respectively to 56
and 261632 degrees of freedom. Table 3.1 shows the number of iterations to reach the tol-
erance for the different methods. For the homogeneous case, i.e. A =1, the V-cycle OSM
is faster than both the one-level OSM and the multigrid method in terms of iterations
counts. In presence of heterogeneity, multigrid performance remains similar, while all
the methods based on optimized Schwarz methods, both one-level and multilevel vari-
ants, become faster. This is in accordance with the discussion in Chapter 2. However
to have faster convergence, OSMs do require the jump in the diffusion coefficient to be
aligned along the interfaces between the subdomains and to proper rescale the transmis-
sion conditions according the diffusivity constants of the adjacent subdomains. If this is
not the case, OSMs could even diverge. Therefore the method is not robust with respect
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A OSM(p) OSM(p,q) OSMo(p) OSMV(p) OSMV(p,q) OSMoV(p) MGV

1 164 57 13 4 4 2 11
10° 6 5 - 1 1 - 11
# Levels OSMV(p) OSMV(p,q) OSMoV(p)
2 4 4 2
4 4 4 2
6 4 4 2

Table 3.1: Top table: number of iterations to reach the tolerance for a diffusion problem
for the V-cycle OSMs and the multigrid scheme with a point Jacobi smoother. Bottom
table: number of iterations to reach convergence as the number of levels increases in the
multilevel methods for A = 1.

e OSMV(p) MGV MGV-Line Jacobi

107! 4 59 6
1073 5 4769 6

Table 3.2: Number of iterations to reach the tolerance for the anisotropic Laplace equation
for the V-cycle OSM, the multigrid scheme with a point Jacobi smoother and with a Line
Jacobi smoother.

to arbitrary decompositions into subdomains in case of jumping diffusion coefficients.
Some recent developments considering discontinuities across the interfaces are available
in [108].

We then study the robustness of the methods with respect to the number of levels. We fix
the finest grid to ¢ = 9 and Table 3.1 shows that the number of iterations remains constant
as the number of levels increases.

We then consider the anisotropic version of (3.5.1) where v(x, y) = diag(e, 1). If € is small,
then we have a higher diffusivity in the y direction than in the x direction and multigrid
performance deteriorates due to the inefficiency of classical smoothers, see Chapter 5 of
[152]. Table 3.2 shows that the OSMV(p) does not suffer the anisotropy while multigrid
becomes inefficient. A Jacobi line smoother fixes multigrid but it also makes each iter-
ation much more expensive as it requires to solve N, tridiagonal systems of dimension
Ny x Ny, where Ny and N, are the number of unknowns in the x and y direction. For
three dimensional problems one needs to perform plane relaxations which could be very
complicated to implement in complex geometries [148]. The OSM smoother solves in-
stead two (or several for a many subdomains decomposition) larger sparse subdomain
problems. Depending on the implementation and architecture, these two costs can be
comparable.
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v a1 a; OSM(p) OSM(p,q) OSMV(p) OSMV(p,q) MGV

11 1 166 57 5 4 15
1201 99 44 8 7 16
12020 101 48 7 6 18

Table 3.3: Number of iterations to reach the tolerance for the advection-diffusion equa-
tion in different physical regimes.

Next we solve the advection diffusion equation
—-vAu+a-Vu=f in Q, u=0 on 09,

where v e Rand a= (a;,ay) " € R?. We refer to [95] for the analysis of the one-level OSM
for advection-diffusion PDEs in bounded domains. The coarsest mesh is ¢ = 5, equiv-
alent to 992 degrees of freedom, so that on the coarsest level we still have a rough de-
scription of the boundary layer due to the advection. Table 3.3 shows the number of
iterations to reach convergence in different physical regimes. Note that being faster in
terms of iteration numbers does not mean being faster in computational time: let us
study the computational cost of a two-level optimized Schwarz method and of a multi-
grid scheme using point Jacobi. We denote with N, N, and M the number of degrees of
freedom on the first level, on the second level and in each subdomain on the fine mesh.
Nyyp indicates the total number of subdomains while N/ and NI(/fG are the number of it-
erations of the two-level optimized Schwarz method and of the multigrid scheme. Then,
the computational cost (CC) of the two level optimized Schwarz method is CCMOSM =
O(N"((ny + n2) Ngupy MY + N)) while for multigrid®* CCMC = O(NI . ((n + mp) N + NY)),
where y is an exponent which depends on the structure of the matrix and on the linear
solver used. It is clear that the subdomain solvers can represent a bottleneck due to the
term M. One solution is to increase N, so that M becomes smaller and one can then do
the computations in parallel. We then study the scalability properties of OSMoV(p) with
two levels, i.e. a two-level method which uses an overlapping optimized Schwarz method
with one optimized parameter p as a smoother on the fine level. We consider a square
domain Q divided into several subdomains by the partitioning tool Metis, see Figure 3.7
for an example of a decomposition. As we increase the number of subdomains, we keep
the size of each subdomain approximately constant (around 400 degrees of freedom), so
that the global problem becomes larger. In this setting, we solve (3.5.1) with v(x,y) =1
and f = 1. The numbers of pre- and post-smoothing steps are equal to n; = n, =2 and
the overlap is constant, equal to four times the mesh size. Table 3.7 shows that the two-
level optimized Schwarz method is scalable and offers a comparison with the RAS method
equipped with the well-known Nicolaides coarse space, see Section 4.2 of [61] for a de-
tailed description. The OSMoV(p) requires much less iterations but, at least in its two-
level variant, it requires to solve a larger and more expensive coarse problem.

3We suppose to use a point wise Jacobi smoother which has a linear cost in N. However in several situa-
tions, e.g. Table 3.2, one has to rely on more expensive smoothers.
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N. subdomains 4 16 64 128 '
OSMoV(p) 3 3 4 4

RAS+Nicolaides 8 27 52 57

Figure 3.7: On the left, number of iterations to reach convergence as the number of sub-
domains increases. On the right, example of decomposition into 16 subdomains using
Metis.

w OSM(p) OSMV(p) MGV

51 15 2 4 .
25m 25 4 6 .
50m 34 9 10 .
1007 60 40 129 y

Table 3.4: Convergence behavior for the Helmholtz equation with different wavenumbers
for a two-level method. Fine mesh labeled by ¢ = 10 and coarse mesh by £ = 9. On the
right solution for w = 25x.

3.5.2 Helmholtz equation with a dispersion correction

We consider the Helmholtz equation in a square cavity open on the vertical edges with
transparent Robin boundary conditions and with homogeneous Dirichlet conditions on
the horizontal ones. Both OSMs and multigrid do not converge in general for Helmholtz
problems when used iteratively, see Refs [71, 91] for a detailed discussion. The oscil-
latory nature of the Helmholtz equation makes it difficult to design efficient two-level
solvers. Some recents developments are available in [105, 46, 13, 147]. In this paragraph
we consider GMRES preconditioned by the one-level OSM [91], the V-cycle OSM and the
multigrid scheme. We show two numerical experiments. In the first one, we test the two-
level OSM with a fine mesh ¢ = 10, approximately one million degrees of freedom, and
a coarse mesh ¢ = 9 and we compare the iterations required to converge for an increas-
ing sequence of wave numbers w. In Table 3.4, we see that the V-cycle OSM and multigrid
schemes are extremely fast especially for low wave number. This is not surprising; in order
for the coarse correction to be effective, we need a good representation of the error on the
coarse mesh, therefore the lower the oscillations are the better representation we have
and we are basically in an elliptic regime. As w increases, the V-cycle OSM deteriorates
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lmin Gp,,. OSMV(p) MGV fin G, OSMV(p) MGV
7 1024 9 16 7 1024 9 8
6 512 16 78 6 512 16 20

5 2.56 24 >200 5 2.56 26 >200

Table 3.5: Convergence behavior of the V-cycle OSM and of the multigrid scheme for w =
257 as the number of points per wavelength on the coarsest grid Gy, is reduced. The
right table refers to the dispersion correction. The finest grid corresponds to £pmax = 8
with G, =20.48

and multigrid becomes highly ineffective.

In the second experiment we investigate the robustness of the multilevel methods with re-
spect to the coarseness of the meshes. In order to provided a good coarse correction, the
coarse mesh should have at least a resolution of approximately ten points per wavelength
Gy := }i—”w ~ 10. Moreover a coarse mesh amplifies the numerical dispersion; therefore,
since this requirement sets a practical constraint on the use of multigrid for Helmholtz
problems, some methods have been developed for dispersion correction such as opti-
mized finite difference schemes, see [147, 45]. In the following, we do not use some spe-
cific new finite difference stencils to contain the numerical dispersion, but instead on
each level, we modify the frequency w of the Helmholtz equation. Indeed, in Section 2 of

[45], it is shown that choosing the Helmholtz frequency on each level such that

wy(0) = |\/h22(4 —2cos(why cos(0)) —2cos(whysin(0)))|, (3.5.2)

reduces the numerical dispersion and specifically it removes the dispersion in the direc-
tion defined by the angle 0. Thus, supposing that on the finest grid ., the numerical
dispersion is negligible, on each coarser mesh we discretize the Helmholtz equation with
a modified frequency w,(0). We choose the angle 6 = § since it is very close to the value
found numerically which minimizes the maximum of the Euclidean distance between the
points lying on the continuous dispersion relation {¢ € R?: |||l = w} and the discrete one

(EeR?: h™2(4—2cos(hyé1) —2cos(hyés)) = w(B)}, for w = 2571

Table 3.5 shows that multigrid is very sensitive to the coarseness of the meshes and that
the dispersion correction improves its convergence behaviour up to Gy = 5. The V-cycle
OSM is instead more robust than multigrid and it is unaffected by the correction of the
frequency w.

3.5.3 Helmholtz-Laplace heterogeneous coupling
We study the MOSM for the Helmholtz-Laplace coupling discussed in Chapter 2.4,
~Au-w’u=f in Q, —-Au=f in Qy  u=0 on 0Q.

We consider the finest grid ¢ = 9 and the coarsest ¢ = 7 such that we have more than 10
points per wavelength. We see in Table 3.6 that the multigrid V-cycle diverges as an itera-
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w OSM(p) OSM-V(p) MG-V

57 165 6 13
257 80 9 div

Table 3.6: Number of iterations to reach the tolerance for the different methods in the
Helmholtz-Laplace coupling.

tive method for a large wave number. The MOSM still converges but the coarse correction
clearly becomes less effective. The one-level OSM instead improves its performance for
increasing w as long as the mesh size does not increase, as discussed in the numerical re-
sults of Chapter 2.4. If we choose the coarsest grid equal to [ = 8, then also the multigrid
V-cycle converges but it requires 111 iterations, which illustrates the higher sensitivity of
the multigrid scheme compared to the MOSM for wave problems, see also subsection
3.5.2.



CHAPTER 4

Substructured Two-Level and
Multilevel Domain
Decomposition methods

"Wisdom is brilliant, she never fades. By those who love her, she is readily seen,
by those who seek her, she is readily found.

She anticipates those who desire her by making herself known first.

Whoever gets up early to seek her will have no trouble but will find her sitting
at the door."

— Book of Wisdom, Chapter 6, 12-14.

Let us consider a vector space V1, an invertible linear operator A: V — V and an ele-
ment b € V. As we have seen in Chapter 3, a two-level domain decomposition method
consists of a classical one-level domain decomposition method also called “smoother”,
e.g. one of the methods presented in Sections 1.2 and 1.3, and a coarse correction step
performed on a coarse space V; < V. In order for the coarse correction to be cheap, we
assume thatdim V; « dim V. Once V, is defined, the mappings between V and V; are re-
alized by a restriction operator R: V — V. and a prolongation operator P: V, — V. We will
denote the restriction of A on V, with A., and set A, := RAP. We emphasize that the ef-
ficiency of a two-level method relies on good team-play between the one-level smoother
and the coarse space. Indeed, the coarse space should contain those functions which
are slowing down the convergence of the one-level smoother. Heuristically, these “bad”
functions can be easily identified by running the one-level smoother for a few iterations
and looking directly at the form of the error and of the residual. For one-level domain
decomposition methods, the error and residual have a particular form after each itera-
tion. The error is harmonic inside the subdomains and it is predominant in the overlap
region, where we simply merge the different subdomain contributions. This observation

1The space V will be assumed of infinite dimension in Sections 4.1 and 4.2 (except for Theorem 4.2.4)
and of finite dimension in Section 4.3

111
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has motivated the development of different techniques to define coarse functions inside
the overlap and then to extend them in the interior of subdomains. In this direction we
can refer to the manuscripts [57, 63, 68, 72, 73, 113, 118, 144, 145]. On the other hand,
if one uses a nonoverlapping method (e.g. the OSM see Chapter 3) or an overlapping
method with a partition of unity corresponding to an algebraic nonoverlapping partition
of the unknowns, one gets that the residual is non-zero only along the interfaces between
the nonoverlapping (either physical or algebraic) subdomains. Therefore another main-
stream idea is to define functions on the interfaces and then to extend them in the interior
of the subdomains, see e.g. [1, 11, 31, 33, 39, 84, 90, 89, 94, 113, 99].

In this chapter, we introduce new computational frameworks to solve the linear system
Au = b, and we call them substructured two-level and multilevel domain decomposi-
tion methods. The term “substructured” is commonly used in the literature to refer to
nonoverlapping domain decomposition methods, see for instance the monographs [139,
151], and this particular meaning essentially derives from [138]. We will instead use the
term “substructured” to indicate that both the one-level domain decomposition method
and the coarse space are defined on the interfaces, independently of the type of (overlap-
ping or non-overlapping) decomposition of the domain. These interfaces will coincide
with the physical interfaces between the subdomains in the case of a nonoverlapping de-
composition, or they will consist of the parts of the boundary of a subdomain which lie
in the interior of another subdomain, in the case of an overlapping decomposition. See
Section 4.1 for a precise mathematical definition.

The content of this chapter is based on a long collaboration with Gabriele Ciaramella,
which resulted in the manuscripts [41, 43, 42]. In [41] we presented the new compu-
tational framework for the two subdomain case, introducing a substructured two-level
method based on a spectral coarse space, called Spectral 2-level Substructured (S2S) method,
and another substructured two-level method based on a geometric coarse space, called
Geometric 2-level Substructured (G2S) method.

The S2S method is based on a coarse space defined as the span of certain interface func-
tions. One can choose freely these interface functions, even though not all choices are
equivalent from the convergence point of view. An effective choice is to define the coarse
space as the span of the eigenfunctions of the one-level substructured smoother which
are associated to the largest eigenvalues in modulo. Clearly, computing the eigenfunc-
tions of the one-level smoother is not always desirable. A partial remedy is to compute
separately the eigenvectors of some local operators defined on each subdomain. An-
other approach is to approximate the leading eigenvectors of the one-level smoother, and
we propose a numerical procedure based on the principal component analysis to obtain
good approximations in an inexpensive way. Nevertheless, we emphasize that one could
choose the interface functions freely, and for instance one could use some of the inter-
face functions used by other two-level domain decomposition in volume, see for instance
[90, 89, 94, 113]. In Section 4.6, we will show numerical experiments using the interface
functions of the SHEM (Spectral Harmonically Enriched Multiscale) coarse space ([90]) as
a basis for our substructured coarse space.
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On the other hand, the G2S method is essentially a two-grid interface method, for which
the coarse correction is performed on a coarse interface grid. The G2S framework does
not require the explicit knowledge of the coarse space functions and it is suitable to be ex-
tended to a multilevel method, whenever the dimension of the coarse space is too large.
We will show that the G2S method converges much faster than a two-level method in vol-
ume using RAS as a smoother, underlying that the G2S method is not just a different im-
plementation of already known methods. For a discussion about the relation between the
G2S method and a two-grid volume method, we refer to [43, Section 5]. The S2S method is
presented in Section 4.2 while the G2S method is discussed in Section 4.3. Both methods
have been generalized to the many-subdomain case and further analyzed respectively in
[42] in [43]. In this chapter we are going to provide a complete overview, but several details
will not be treated. The interested reader can refer to [43] and [42].

At this point, one could ask what are the advantages and disadvantages of working at the
substructured level. Let us start considering a spectral two-level method in volume and
the S2S method. On the one hand, most of the two-level methods in volume construct
some functions in the overlap region or on the interfaces, which are then extended inside
the subdomains through subdomain solves. All these methods inevitably need this exten-
sion step since they are defined in volume. Clearly, working at the substructured level, the
S2S method does not need to extend the interface basis functions. On the other hand, as
we will see in Section 4.2, if one wants to build explicitly the substructured coarse matrix
A, then one would have to perform subdomain solves. Thus, if A, is build explicitly, the
two costs compensate. From the memory storage point of view, the substructured meth-
ods require less storage as the interface functions are represented by only the degrees of
freedom on the substructures. Thus, for a three-dimensional problem with mesh size
h, a discrete interface coarse function is an array of size O(1/h?) which is much smaller
than O(1/h%), which is the size of an array corresponding to a coarse function in volume.
Thus, for this reason the resulting interface restriction and prolongation operators are
much smaller matrices and thus their action is cheaper to compute. Furthermore, we
numerically observed that a SHEM coarse space and a spectral S2S coarse space of same
dimension lead to a very similar convergence behaviour.

Concerning the G2S method, we first remark that the size of the coarse matrix A, is much
smaller than the size of a coarse matrix in volume. This implies that the coarse correc-
tion is cheaper to compute and that less levels are needed to ease the burden of the direct
solve. Similarly to the S2S method, if one wants to assemble A, of a G2S method explic-
itly, then one has to perform subdomain solves. This step can be done in parallel in a
pre-computation phase. Furthermore, the G2S method exhibits a much faster conver-
gence than a corresponding two-grid domain decomposition method, see for instance
Figure 4.6. Regarding the geometric interpolation and restriction operators, we empha-
size that if a two-level method in volume performs an interpolation in a n dimensional
space, then the G2S method performs an interpolation in 7 — 1 dimensional space. For a
three-dimensional problem this property can be highly attractive.
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4.1 Substructured Parallel Schwarz method
We consider the model problem
Lu=finQ, u=00nodQ, (4.1.1)

and we suppose it admits a unique solution u € H& (Q). We decompose Q into N over-
lapping Lipschitz subdomains Q’j, that is Q = UjeyQ;- with . :={1,2,...,N}. We now
introduce a notation inspired by [40]. For any j € .#, we consider the set of neighbouring
indices A := {( €9 Q’j N OQ’Z # (D}. Given a j € .#, we define the substructure of Q’j
as Sj := Uz, (OQ’[ n Q'j), that is the union of all the portions of Q) which lie in the
interior of Q;.. The sets S; are open and their closures are S; = §; U dS;, with 9S; :=
Ues; (OQ’]. n0Q)). The substructure of Q is defined as S := Ujc #S;j. We denote with

6’;.) : L*(Sj) — L*(S) the extension by zero operator.
Given a bounded set I' with boundary 6T', we denote by pr(x) the function representing
the distance of x € " from 0T'. We can then introduce the H&éz(l") space

HY? () := {ve HY2(T) : v/pl? e I2(D)}, 4.1.2)

which is also known as the Lions-Magenes space; see, e.g., [124, 139, 149]. Notice that
H}/?() can be equivalently defined as the space of functions in H'/?(T) such that their
extensions by zero to a superset I of T are in HY/ 2(f) ; see, e.g., [149]. Now, we consider a
set of partition of unity functions y; : S_j —[0,1], j=1,...,N,such that} ;e » 5;))(]‘ =1and

0,1] forxes§;,
xj) =911} forxeS;j\uses,Se,
{0} for x€05;\0Q.

Further, we assume that the functions y ;, j € .#, satisfy the condition y ;/ péﬁz € L*(F)).
J

For any j € .#, we define l“ijnt =00, n (Urer;Q)), and introduce the following trace and
restriction operators

7 HY(Q) — H2(Sj) and 77 H2(S) — H2 ('),

The operator 7 takes a volume function defined over Q’j and returns the trace over the
interior substructure S;. On the other hand, Ti]?“ takes a function defined over the whole

substructure S and returns its restriction over l“ijm, that is the boundary of Q’j which lie in
the interior of other subdomains.

It is well known that (4.1.1) is equivalent to the domain decomposition system (see, e.g.,
(139])

gu] :f‘] in Q;, u] — Z g?(XZT[ué) on r‘llnt’ u] ZOOHOQ/]\FIJHtr

leN;

(4.1.3)
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where f; € L? (Q’].) is the restriction of f on Q’j. We emphasize that the properties of the
partition of unity functions y, guarantee that y,7,u, lies in H()%O(Sg) and gg (xeToup) €
Ho%o(s)- Moreover, for ¢ € .4; it holds that Tijnté’g (YeTeuy) € H(%Z (I“ijnt) if I“ijnt C 0Qj, and
Ti].nté"g (XeTouy) € H”Z(Fijnt) if Fi].r‘t =0Q;. Givena j € . such that GQ’J. \ Fijnt # @, we define
the extension operator & : HO%0 (Fijnt) x [2 (Q’j) — H! (Q'J.) as &;(v) := w, where w solves the

problem . .
Lw=f inQ'j, w= vonFlj.I“, w=00n6§2}\1“1;lt (4.1.4)

FE . .
fora v e Hy, (l“ljm). Otherwise, if I“;“ = 0Q’j, we define & : H 3 (l“ljm) x [? (Q’j) — H! (Q;.) as
&;(v) := w, where w solves the problem

Lw=fjin Q’j, w=von Fijnt, (4.1.5)

forave H: (l“ijm). Using linearity, the domain decomposition system (4.1.3) can be writ-
ten as ‘
uj =0, )+ Y 8)xeteun),0) je s (4.1.6)
leN;
We now apply the operator y;7; on both sides of (4.1.6). Defining v; := x;T;u;j, j € %,
then system (4.1.6) becomes

Uj=gj+[§/ Gj)g(Ug),ij, 4.1.7)
&Ny

1 1
where g;:= x;7;€(0, f;) and the operators G; ¢ : H;(S¢) — H,(S;) are defined as
Gje():= XjTjgj(Tijntéag('),O). (4.1.8)

The system (4.1.7) is the substructured form of (4.1.3). The equivalence between (4.1.3)
and (4.1.7) is explained by the following theorem.

Theorem 4.1.1 (Relation between (4.1.3) and (4.1.7)). Letu; € H! (Qj), j€F, solve (4.1.3),
then_vj =xjTju)), j €&, solve (4.1.7). Let vj € H> (Sj), j € F, solve (4.1.7), then u; :=
&, (r;."fzkﬂj &)(We), fj), j € .#, solve (4.1.3).

Proof. We have shown that v; := y;7(u;) satisfies the first statement while deriving the
substructured system (4.1.7). To obtain the second statement, we proceed as follows. First
we observe that
uj =80, f)+&; @M Y. &) wy),0), (4.1.9)
leN;
which multiplied by x;7; and using (4.1.7) implies v; = y;7;u;. Thus replacing v, =
XeToUp into (4.1.9) leads to (4.1.6). O
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Given any function w € H& (Q) and initializing u(J). = wlg}, j € #, the parallel Schwarz
method (PSM) is given by

o _ 0 -1 int ,n_ int
gu?_fijj, u;?— Y. &) (xetou) )onrln,u;’—Oonan\F‘]Fl,

o (4.1.10)
]
for n e N*. The substructured form of the PSM is
v =g+ Y Giwyh jes, (4.1.11)

leN;

1
initialized by l/? = xT j(u?) € HZ,(Sj). We emphasize that the iteration (4.1.11) is well
1

posed, that is v;? € HgO(Sj) for j € # and n € N. Equations (4.1.11) and (4.1.7) allow us to
obtain the substructured PSM in error form, that is

ef= 3 Gjulej ™), jes, 4.1.12)
leN;

for n e N*, where e;? =vj- v;l, for j € # and n € N. Equation (4.1.7) can be written in the
matrix form Av=b, wherev=[vy,...,vn]",b=[g1,...,gn]" and the entries of A are

[Aljj=1Iajand [Alj,=~Gjy jk€Z, j#k, (4.1.13)
where I;, jare the identities on L2(S i), J € #. Similarly, we define the operator G as
[Gl;,j=0and [Glj,=Gj,, j keI, j#k,

which allows us to write equations (4.1.11) and (4.1.12) as v"* = Gv*~! + b and e”* = Ge" !,
respectively, where v" := [v{’, . v]'\l,]T and e” ;= [e?, s e]’f,]T. Notice that G = I — A, where
I = diagj:l,...,N(Id,j)'

4.2 S2S method

In the next two subsections we focus on the S2S method which relies on a coarse space de-
fined as the span of certain interface basis functions. Ideally, one could define the coarse
space as the span of some of the eigenfunctions of the smoothing operator G. This leads to
a very efficient method. However, computing these eigenfunctions can be cumbersome
from the computational point of view. In these cases, we will discuss how to approxi-
mate them through a Principal Component Analysis (PCA) which shares similarities with
the randomized SVD. In alternative, one could also decide to use the eigenvectors of the
subdomain smoothing operators G;, which hopefully are less expensive to compute, and
we will provide a convergence analysis in the case of two subdomains. It is even possi-
ble to build the coarse space heuristically, by inserting functions which are thought to
be relevant for the convergence of the method. For instance, one could insert the lowest
Fourier modes defined on each substructure. Finally, one can also use the extensive liter-
ature available for two-level domain decomposition methods in volume. In Section 4.6 we
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Algorithm 3: Two-level substructured domain decomposition method
0

Require: u (initial guess)

Lu'=Gu"'+b,n=1,...,n (dd pre-smoothing steps)
2. r=r—-Au™ (compute the residual)

3: Solve A u. = Rr (solve the coarse problem)
4 u®=u" + Pu, (coarse correction)

5: u"=Gu" '+b,n=1,...,n (dd post-smoothing steps)
6: Set u® = u'™ (update)

7: Repeat from 1 to 6 until convergence

present numerical experiments using the interface functions involved in the construction
of the SHEM coarse space [90, 89]. When needed, we will specify the coarse space used by
the S2S method. We will denote with S2S-G, S2S-G, S25-PCA and S25-HEM, S2S methods
with coarse spaces made of respectively eigenfunctions of G, eigenfunctions of G;, ran-
dom functions obtained through a PCA, and a coarse space obtained through the SHEM
coarse space, see Section 4.6 for implementation details.

In spite of the choice of the interface functions, we now provide a general definition of the

S$2S method. We introduce the space V := ®§.V:1HO%O(S]~) and an operator A: V — V. The
space V can be equipped with an inner pr?duct structure. The inner product is delzﬁned
as{v,w) = Z;V:l(vj, w;)j, where vj,w; € HgO(Sj) and () is the inner product on HgO(Sj).
We aim to solve the linear system Au = b. Let us suppose to have available a coarse space
V. c V such that V; = span{tpl,wg,...,wm}. The dimension of the coarse space is N,.
We define the restriction and prolongation operators R: V — R™ and P: RMe — V as

Rv=((v,91),{(v,w2),....(v,yn))", VveV,

N, (4.2.1)
Pw=)Y wy;, vwe R

j=1
The restriction of A on V; is defined in a Galerkin fashion, that is A;: V., — V,, with A. :=
RAP.
The S2S method is then defined by Algorithm 3. The integers n; and n, are the numbers

of pre- and post-smoothing steps. A direct calculation reveals that one iteration of the
two-level method can be written in the form of a stationary method

u" = G"(I- PA;'RAG" u’ + Mb, (4.2.2)

where I is the indentity operator over V. Here, M is an operator which acts on the right-
hand side vector b and which can be regarded as the preconditioner corresponding to our
two-level method. A direct calculation shows that

M =I+PA;'R+PA;'RA,
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which corresponds to a two-level preconditioner where the coarse correction is treated
in a multiplicative way. Defining the errors e"®" := v — v"*V and €°4 := v — v°!9, iteration
(4.2.2) becomes

€™V =Te, T:=G™(I-PA'RAG™. (4.2.3)

In order for algorithm (3) to be well-defined, we need first to show that A, is invertible.
This is discussed in the next Lemma where we need the orthogonal projection operator
onto V..

Definition 4.2.1. Given a space V and a subspace V, = span{y,...,wy,}, we define the
orthogonal projector Py, as the linear operator Py, : V — V; such that

YvevV, (v—IPVCv,u/j):O, j=1,...,N..

Lemma 4.2.2 (Invertibility of a coarse operator A;). Let V be an inner product space
and V. be a finite-dimensional subspace of V given by the span of the basis functions
Yi,...,¥n,. Let Py, be the orthogonal projection operator onto V.. Consider an invert-
ible operator A: V — V and the matrix A. = RAP € RN*Ne where P and R are defined as
in (4.2.1). Then A has full rank if and only if Py (Av) #0Vve 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 (4.2.1). Clearly, Pz = 0 if and only if z = 0. For any z € R™ the function 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
allw e V-, where V;- denotes the orthogonal complement of V, in V with respect to (-, -).
Since (V, (-,-)) is an inner-product space, we have APz = Py_(APz) + (I — Py,)(APz) with
(I-Py,)(APz) € V}. Hence, RAPz = RPy,(APz) # 0 for any non-zero z € RNe,

Now we show that, if A, = RAP has full rank, then Py, (Av) # 0 for any ve V:\{0}. We
proceed by contraposition and prove that if there exists a v € V. \ {0} such that Ave V},
then A, = RAP is not full rank. Assume that there is av e V. \ {0} such that Ave Vci. Since
visin V,, there exists a nonzero vector z € R such that v= Pz. Hence APz € V. We can
now write that A,z = R(APz) = 0, which implies that A, is not full rank. O

4.2.1 Spectral coarse space based on the eigenvectors of G: convergence
analysis and PCA

We start considering the case in which the functions {y j}j.vz”l are eigenfunctions of G, that
is Gy ; = Ay ;. We suppose that 1 is not an eigenvalue of G, so that the operator A=1-G
is invertible. We do not assume any orthogonality between the eigenfunctions. With such
a choice of V, it holds A(V;) < V, which implies Py, (Av) # 0 Vv € V. \ {0}. Thus, due to
Lemma 4.2.2, the matrix A, is invertible. In the proof of the convergence Theorem 4.2.4
we will need a matrix representation of the orthogonal projector.
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Lemma 4.2.3 (Matrix representation of the orthogonal projector). Once fixed the basis
{w j}j.vz”l for V,, the action of Py, has the matrix representation Py, = P(RP)™!R,

Proof. Given a general v € V, we express Py, v = Zf.vf a;y; = Pa,with (@); = a;. Inserting
into the orthogonal conditions (Py, v,y ;) = (v, ;) we get

N
Zal‘<1[1i,1llj> =(v,y¥;),

which can be rewritten as RPa = Ry and the result follows. O

So far we have worked assuming V is an infinite dimensional space. To prove the main
result of this subsection, we assume V is finite dimensional.

Theorem 4.2.4 (Convergence of the S2S method- Eigenfunctions of G). Consider a finite
dimensional inner product space V, an invertible operator A:V — V, A=1-G, and a
coarse space Ve := span{y, ¥»,..., Wy, } where y j are eigenvectors of G associated to the
eigenvalues Aj, j = 1,...,N¢. Furthermore we consider the operator R and P defined as
(4.2.1) and A := RAP. Then, defining T := G™(1- PA;'RA)G™, we have

p(T) =max|A|™™™  suchthat Aeo(G)\{Ay,...,An,}.

Proof. We first introduce the operator T = (I — PA;'RA)G™*". The operators T and T
have the same spectrum and thus we focus on T. The proof of this theorem is divided
into two parts. First we show that {y j}j}fil are eigenvectors of T associated to the zero

eigenvalue. Second, we show that all the other eigenvalues of G are still eigenvalues of T
by constructing directly the corresponding eigenvector. Let us start with the first part. If
we consider a ¥ ; € V, we have

(I-PA'RAG™ ey = ATy — A7 ™ PA RAY, (4.2.4)
= ATy~ (1= 2)PA Ry ).
We now compute the action of A, over a canonical vector e, j =1,..., N,
RAPej = RA’![I]' =(1- ﬂj)RI[Ij,

which, RAP being invertible, implies e; = (1 - A ]-)AglRw. Inserting this expression into
(4.2.4) we obtain

(= PAZ'RA)GM ey ; = A7 ™ (y— Pej) = A7 (y; ) =0.

We now focus on the remaining eigenvalues. For every eigenpair (¥, A¢) of G such that
v ¢ V., we show that ((pk,/lZl*”z), with

Gr:= Ay - Pyyy) = Y- w, (4.2.5)

(1-2%)
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for some w € V,, is an eigenpair of T. We claim that w € V, since V,, which is spanned by
eigenvectors of G, is invariant under the action of A~!. Using that V,. < Ker(T), we have

~ ~ 1 1
Tpr=T——pr=A7""2| ——wy— PA;'Ryy|. 4.2.6
(Pk I—Aka k l—ﬂka c Vi ( )
If the eigenvectors were orthonormal, we would have finished the proof, since Ry = 0.
In a more general case, we proceed as follows. We observe that

N
PA;'Ry=PA;'RP(RP) 'Ry = PA;'RPyw; =) y/PA;'Ry,,
/=1

such that Z?’:Cl)/[l[l[ is the orthogonal projection of ¥ onto V.. Now, we recall that

Ry = Ac((1-A¢)tey), for £ =1,...,N,, and write PA;'Ry, = X" y,(1-A0) 'y, =

Z?ﬁl YeA 'y, = APy, . Replacing this equality into (4.2.6), we obtain T = A" py.
O

Theorem 4.2.4 provides very interesting insights on the convergence of the S2S method.
The coarse space V. is such that the operator T has the same eigenvalues of the one-level
smoother G, except for those eigenvalues corresponding to eigenvectors which are in V.
These latter eigenvalues are actually mapped to zero. It follows that the choice of the
coarse space is extremely important. On the one hand, if the one-level smoother G has
a large eigenvalue, approximately equal to 1, and V, does not contain the corresponding
eigenvector, then the S2S will be as slow as the one-level smoother. On the other hand,
even if G is not converging, e.g. it has an eigenvalue larger than 1, then if V. contains
the corresponding eigenvector, then the S2S method will converge. In other words, the
coarse correction can transform a divergent method into a converging one (see [33, 30] for
a similar result concerning the Neumann-Neumann method and [94] for the AS method).
We will see in Section 4.6 that for high contrast jumping diffusion coefficients, the PSM
has just few eigenvalues approximately equal to 1. Including these very few eigenvectors
into the coarse space V, permits to have a very fast domain decomposition solver. We also
remark that if the coarse space V; is made of eigenvectors of G, then theoretically only one
coarse correction step would be sufficient to remove the error components related to the
slow eigenvectors of G.

Constructing a coarse space based on the eigenvectors of G is not always feasible, since
computing these eigenvectors can be even more expensive than solving the original lin-
ear system Au = b. In this paragraph we briefly discuss a randomized approach to ob-
tain good estimates for the eigenvectors of G and we suppose that p(G) < 1, that is the
smoother G is converging. The idea we present is to approximate the image of the smoother
G for some positive integer 7. Indeed taking a sufficiently large value of r, the image of
G’ contains information about the “slow” eigenvectors of G which are responsible for the
slow convergence of the one-level algorithm. Motivated by this observation, we use a
principal component analysis to extract information about the slowest eigenvectors from
the image of G”. We propose the following procedure
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1. Consider a set of ¢ linearly independent randomly generated vectors
tx¢}/_, < RN, where N* is the number of degrees of freedom on the product ®§V: LS

and define the matrix X = [x; ---X4]. Here, g = N; and N, is the desired dimension
of the coarse space.

2. Use the vectors xj as initial vectors and perform r smoothing steps to create the
matrix W = G" X. This computation can be performed in parallel and we assume
that r is “small”.

3. Compute the SVD of W: W = UZV". This is cheap (O(g(N*)?)) because W € RN *4
is “small”, since g is “small” and vy are interface vectors.

4. Since the left-singular vectors (corresponding to the non-zero singular values) span
the image of W, we define V. := span{uj}j.vzc1 and P:=[uy, - ,U].

We emphasize that this procedure is numerically feasible since

* g is small since it is around the size of the coarse space, which also correspond to
the size of the linear coarse problem involving the coarse matrix A,.

* The number of smoothing steps r is small. Numerically we have observed that
r = 1 -2 for classical equations, and r = 6 for problems with jumping diffusion co-
efficients. Moreover, the smoothing steps can be done in parallel for the g columns
of X.

* The size of the vectors Xy, is relatively small and it is equal to the number of degrees
of freedom on the substructures.

* The PCA technique is thought to be done in an off-line phase, to generate a spectral
coarse space which can then be used repeatedly to solve the original linear system
in a many-query context.

Numerically, we have also explored the use of the randomized SVD algorithm which shares
similarities with our approach. However, we have not observed any significant advan-
tages in terms of iteration numbers. In section 4.6, we will show that the PCA procedure
permits to construct spectral coarse spaces which are extremely efficient.

4.2.2 Spectral coarse space based on the eigenvectors of G;: convergence
analysis

In this subsection, we provide a convergence analysis for a spectral coarse space which
consists of eigenfunctions of the operators G;. Our proof is restricted to the two subdo-
main case and we consider the decomposition introduced in Section 1.2. Since we do not
have cross points, we can simplify the notation described in 4.1. First, we have S; =T,
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Sp=Trand v =[vy,v2]" = [11(u1), T2(u2)] " = [(u)r,, (U2)ir, ] € HE(T2) x HE(T1). The

1
where I; are the identity operators on L2 j). Consider the two spaces A := H(fo (I'y) and
1

F65 := HE, () and define 7 := 76, x 76. Let {w,lc}keN be a basis of .2 and {wi}keN a
basis of #%. Let us introduce an inner product ¢:,-); for 4, an inner product (-, -), for #%,
and define {(a, b), (¢, d)) :={a, c)» + {(b,d); for all (a, b), (c,d) € #. Assume that the coarse
space V. c # is the span of the basis functions (1//%,0), . (1//%,1, 0) and (0,1//}), . (0,1//},1),
for a finite m > 0, which are orthonormal with respect to {-,-). The operators P : R>"™ — .7
and R : /€ — R?*™ are then defined as

m m T
PIV:=] X mvd ¥ Wiyl
w k=1 k=1
(4.2.7)
R [g] = [(w%vf>27 ) (w%n»f>2: <1//{)g>1) ) <1//}n’g>1]—r’

for any v,w e R and any (f, g§) € /. The restriction of A on V, is the operator A, : R2M
R2™ given by A. = RAP. It is possible to show that the matrix A, is invertible using The-
orem 4.2.2 and we refer the reader to Lemma 3.1 in [41] for a detailed proof. The S2S
iteration in the error form reads as usual

€™V =Ted, T:=G"(I-PA'RAG™.

To provide a convergence analysis, we study the operator T and we introduce the operator
norm
[Sllop:= sup [ISVl2, for any S € £(A),
Vll2,00=1
where £ () is the space of linear operators on # and |Vll2,o := max{l|v2ll.z,, | v1l.7}
with [lv; ||;gj. =(vj, vj)}./z, for j =1,2 and v = (vy, v1) € A. Moreover, we also define the

contraction factor p(T) := lim (IIT"|op)*'".
n—oo

We now make the further hypothesis that the interfaces I'; and I', can be mapped one to
the other by simple rotation, translation and scaling. This hypothesis implies that #] =
S =: Ay and we define the scalar product :,-) := (-,*)1 = (:,*)2. Further, we assume that
there exists a set of basis functions {y1, 2, v¥s,...} € A, orthonormal with respect to the
inner product (., -), that diagonalizes the operators G;:

0 G
Go

GWk

s 4.2.8
Yk ( )

U/k] _ [Pl(k)Wk
Vi p2(K) Y

where p;(k) are the eigenvalues of Gj, for j = 1,2. Thus, the operators G; share a com-
mon orthogonal eigenfunctions basis but they can have different eigenvalues. The coarse
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space is defined as V; = (span{y,y2, - ,wm})z. Prolongation and restriction operators
are defined as in (4.2.7). To analyze the convergence behavior, we expand the error as

00 0o T
el = Xl (V)(}W Jr '21 (W)?U/ j| and study the operator norm of 7.
Jj= Jj=

Theorem 4.2.5 (Convergence of the S2S method- Eigenfunctions of G;). Consider the
coarse space

Ve = (spaniy, vy, ,1//m})2 and the operators P and R defined in (4.2.7). The 8258 method
applied to the model problem (4.1.1) is a direct method for all the error components (W, V)
with k,0 < m, that is T [y, w¢]' =0 for all k,¢ < m. Moreover; if the eigenvalues pjk),
j = 1,2, are in absolute value non-increasing functions of k, the contraction factor of the
S28, defined as psys(T) := r}i_{l()lo(ll ™" |Iap)%, is given by

lp1 (m+1)po (m+1)] S , if ny,ny are both even or odd,

PSZS(T): ny +ny -1 .
o1 (m+1)pe (m+1)|” 2 max{lp; (m+1)|,|p2 (m+1)1}, otherwise.

Proof. Let us suppose that both n; and ny are even. The other cases can be treated simi-

n n
larly to this one. For n; even we define 7™ (k) := pf (k)p22 (k) and study the action of the
operator T on a vector [y, w/| T,

T [Ufk

Ve

We begin with the case k < m and ¢ < m. First, let us compute the action of the operator
RAG™ on [wk,lll(]T. Since the operators G; are diagonalized by the basis {y}; using

= G™ (- PA;'RAG™ [1”’“] .
Ve

o om | WE| | T Ry ; . . T.

(4.2.8) one obtains G [W = [2m @0y, . The action of A on [nn Ky, 7" ([)w[] is
ﬂ”‘(k)wk]: Ig -G ”nl(k)U/k]: My nnl(f)pl(é)w]
" Oye| (-G Ig [ |n"@Oye] (7 Oye| (MK p2(R)yk]

Since A is invertible and has the form A =1- G, the eigenvalues p j(k) must be different
from one. Hence, the product A[n™ (k)y,n™ (()wg]T # 0. Now, the application of the
restriction operator R on A [ (K)y, 7™ (£)y ] T gives us

n"l(k)u/k]: n"(kex| _[n"(@O)p1(O)es] _ \ [n™ (K)ek
MOy, a"(Oee]| |n) (k)p2(kek ' ()ey|’
I -p1(O)I

where e, and e, are canonical vectors in R” and A := [ ] , with I the mxm

—p2 (k) I I
identity matrix. We have then obtained

a™(k)ey
n"(0)e,

RAG™ . (4.2.9)

Wk]
Yo
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Now, by computing

n(ker| [ Ia —Gi ﬂ”l(k)u/k]_ n”l(k)u/k—n"l(f)pl(i)w]_ n™"(k)ey
1am@er] |-G Ig || 7™M @Owe]  [nM Oy (K p2(k)yi]  [nM(D)er]
one obtains the action of A;! on A nz (ke , that is
n™M(f)e,
nker] 1, [#"M(k)ex
o (@ep| = A A (00| (4.2.10)
Using (4.2.9) and (4.2.10) we have
n n
1—patRayGm |Vk| = | RV oy [ RO
Wy T (O, " (l)e, @2.11)
_[pmtoyk] [ ek _ [ (oyk] [am Rw] _ -
A @Oy, i (0es| | Oy, Oy, |

This means that the S2S method is a direct method for all the pairs (g, ¥,) with k < m
and ¢ < m. The result for n; odd follows by similar calculations.

Next, let us consider the case k > m and ¢ < m. Recalling that the basis {y/;} is orthonor-
mal, one has

rAc™ |VE :R( ﬂ”‘(k)wk]_ n’“(ﬁ)pl(ﬂ)w]): [0 -p1(O)1 0
Yo ™M)y "™ (k) p2 (k)i 0 I n'(O)ep]”
Similarly as before, we compute
0 0 —n”l(ﬂ)pl(ﬁ)u/[] [O -1 (01 0
Ac| 5, =RA| _, =R n = . ,
n'"(0)ey Vs 1(5)1#4] T (O, 0 I n"(l)ey
which implies that
0 ! 0 —p1(OI 0
a™(f)e, c 10 1 a™M ey |’
Thus, we have
wk] . ( n"l(k)wk] 4 [o —piOI[ 0 )
T =G —PA
mg c 10 1 Mg
ve 7 Oye 7 D (4.2.12)
_ an ( ﬂm(kW/k B 0 ) _ ﬂn1+nz (k)llfk]
)y, ™ (l)e, 0 )

Hence for any pair (y, w¢) with k > m and ¢ < m, the S2S is a direct method only for the
¢ error component, which belongs to the coarse space. The component k is not affected
by the coarse correction and only affected by the smoothing steps. For the remaining case
k> m and ¢ > m, the same arguments as before imply that

Vi
Ve

T (4.2.13)

= G™(1- PA;'RA)G™ 1”’“] = G™G™m [””“ ] =
Ve Ve

ﬂl’l1+l’l2 (k.),l//k]
n.n1+n2 ([)w[ .
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We can now study the norm of 7. To do so, we first use (4.2.11), (4.2.12) and (4.2.13), and
that {yr, w¢}k,¢ is a basis of A, to write

Tv = Zzozl CrY¥k _ %):m+1 T[(k)Ck'l//k
v=T S - 0o ’
ZgzldflpU? Zf=m+lﬂ([)d/1rU£

for any ve /. Since |p; (k)| and |p2 (k)| are non-increasing functions of k, |z (k)| is also a
non-increasing function of k. Therefore, using that the basis {y, ¥} ¢ is orthonormal,
we get

ITlop= sup [TVlzeo<max (7™ k)|, |Ix"*"2(0)]) = |x"™ " (m+1)].
Vll2,00=1

This upper bound is achieved at v = [1,,41,0]". Hence, | Tllop = |#™*™(m+1)|. Now, a

similar direct calculationleads to || 7" [|op = |72 m+12) (341)|, which implies that psas(T) =

Jim (I 7" lop) " = ™" (m + 1)1, O
—00

Theorem 4.2.5 shows that, similarly to the case of a coarse space based on the eigenfunc-
tions of G, the choice of the basis functions w{c can affect drastically the convergence of
the method. We conclude this section dedicated to the S2S method with two remarks and
we refer the interested reader to [42] for further details. It is natural to pose the following
question: given an integer N;, which is the coarse space of dimension N, such that the
spectral radius of the S2S method is minimized? In other words, which is the coarse space
of dimension N, leading to the fastest convergence? One would be tempted to say that
the spectral coarse space based on the eigenfunctions of G is optimal, as its convergence
is determined by the largest eigenvalue associated to an eigenvector not included in the
coarse space. However, we remark that the PCA and HEM coarse spaces, since they are
not based on eigenfunctions of G and A, lead to a two-level method with substantially
different eigenvalues and eigenvectors. It can happen that these coarse spaces do not
map exactly the “slowest” eigenvectors of G into the kernel of the S2S method, but they
can take care of them very efficiently, while still be faster on the remaining part of the
spectrum. We finally remark that the substructured matrix A is not symmetric but it has
eigenvalues strictly positive assuming o (G) < [0,1). In the case of highly jumping diffu-
sion coefficients, the largest eigenvalues of G tends to one, which means that the smallest
eigenvalue of A tends to zero. If one uses a coarse space which is not made of eigenfunc-
tions of A, it can be that the coarse matrix A, has some negative eigenvalue, which then
lead to a divergent method. We studied the effects of including a perturbed eigenvector
into the coarse space and we refer the interested reader to [42]. A simple numerical solu-
tion to this problem is to apply few times the smoother G to the basis of the coarse space,
in such a way to make each element of the basis closer to the eigenfunctions of G.

In the following section we aim to answer the following questions: is it possible to use
a two-level substructured method without providing directly a definition of the coarse
space V,? Isit possible to define a multilevel substructured domain decomposition method?
The G2S method is a positive answer to these needs.
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4.3 G2S method

In this section, we consider a discretization of the substructures such that each §; is ap-

proximated by a mesh of N; points, j € .. We denote the discrete substructures by SﬂjN",
j € and we set N°:=}_ ;c y Nj. We then introduce finite-dimensional discretizations of
the operators G; ¢ denoted by Gy, j , : RV/*MN¢. Similarly as in (4.1.13), we define the block
operators A, € RV N and Gj, e RV *N’ as

[Anlj,j=1Inj, [Anlje=—Gnje j k€S, j#Kk,

. . (4.3.1)
[(Ghlj,j =0, Gplje=Gnje, 3 kESL, j#K,

where I, ; € RMi*Ni are identity matrices. Notice that A, = I,—Gp,, where Ij, = diag(Ip,1, ..., In,n).-
Therefore, the substructured problem Av =b becomes

Apv=D>by,
where by, = [by, 1,...,by,y], and the PSM is then
v'=Gpv" 4+ by, (4.3.2)

We emphasize that the matrices Gj and Ay, are never assembled explicitly and their action
on given vectors is computed directly. Note that the action of Gy,j» on a given vector
requires a subdomain solve which is performed exactly. Concerning the invertibility of
Ay, it is sufficient to assume p(Gy) < 1, that is the discrete PSM converges.

To define a two-grid method, we introduce coarser discretizations of the substructures
%Mj , ] €%, where M; < N; points. The total number of discrete coarse points is M* :=
. jes Mj. For each j € . we introduce restriction and prolongation matrices R; € RMj*N;
and P; € RNi*M;  These could be classical interpolation operators used, e.g., in multi-
grid methods. If for example .#; is a one-dimensional interval, then the full weighting
restriction matrix and the prolongation matrix are

1
3 1

N =N [ =
j—
D=0 | =

Rj:=—

.= 2RT
> , Pji=2R]. (4.3.3)

We remark that using P; we are assuming that the function we interpolate is zero at
the boundary of the substructure, and this holds true since each function v; belongs

to HO%O(S j). The global restriction and prolongation matrices are defined block-wise as
R :=diag(Ry,...,Ry) € RM*N* and P := diag(Py,...,Pn) € RN *M®  The restriction of Ay,
on the coarse level is then defined as A,j, := RA,P. Notice that this matrix can be either
precomputed exactly or assembled in an approximate way. The G2S procedure is defined
by Algorithm 3, replacing the continuous operators with their discrete counterparts, and
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with the specific choice of the geometrical restriction and prolongation operators. One
iteration of the G2S method in the error form can therefore be written as

e"" = T;,e” with Ty, := G)? (I, - PA; RA,)G)". (4.3.4)

We conclude this paragraph with some remarks.

* The G2S method is a classical two-grid type iteration, but instead of having the clas-
sical grids in volume, we consider two discrete levels on the substructures. This has
the advantage of performing all restriction and interpolation operations on inter-
faces which are one dimension smaller than the original domain Q. Thus, dealing
with a problem in 3D, the G2S method requires to perform restriction and interpo-
lation operations in 2D.

* We refer the interested reader to [43, Section 3.2.3] for a discussion of analogies and
differences between the G2S method and a two-grid volume method. In particular,
it is shown that the G2S method is spectrally equivalent to a two-grid method in
volume which is very different from a standard two-grid method in volume using
PSM as a smoother.

* We insist that the G2S method does not require the explicit construction of a coarse
space V., but it exploits directly a discretization of the interfaces. However, it is
possible to show that the G2S method coincides with a S2S method with a precise
choice for the spectral coarse space, see [43, Section 3.2.1].

* The dimension of the coarser problem A,y is equal to the number of unknowns on
the substructures on the coarse mesh, and thus it is generally very small if compared
to the size of a coarse matrix of a two-grid method in volume. Thus, generally less
levels are required to obtain a sufficiently small coarse matrix to invert.

e Ifneeded, itis clear that a simple recursion allows us to embed the G2S method into
a multi-grid framework. We discuss further implementation details in Section 4.4.

* The G2S method permits to have more freedom in the choice of the grids with re-
spect to volume methods. Since the coarse correction is added only on the sub-
structures, one could use a coarse grid which is coarser and coarser as the distance
from the substructures increases. A stretched mesh is not natural in the volume
case, as it would lead to a poor volume coarse correction away from the substruc-
tures and would require a more sophisticated volume interpolation step.

4.3.1 Convergence analysis

In this section, we analyze the convergence behavior of the G2S method. To do so, we
consider our model problem (3.1.1) and assume the two-subdomain decomposition de-
picted in Figure 4.1. We recall that such a decomposition implies S; =T'» and S, =T}
which are segments of same length L. For a given £ € N*, £ > 2, we discretize (3.1.1) using
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Figure 4.1: Two-subdomain decomposition, substructures and their discretizations.

a uniform grid of Nj, = 2¢ — 1 points on each substructure so that the grid size is h = ﬁ
We also introduce a coarser mesh of N, = 2/~! — 1 points on each substructure and mesh

size he = xg7. We define the geometric prolongation operator Pl e R¥Nw2Ne g5 Pl =

dlag(P P) and the geometric restriction operator R}, € R2Ne*2Ni a5 R .= diag(R,R). R
and P correspond to the matrices Pj, R; in (4.3.3).

We suppose that the operators Gy,; and Gy, » have as eigenvectors the discrete Fourier
modes given by (y,); = sin(knhj), for j,k = 1,...,N,. The eigenvalues are p;(k), k =
1,...,Np, j = 1,2. It is well-known that the actions of R and P on the combination of a
low-frequency mode ¥ with its high-frequency companion g, with k=N,—k+1,are

2

Rlwe wil=¢clct -sil. Pop=(ciy—sqwp = [wr vl _C;Ci, (43.5)

where ¢ = cos(knﬁ), Sk = sin(kn%) for k = 1,...,N; and (¢p;); = sin(kn2hj), for k =
L..., Nh“ —land j=0,. N”H, see, e.g., [109]. The vectors ¢, are Fourier modes on
the coarse grid. Before studylng the convergence of the method, we discuss the well-

possessedness of the G2S iteration (4.3.4).

Lemma 4.3.1 (Invertibility of Azh) Assume that pl(k) pg(k) € [0,1) for all k and that
p1(k) = pl(k) and p»(k) = po(k) for any k = 1,...,N; and k = N, — k+ 1. The matrix
Ay = R AhPh € R2Ne*2Ne has full rank.

Proof. We refer the interested reader to the proof of Lemma 3.2 [43] O

We now derive sharp estimates for the spectral radius of T},. The first step is this technical
Lemma.

Lemma 4.3.2. Consider the G2S matrix Ty, := G,* (I - P} hAZ éthAh)GZI~ The action of Ty,

on 1’6’“ 1/:)',; " 1/2] is given by
Ve Y 0 0 ] — L 0 0 G 4.3.6
0 vy 0 v, g © 430
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where Gy := Dy, (k) (Dy, (k) — V (k) A5 ' (k) Ay (k) with

A (k) :=V(k)"TH)D,, (k),  A(k):= V()T Hk)V(k),

ci 0 1 0 —p1(k) 0
—s2 0 0 1 0 —p1(k)
Vk): oF | H(k): k) 0 . o |
0 -5t 0 -p2tk) O 1

and Dy (k) is given by

ak)” 0 0 0 0 0 7mnkn O

| o m®" 0o o | o 0 0 ma(kn)
Dylie):= 0 0 mk)" o |’ D lk):= mpllk,n) 0 0 0
0 0 0 nk)" 0 7mpkn) O 0

forn even andfcl)r n odd, respectively, wholse entrigf aren(k) := (p1(k)p2(k)2, m12(k, n) :=
p1(k) 2 p2(k) 2z, and may (k, n) := p1(k) 2 p2(k) = .

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

o - [ (GnaGr)™" 0
ho (Gr2Gr )]

Because of the relation (Gy,1Gp2)"*¥y. = (Gn2Gp1)"*9y = 7" (K, where 7(k) :=
(p1(K)p2(k))2, we get

ny

k) 0 0 0
G Yy 0 0]:1[/,61//»,;0 0] 0 nk) 0 O _[vevr 0 0], "
0 0wyl [0 Owyg]| O O m(k) O 0 0wy ™7

0 0 0 nk

Similarly, we obtain that G"2

0 0 Y,y 0 0] .
= D, (k). Moreover, direct
00 Wk‘l’k] [ 0 0yyr] ™

calculations reveal that

1 0 —pik) 0
LT 0 0] Yey; 0 0] 0 1 0 —pik) Z[Wk%g 0 O]H(k)

0 0wygl L0 Oypyg]|-p2l) 0O 1 0 0 0y Yz
0 —-p2(k) O 1
(4.3.7)
and
0 0 ¢, 0][c2-s20 0 ¢, 0
Rh Vi Vi ] k k "%k ]: k ]v(k)T, (4.3.8)
0 0 v, y; 0 ¢cJ[0 0 & -5 0 ¢,
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where we used (4.3.5). It follows that R;lhAhGh [V()’“ 1’6%1;) 1£~] = ‘/:)’C(: ] A1 (k). Letus study
kY% k

the action of the coarse matrix A, on Ok ¢ . We use (4.3.5), (4.3.7) and (4.3.8) to write
k
b 0| _ on n|®Pe O _on, (¥ g 0O O
Azh[o o] = FennPon | | = Fonn |0 " v V (k)
= 0 0 ¢, 0
— Rl ["’k Vi ]H(k)V(k): k ]V(k)TH(k)V(k).
2hl0 0y vi 0 ¢
¢, O] _[¢ O .
Thus, we have Ay, = Ay (k). Hence, recalling Lemma 4.3.1 we get
0 ¢ 0 ¢
¢, O|_ 1| O
0 o= nel0 g, Az (k). (4.3.9)

A direct calculation reveals that the eigenvalues of A (k) are

Mz=cht st/ (chpith) +stp1 () (chpa (k) + st (R,

and they are nonzero for k =1,..., N.. Hence, A, (k) is invertible and, using (4.3.9), we get

41 [P ¢, O [0
el o ¢ 0 ¢ 0 ¢y

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

A1 (k) = Ay, A (A ()AL (K) = A ()AL (K),

ci 0
Viwz 0 0] [wwp 0 0 N A
0 0wl L0 0 gy Dm0 |PnlOT] o7 2 | A (DA
0 —si
and our claim follows. 0

Using Lemma 4.3.2, it is possible to factorize the iteration matrix T}. This factorization is
obtained in the following theorem.

Theorem 4.3.3 (Factorization of the iteration matrix Ty). There exists an invertible matrix
Q such that T, = QGQ™}, where the G2S iteration matrix Ty, is defined in Lemma 4.3.2 and

Gy

G= Gn, ,
Np+1

Y1(=5-)
72(%).

where the matrices ék e R** are defined in Lemma 4.3.2 and yj(N";l) depend on ny, ny

and the eigenvalues pj(N”2+1) of Gp,j, forh =1,2.
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Proof. We define the invertible matrix

Y, ¥y, 0 0 Yy Yy O 0 Yyn 0
0 0 vy, yy, -~ O 0 Yy Ynae 0 1/’%
= 0 v, vz O
Equation (4.3.6) says that T, w’“ Vi ="k "k ]G , for every k =
q (4.3.6) say h 0w wg] [0 0w oyplTk Y
. Neand k=N, —k—1. Moreover, notice that the frequency ¥ ~,+1 is mapped to zero
2
L Y Ny +1 0
.. X _
by the restriction operator, R, 0 Y | - 0, and we get
2
Yy 0 o Yy, 0 Y1 (Nh+l)‘l[/1vh+1 0
T, 2 =G,*G,' 2 = 2 ,
"0 | TR0 e 0 (Nh“)illww
2 2
where the expressions of }q(Nh+ ) and '}/z(Nh+l) depend on n; and n,. For instance if
n) + ny is an even number, then yl(N”“) = yg(NhH) (pl(Nh“)pg(N”“)) . Hence,
we conclude that 73,Q = QG and our claim follows. O

The factorization of T}, proved in Theorem 4.3.3 allows one to obtain precise convergence
results of a G2S method. Clearly, an optimal result would be a direct calculation of the
spectral radii of the matrices G. However, this is in general a difficult task that requires
cumbersome calculations. Nevertheless, in Theorem 4.3.4 we are capable to obtain an
explicit expression for the spectral radii of G under some reasonable assumptions that
are in general satisfied in case of Schwarz methods. Notice also that Theorem 4.3.4 guar-
antees that only one (pre- or post-) smoothing step is necessary for the G2S method to
converge.

Theorem 4.3.4. Assume that 1 > p(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

A1 —p(k)p(R)M 7 + 52 (1 - p(k) p (k)7
pGas(Ty) = max ( k pe k PP )<1.
}

ci(1—p(k) + 541 - p(K))

Proof. The convergence factor of the G2S is given by the spectral radius of the iteration
matrix Tj,. Theorem 4.3.3 implies that

Np+1 Np+1
pGas(Ty) = max{ max  p(G) Yl( ),n( )}

€{l,...,Nc} 2 2
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G2S G2S C.C. ||Volume two-level Volume C.C.
Ve = Gyv" +bi o) |lul*? = Nuz+ M1, Jov,)
1
I3 =by— AT [ONG,) ”*2 =b,— A" O(N")

v?“= A (REE) OO |uid = Al Rory 5 | oy

vn+lzvn+%+Pvg+l O(MSNS) urUlJrl uy z +P,,u”+1 O(MUNU)

Table 4.1: Computational cost (C.C.) per iteration.

Regardless of the values of n; and ny, direct calculations show that the matrices Gy have
four eigenvalues:
A1 (k) = A2(k) =0,
ct (1= p(k)p(k)™*"2 + st (1 - p(k)p (k) +n
cx(1=p(k) +s¢(1 = p(k)
ct(L+p(k)p(k)™*"2 + st(1+ p(k))p (k) +r
ct(L+p (k) + s+ p(k))

[As3(k)| =

A4 (k)| =

Moreover, we observe that

2¢}st(p(k) — p(k) (p(k)™* 72 — p (k)™ *72)

[As (k)| = A4 ()| =
((p(k) + )¢} + st (p (k) + D) (L - plk))cp + s (1 — p(k))

where we used the monotonicity of p(k). On the other hand, since p; (k) = p2(k) = p(k),
we have v, (N"+1) =7, (N"+1) = p(N"+1)”1+”2. Therefore we have that

Np+1)mtne
max{ max p(Gk)p( 5 ) }:max{k Hlax [As(k)l,p (
€

Nj+1) "+
kefl,...,N¢} ) }’

.....

and the result follows by observing that A3 (N”2+1) =p (N"+1)n1+ 2, since p(k) = p(k) for

4.4 Implementation details of two-level substructured methods

In this section, we study the computational costs (C.C.) of one iteration of the G2S and
of a two-grid method in volume which uses the same smoother. Let NV be the size of
the volume problem and N* the size of the substructured problem (N® < NV). The size
of each subdomain is Ngy,. The coarse spaces are of dimension M* for the G2S method
and MV for the volume method. The restriction and prolongation operators in volume
are denoted by R, and P,.. For simplicity we assume n; = 1, np = 0. The computational
costs of one iteration are reported in Table 4.1. For simplicity, we assume that restriction
and prolongation operations are classical matrix-vector products. Since the dimension
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Figure 4.2: Sparsity pattern for matrices Ay, (left) and Ay, (right).

of the substructured coarse space is smaller, the G2S could require much less computa-
tional effort in the solution of the coarse problem. However, we remark that the coarse
matrix Ay, is typically block-dense, where the block structure is related to the connec-
tivity among the subdomains. We report in Figure 4.2 the sparsity patter of A, and Ay,
for a regular decomposition of a square into 4x4 subdomains. On the other hand, A, is
typically a sparse matrix and the sparsity pattern depends on the discretization method.
In both cases, there are sophisticated algorithms for the solution of the corresponding
linear systems, and thus we use two parameters y; and Y, to indicate the computational
cost of the coarse solvers. Assuming that the two coarse problems have the same, neg-
ligible, computational cost, Table 4.1 shows that in both cases the dominating costs cor-
3

respond to the application of the smoothing operators. This application costs O(N ;)

for both approaches. However, the G2S method requires twice a cost of order O(ngub),
since the computation of the residual involves the substructured matrix Ay and thus it
requires subdomain solves. If we could avoid this extra cost, then the G2S methods would
be faster than a volumetric method, since all other operations are performed on arrays
of much smaller sizes. Furthermore, we remark that the G2S method requires in general
less iterations than the corresponding method in volume as we will show in Section 4.6. To
avoid the two applications of the smoother in the G2S method, we exploit the special form
of the matrix Ay, = I, — Gy, and propose two new versions of Algorithm 3. These are called
G2S-B1 and G2S-B2 and given by Algorithms 4 and 5. These substructured algorithms
require only one smoothing step per iteration and thus they are potentially cheaper than
a two-grid method in volume using the same smoother. We remark that the G2S-B1 and
G2S-B2 require to store the matrix P := G, P. This matrix is anyway computed in a pre-
computation phase to assemble the coarse matrix Ayj, = RA,P = RP — RGP = RP — RP.
Hence no extra cost is required. Moreover, we now prove that G2S and G2S-B1 are equiv-
alent and they have the same spectral properties of G2S-B2.

Theorem 4.4.1 (Equivalence between G2S, G2S-B2 and G2S-B1). Algorithm 5 and Algo-
rithm 4 have the same convergence behavior. Moreover,

(a) Algorithm 4 generates the same iterates of Algorithm 3.
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Algorithm 4: G2S-B1
Require: v’ and P = G, P.

Algorithm 5: G2S-B2
Require: v’ and P = G, P.

1: vl = G,v0 + by, Gy
1. v= A"
22 w=Gpvt, h g
1 2r=b,—-v +v,
3:r=b,-v +w, A-1R
_ D Ve = r
4: Vo = A} Rr, 3 ¢ Zhﬁ s .
4: V. =V+ Pv,+ ,
5: v0 =vl + Py, cToho
. 5: Repeat 1 to 5 until convergence.
Iterations:
6: VI =w+ Pv. + by,
7 W= Ghvl,
8: r=bh—v1+w,
9: Vo = A Rr,

10: VO =v!+ Pv,,

11: Repeat 6 to 10 until convergence.

(b) Algorithm 5 corresponds to the stationary iterative method
V' = Gl — PA,;, RAWV' ™" + Mby,

where Gy (I, — PA, é RAy,) is the iteration matrix and M the relative preconditioner.

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 4 and ¥° the output of Algorithm 3. Then

given an initial guess v’, we have

V=v! + Pv, =v! +PA2_}£R(—V1 +Ww)

= Gpv" + PA, R(- ApGypv°) = (I, — PA;) RAR)Gpv° =¥°.

Similar calculations show that also steps 6-10 of G2S-B1 are equivalent to an iteration of
3. For the second part of the Theorem, we write one iteration of Algorithm 5 as

v =v+ Pve = GV0 + Gy PA; R(— Apv®) = Gy (I, — PA;, RApV.

Hence, Algorithm 5 performs a post-smoothing step instead of a pre-smoothing step as
Algorithm 4 does. The method still has the same convergence behavior since the matrices
Gp(ly, - PA;%RA;,) and (I, — PA;; R Ap) Gy, have the same eigenvalues. O

Notice that Algorithm 4 requires for the first iteration two applications of the smoothing
operator Gy, namely two subdomains solves. The next iterations, given by Steps 6-10,
need only one application of the smoothing operator G;,. Theorem 4.4.1 (a) shows that
Algorithm 4 is equivalent to Algorithm 3. This means that each iteration after the first one
of Algorithm 4 is computationally less expensive than one iteration of a volume two-level
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DD method. Since two-level DD methods perform generally few iterations, it could be im-
portant to get rid of the expensive first iteration. For this reason, we introduce Algorithm
5, which overcome the problem of the first iteration. Theorem 4.4.1 (b) guarantees that Al-
gorithm 5 is exactly an S2S method with no pre-smoothing and one post-smoothing step.
Moreover, it has the same convergence behavior of Algorithm 4. These implementation
tricks can be readily generalized to a general number of pre- and post-smoothing steps
and they can also be applied to the S2S method.

Concerning the specificimplementation details for the G2S, we remark that one can lighten
the off-line assembly of the matrix Ayj, = R AhP2 ,» using instead the matrix

_ I -G
Agpp = | 2 2hl 4.4.1)

=Gopp  Dopa

which corresponds to a direct discretization of A on the coarse level.

4.5 Extension to a multilevel framework

Two-grid methods in volume are not very efficient for the solution of large problems due
to the dimension of the coarse problem which is roughly about one fourth of the dimen-
sion of the full problem in two dimensions. We have already remarked that the size of
the substructured coarse matrix is usually quite small, since it corresponds to the num-
ber of unknowns on a coarse discretization of the substructures. Nevertheless, there can
be problems for which the direct solution of the coarse problem is inconvenient also in
a substructured framework. For instance, if we considered several subdomains, then we
would have several substructures and therefore the size of the substructured coarse ma-
trix increases.

The G2S method is suitable to be generalized to multilevel framework following a classical
multigrid strategy [109]. Given a sequence of grids on the substructures labeled from the
coarsest to the finest by {¢min, #min + 1, . .., fmax}, we denote by P;_l and R5—1 the interpo-
lation and restriction operators between grids ¢ and ¢ — 1. To build the substructured ma-
trices on the different grids we have two possible choices. The first one corresponds to the
standard Galerkin projection. Letting Ay ___be the substructured matrix on the finest grid,
we can define the coarse matrices Ay := R;“AZHP;“, for € € {lrmin, Cmin+1, ..., Cmax— 1}.
The second choice consists in defining A, directly as the discretization of (4.1.13) on
the grid labeled by ¢, and corresponds exactly to (4.4.1) 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 (4.1.13). For instance, Ay 1 = R["‘ax Agmpﬁ“‘“ = R max 1P5m—1
Rﬁm:_l G, Pﬁm . Thus, the identity matrix is replaced by the sparse matrix R[m‘”‘_ . PZ::;

On the other hand defining A, directly on the current grid ¢ as in (4.4.1) leads t0 a minor
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 be-
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Algorithm 6: Geometric multilevel substructured DD method - GMS(u®,b,?)
1: if ¢ = 1hin, then

2. setvd= A;lA b. (direct solver)
3: else o
4 Vv'=G,wv*1b),n=1,...,n (DD pre-smoothing steps)
5. r=b- A" (compute the residual)
6: Vg :GMS(O,Rf_Ir,l -1). (recursive call)
7. V=v"4 Pﬁ_lvc (coarse correction)
8 Vv'=G,v*Lb),n=1,...,n, (DD post-smoothing steps)
9 Setv?=v"™ (update)
10: end if

11: return u’.

tween the two approaches is also studied numerically in Section 4.6. In spite of the choice
of Ay, the geometric multilevel substructured domain decomposition method (GMS) is
described in Algorithm 6, which is a substructured multi-grid V-cycle.

4.6 Numerical Experiments

In this section we present numerical experiments to validate the computational frame-
work presented in this chapter. Subsection 4.6.3 considers a Laplace equation in a two
subdomains decomposition. We consider a two dimensional problem and the aim is to
provide an overview of the different methods in this simple example. We then consider
a three dimensional problem, showing the effects of the implementation tricks discussed
in section 4.4 and we present a comparison of computational times. In subsection 4.6.2,
we consider the Laplace equation in a many-subdomain decomposition and, while dis-
cussing the numerical results, we provide further implementation details. Finally subsec-
tion 4.6.3 deals with a more challenging diffusion problem with jumping coefficients.

4.6.1 Laplace equation on 2D and 3D boxes

We consider the Poisson equation —Au = f in arectangle Q = (—1,1) x (0, 1) with homoge-
neous Dirichlet boundary condition. The domain Q is decomposed into two overlapping
rectangles Q; = (—1,8) x(0,1) and Q, = (-9, 1) x (0, 1), where 26 is the length of the overlap.
We discretize the problem using a standard second-order finite difference scheme based
on a uniform grid of Ny, = 2! — 1 interior points in direction y and N, = 2Ny + 1 interior
points in direction x. The overlap is 20 = h(N,, + 1) where & is the mesh size and where
N,, represents the number of interior points in the overlap in direction x. The results of
our numerical experiments are shown in Figures 4.3.

For the G2S method we use the one-dimensional interpolation operator P;’h defined in
(4.3.3) and Rélh = %(chh)T. For the S2S method and the SHEM method, we used coarse
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Figure 4.3: Convergence curves for ¢ = 6, N,, = 4, and N, = 10 (top-left), N, = 20 (top-
right), N; = 40 (bottom).

spaces of dimension N,. This means that for the SHEM method and S2S-Gj, we include
N./2 sine Fourier functions on each interface. We also used the S2S method together
with N, coarse functions generated randomly by the PCA procedure and this is denoted
by “S2S-PCA”. To generate the PCA coarse space, we set g = 2N, and r = 2.

The figures show the decay of the relative errors with respect to the number of iterations.
All the methods are stopped if the relative error is smaller that 1072, The G2S and the
two-grid RAS methods outperform the other methods in terms of iterations numbers and
the G2S method outperforms the two-grid RAS method. Notice that, while the G2S coarse
space has dimension about Ny, the one corresponding to the two-grid RAS method has
dimension about N,Ny/4 ~ Nﬁ/ 2> Ny. The spectral methods perform very well since
already for N, = 10 they achieve an error of about 10~® with less than 10 iterations and we
emphasize that the PCA coarse space has the same performance. Increasing the dimen-
sion of the coarse space, the convergence of the S2S methods and of the SHEM method
drastically improves. Notice that if N, = 40, the dimension of the coarse spaces for S2S
and SHEM is 40, while the dimension of the coarse spaces of G2S and 2L-RAS are about
60 and 1900, respectively. 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 anymore in the space where the errors
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# (volume) |G2S G2S-B1 G2S-B2 2L-RAS
539 4 4 4 6
6075 5 5 4 6
56699 4 4 4 6
488187 4 4 4 6

Table 4.2: 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 0.023 (0.005) 0.010 (0.003)  0.010 (0.003) 0.039 (0.06)
6075 0.143 (0.028) 0.102 (0.024)  0.070 (0.017) 0.190 (0.03)
56699 2.700 (0.675) 1.598 (0.399)  1.280 (0.320) 4.128 (0.688)
488187 126.0980 (31.524) 78.363 (19.591) 63.131 (15.783) 189.162 (31.527)

Table 4.3: Computational times performed by the different methods. In parentheses we
indicate the computational time per iteration.

lie; see, e.g., [94]. One could use interpolators which extend harmonically the correction
inside the overlapping subdomains although this would increase significantly the com-
putational cost of each iteration, see the discussion in Chapter 3.

Next, we repeat the same experiments on a three-dimensional box Q = (-1,1) x (0,1) x
(0,1) decomposed into two overlapping subdomains Q7 = (—1,9) x (0,1) x (0,1) and Q, =
(-6,1) x (0,1) x (0,1). Since we are interested in computational times, we solve the prob-
lem (up to a tolerance of 107! on the relative error) using the G2S method, its equivalent
forms G2S-B1 and G2S-B2, introduced in Section 4.4, and
2L-RAS. The length of the overlap is 6 = hN,,, where h is the grid size and N, is fixed
to 4. Hence the overlap is proportional to the grid size. The results are shown in Tables
4.2 and 4.3. It is clear that the G2S methods outperforms 2L-RAS, in terms of iteration
numbers and computational times. In particular, G2S-B1 and G2S-B2 require per itera-
tion about half of the computational time required by 2L-RAS. The experiments have been
performed on a workstation with 8 processors Intel Core i7-6700 CPU 3.40GHz and with
32 GB of RAM.

4.6.2 Decompositions into many subdomains

In this paragraph, we consider a square domain Q decomposed into M x M nonoverlap-
ping square subdomains Q;, j =1, ..., M? = N. Each subdomain Q j contains stub interior
degrees of freedom, with Ny, := 2 — 1. Extending the subdomains Q j by Ny, points,
we obtain the overlapping subdomains Q'j with overlap § = 2N, k. On each subdomain

Qj, we locate the discrete substructure %, ’, marked with blue lines in Figure 4.4, which
is made by four (one-dimensional) segments. On this domain, we consider a classical
Laplace equation.
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Figure 4.4: A nonoverlapping subdomain Q; is enlarged by Ny, = 2 points in each direc-
tion. The discrete substructure LSWJN’ is denoted by a blue line. On the right panel, the

. M; .
coarse discrete substructure ,% ’ is marked by red crosses.

Figure 4.5 compares several versions of the S2S method with respect to the SHEM coarse
space. We follow [90] for the implementation details of SHEM. We specifically compare
a S2S method with a coarse space made by eigenfunctions of G (S2S-G), a S2S method
with a coarse space obtained with the PCA procedure (S2S-PCA), and a S2S method with
a coarse space which is derived by the SHEM coarse space (S2S-HEM, that is S2S Har-
monically Enriched Multiscale). In more detail, we first create the SHEM coarse space
solving interface eigenvalue problems, see equation (8) in [90], and we extend these in-
terface functions into the interior of the subdomains. We then restricted these volume
functions on the substructures to obtain a basis for the S2S-HEM coarse space. For the
PCA approach, we generated q = 2xdimV, random vectors x; and we set r = 2. The result
we plot is averaged over 30 different random coarse spaces. The size of the coarse space
is set by the SHEM coarse space. In the left panel, we consider only the multiscale func-
tions without solving any eigenvalue problem along the interfaces. In the center panel,
we include the first eigenfunctions on each interface, and on the right we include the first
and the second eigenfunctions. In all cases we observe that the methods have a similar
convergence, which is slightly faster for the substructured methods. As we remarked at
the end of Section 4.2, S2S-G is not necessarily the fastest.

We now focus on the G2S method. For each discrete substructure yij , the geometric
interpolation operator P; acts block-wise on each one dimensional interval, i.e. P; =
diag{P;, P, P3, P4}, where each Py, k = 1,..,4, corresponds to the prolongation matrix
(4.3.3). The results of our numerical experiments for the G2S method are reported in Fig-
ure 4.6. The left panel shows the dependence of the spectral radius on the size of the
overlap for the one-level substructured method G, the RAS method, the G2S method and
the 2L-RAS method for 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, Ny,; = 2% — 1, and thus we consider larger global problems as N grows. Then, we
fix a global domain Q with approximately 17-10° interior degrees of freedom, and we get
smaller subdomains as N grows. In both cases, we observe that the spectral radius of both
2L-RAS and G2S does not deteriorate as the number of subdomains increases. Moreover,



CHAPTER 4. SUBSTRUCTURED MULTILEVEL DD METHODS

140

100 —= 100 % .
525G ——S25-G
—=-S2S-PCA —=—S82S-PCA
—4-S25-HEM 4 S2S-HEM
5 105t —-SHEM 5 10°° —v-SHEM
- D -
5 5
4 4
= =
= =
= - 5] -10
€107 €10
10 -15 10 15 | £ .
5 10 15 20 25 0 10 15 20 25
iterations iterations
100 =
\ —*-82S-G
—-82S-PCA
—4—82S-HEM
5 10 ——SHEM
5
Qo
2
=
€107
10718 : w8
0 5 10 15 20 25

iterations

Figure 4.5: Convergence behavior of the different methods for a Laplace equation wit N =
16, ¢ =4 and N,, = 2. The dimension of the coarse space is 36 (top-left), 84 (top-right),

132 (bottom).
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these numerical experiments confirm that the G2S method is faster in terms of iteration
count compared to the 2L-RAS method.

4.6.3 Diffusion problem with jumping diffusion coefficients

In this section, we test the S2S and G2S methods for the solution of a diffusion equation
—div(aVu) = f in a square domain Q := (0,1)? with f := sin(4nx)sin(27y)sin(27xy). The
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Figure 4.7: Decomposition of Q2 into 16 subdomains with two different patterns of chan-
nels (left and center) and solution of the equation with the central pattern (right).
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Figure 4.8: Illustration of the action of the restriction operator in volume (left) and of the
restriction and interpolation operators on a one-dimensional substructure (right).

domain Q is decomposed into 16 non-overlapping subdomains and we suppose a =1
everywhere except in some channels where «a takes the values 102, 10* and 105. We con-
sider two configurations represented in Figure 4.7. We use a finite-volume discretization,
where each non-overlapping subdomain is discretized with Ny, = 2¢ cells and it is en-
larged by N,, cells to create an overlapping decomposition with overlap 6 = 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.

Concerning the geometric methods, the mapping between the fine and coarse mesh is
illustrated in Figure 4.8. 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. It still holds that the
interpolation operators 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 @ and we compare it to the 2L-RAS method. In Table 4.4 we report the
number of iterations to reach a relative error of Tol = 1072, 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. These results show that the G2S
method is robust both with respect the jumps of the diffusion coefficient and the mesh
size, and that it outperforms the 2L-RAS method.
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dimV, | 456 840 1608 dimV, | 456 840 1608

o ~N" ] 4096 16384 65536 o ~N"| 4096 16384 65536

102 [ 739 7@l 741 102 [ 845 7(41) 741
104 | 7(42) 7041 741 104 | 8(42) 7@l 74D
108 | 739) 7(40) 7 (40) 10 [8(39) 7(39) 7(40)

Table 4.4: Number of iterations performed by the G2S and 2L-RAS (in brackets) methods
with Ny, = 2 and for different values of jumps of @ and different numbers of degrees of
freedom NV. 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.

a | S2S5-G | S2S-PCA | S2S-EHM | SHEM
10% | 11-9-7 | 11-9-7 10-9-7 12-10-7
10* | 11-9-7 | 11-9-7 11-9-7 12-11-7
10% | 11-9-7 | 10-8-7 10-8-7 10-9-7

Table 4.5: For each spectral method and value of @, we report the number of iterations
to reach a relative error smaller than 1078 with a coarse space of dimension 84 (left), 132
(center) and 180 (right). The discretization parameters are N” = 16384 and N,, = 2.

We then investigate the performances of the S2S methods and we compared them with
the SHEM coarse space in the multiple channel configuration. We set ¢ = 4, which cor-
responds to NV = 4096 degrees of freedom, and N, = 2. Table 4.5 shows the number of
iterations to reach a relative error smaller than 1078 for the S2S-G, S2S-PCA, S2S-HEM
and SHEM methods. We consider coarse spaces of dimension 84, 132 and 180, which, for
the SHEM and S2S-HEM methods, correspond to multiscale coarse spaces enriched by
respectively the first, second and third eigenvectors of the interface problem (8) in [90].
For PCA coarse space, we set ¢ = 2N, and r = 6. We remark that for smaller values of r,
the S2S-PCA method diverges. This increase in the value of r can be explained noticing
that for the multichannel configuration, the smoother G has several eigenvalues approx-
imately 1 for large values of a@. Thus the PCA procedure, which essentially relies on a
power method idea to approximate the image of G, suffers due to the presence of several
clustered eigenvalues, and hence does not provide accurate approximations of the eigen-
functions of G. We also observed that a straightforward use of the restriction of the SHEM
functions could lead to a divergent S2S-EHM method. In order to improve this coarse
space, we build a matrix whose columns are the restriction of the SHEM functions. We
then use this matrix, instead of a random one, in the PCA procedure, obtaining a new
coarse space which is then used in the S2S-EHM method. Table 4.5 shows that all spec-
tral methods have very similar performance. We remark that all of them are robust with
respect to the strength of the jumps.



CHAPTER 5

Application of optimized
Schwarz methods to the
Stokes-Darcy coupling

"Il existe sous la surface du sol, dans le terrains stratifiés, tantot de véritables
cours d’eau souterrains circulant, avec des vitesses sensibles, dans des fissures,
fentes ou cavités naturelles”

— H. Darcy, Les fontaines publiques de la ville de Dijon, pag. 137.

Over the last decades, the filtration of fluids through porous media has increasingly drawn
the attention of researchers due to the large number of applications in physical processes.
Instances are blood simulations [47], groundwater and oil simulations [4], food processes
[49] and soil-water evaporation with applications to nuclear waste disposal [107]. In this
chapter, we study domain decomposition strategies to deal effectively with the Stokes-
Darcy system. Seminal works in this direction have been done by Discacciati in his Ph.D.
thesis [52], which culminated in the review article [55]. In the Chapters 2-3-4 of [52], the
author reduces the global Stokes-Darcy system to a single interface equation involving the
Steklov-Poincaré operator. Then a Dirichlet-Neumann preconditioner, much in the spirit
of Section 1.3.2, is proposed, and numerical results show that the preconditioner is robust
with respect to mesh size but not with respect to the physical parameters. Specifically, low
values of the diffusion constants lead to a poor performance. Thus, Robin-Robin domain
decomposition methods have been introduced in [56], where the Robin parameters are
heuristically tuned to make the method robust with respect to the physical parameters.
Robin-Robin domain decomposition methods for this system have also been proposed
by other groups, we name in particular the work by Xiaoming He, Yanzhao Cao and col-
laborators [111, 23, 24]

In this chapter, we present our contribution to the definition of efficient domain decom-
position strategies for the Stokes-Darcy coupling. We first propose a one-level OSM and
we discuss the limitations of standard techniques to find optimized transmission con-

143
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Figure 5.1: Stokes-Darcy domain

ditions for this complicated system. Then, we discuss the conditions for which we can
rely on the standard Fourier approach, and we further apply the probing technique to
find good estimates when those conditions are not satisfied. We then focus on two-level
and multilevel solvers. First, we apply the multilevel optimized Schwarz framework in-
troduced in Chapter 3 to design a two-level solver for the Stokes-Darcy coupling. Finally,
we apply the substructured framework discussed in Chapter 4 to define two-level spectral
and geometric substructured methods.

5.1 Definition of the model

Let Q cR?, d = 2,3, be a bounded domain decomposed into two nonoverlapping subdo-
mains Qg and Q, separated by a sufficiently regular interface I', see Figure 5.1. The unit
normal vector pointing towards Q is denoted with n. We suppose that Q, Qs and Q are
Lipschitz domains, and we define I' := 0Q\T', and 0Q4\I' =T U Ffi\’ . We assume that Q
contains an incompressible fluid described by the Stokes equations

-V- T, ps)=f V-ug=0, inQy, (5.1.1)

where T'(uy, ps) := 2uV°us — prl is the stress tensor, Viu, := %(Vus + (Vuy) ") is the sym-
metrized gradient, f; is a body external force and u € R* is the dynamic viscosity of the
fluid. The unknowns are the fluid velocity field us and the pressure field p;.

The lower domain Q consists of a porous medium filled by a fluid which flows according
to Darcy’s law, discovered experimentally in 1886 [48],

uy=-KVpg+gs, V-ug=0 inQy, (5.1.2)

where uy is the fluid velocity, py4 is the Darcy pressure and gy is a body force. K € R¥*4
is the permeability tensor of the porous medium. Generally, K is a symmetric positive
definite tensor that can be diagonalized by introducing the so-called principal directions
of anisotropy, i.e. K = diag(ky, ..., kq), ki € L°(Qy), k; > 0 a.e. in Q. Taking the divergence
of the first equation in (5.1.2), we obtain a second order PDE only in terms of the pressure

—V-KVpg=-V-g; inQy. (5.1.3)
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For the sake of simplicity, we impose homogeneous boundary conditions for the Stokes
domain, ug = 0 on I';. On the Darcy domain, we set p; = 0 on 'y, and a no slip condition
KVpg-Nex; =0 on T2, where ney is the unit outward normal on I'Y.

The two physical models need to be coupled along the common interface I'. There is nota
unique choice for the coupling conditions and we refer the reader to Section 3 of [55] for a
more detailed discussion of several cases. Generally, the continuity of the normal velocity,
i.e. ug-n =uy-n, and the continuity of the normal stress, i.e. —n-T-n = p, are prescribed.
We remark that this last condition actually allows the pressure to be discontinuous along
I'. In order to have a well-posed problem in Qj, we still need to impose a condition on
the tangential velocity on I'. In 1967, Beavers and Joseph found experimentally that the
difference between the slip velocity is proportional to the shear rate of the free fluid [6].
In mathematical terms this is equivalent to impose

€
-7j-T(ug, ps) -n= ;(us—ud)-rj, j=1,.,d—-1 onT, (5.1.4)

where 7; are linear independent unit tangential vectors lying on the interface I', and € is a
constant depending on the physical structure of the porous medium. The well-posedness
of the Stokes-Darcy system with (5.1.4) has been only proved in 2010 [25]. However,
Saffman noticed in [141] that, in most applications, u; is much smaller that u; and thus
can be neglected. Supposing u; = 0 in equation (5.1.4), we get the so called Beaver-
Joseph-Saffman (BJS) condition. This condition has also been derived mathematically
through homogenization theory in [134]. Another possible choice, which is much used in
blood simulations, is to impose a zero tangential velocity, i.e. us-7; =0, j=1,...,d - 1. To
summarize, in this thesis we will suppose the following coupling conditions:

us-n=ug-n,
—n-(T(us, ps)-m) = pg, (5.1.5)
—€Tj-(T(ug, ps)-m) =pug-75, j=1,.,d-1.

The strong form of the coupled Stokes-Darcy system is

=V-T(us, ps) =15, V-u;=0, in Qg,

-V-KVp;=-V-g4, in Qg,
us =0, onl,
u;=00nT,;, KVpg-mex=0, onTY, (5.1.6)
Ug-n=ug;-n, onl,
-n-(T(ug, ps)-n) = pg, onT,

—€7j- (T(us, ps)-m) = pus -7, onT.
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Introducing two positive real parameters s; and s, and two initial guesses A% and /131, the
optimized Schwarz method for system (5.1.6) computes for n =1, 2...

(u”, p™) = Stokes Problem(f A" ™!) :
-V (T}, pH=£f, V-ul=0, inQ;

u; =0, onTy,
—etj-(T(u}, py)-n) =puy -7, onT,
-n- (T’ p") -n-su’ n=A""1 onT, (5.1.7)

pl = Darcy Problem(gg, A 1) :
-V-KVp);=-V-gq4, inQg,
ug=00onT,; KVpg-ne=0, onl“g

ph—s1(KVpl-n—-gg-n)=A"", onT,
with the updating rules

S2 S$2 —
At=p"+ 5 (KVp"-n—-g;-n =(1+—) n— A0
s pd 2( pd gd ) S1 pd S1 d (518)

Al=-n-T@},p!)-n+suf -n=A7"+(s+s)ul -n.

This domain decomposition algorithm has been studied in the literature by several au-
thors. In [56], the authors defined the method and provided a convergence analysis based
on energy estimates. A similar analysis has been carried out in [35] where the author
included a rough estimation of the optimized parameters through a Von Neumman anal-
ysis. The first theoretical analysis devoted to establish optimized transmission conditions
has been carried out in [53]. Unfortunately, the standard techniques used to derive op-
timized transmission conditions are not effective for this particular coupling. Part of the
contribution of this thesis is to investigate the reasons for this failure and to propose alter-
native approaches. This is the main topic of Section 5.3, which is largely based on the pro-
ceeding paper [98]. Before concluding this Section, we refer the interested reader to [111]
and [23] for a study of domain decomposition methods based on Robin boundary condi-
tions for the Stokes-Darcy system equipped with the Beaver-Joseph coupling condition.
To the best of our knowledge, optimized transmission conditions have not been derived
for Beavers-Joseph coupling conditions. We also cite [24] where the authors proposed
an interesting non-iterative marching in time scheme based on domain decomposition
algorithms.

5.2 Weak formulation and well-posedness

In this Section we derive a weak formulation for the coupled Stokes-Darcy system (5.1.6)
and for the domain decomposition algorithm (5.1.7), and we show their well-posedness.
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First, we introduce the functional spaces and norms

Hy:={we (H'(Qy))?:w=00nTg}, [wlf = [y IVwl,

Q= I2(Qy), lq1%, = Jo, 14,

Hy:={ye H'@Qa:y=00nTga}, Iyl = fo, Vel 5.2.1)
W= stHd, lzwlfy = Awlg, + w3 )z

A= HO(F), IAllA —II/III )

S l\)\)—‘

as well as the bilinear forms

ds(u,v) =2 o Viu: Viv+ ?zi SrEw, ), Yu,ve Hj,
=
ag(u,v) = Zis(u,v)+fr So(u-n)(v-n), Yu,ve Hg,
bs(v, q) == Jfo,qV-V, Vve H;, Vg€ Qs,
aa(pa,qa) = Jo,KVpa-Vqa, Vpa,qa € Hy,
aa(pa,qa) = da(pa,4a) + Jr 5 Pada Vpa,qa € Ha,
Clpa,Vv) = [rpalv-m), Vpg € Hy, Ve H,
o (v, w) —2,qu Viv: VSW+Z fr W)r,; W)y, +fQ V- KVy
+[rpw-n)— [ (v n)t//, Yv=(v,$),Yw=(w,yp)eW,
Bw,q)  =Dbsw,q), Yw=(w,y)eW,VqeQ;,
F (w) = fo fs W+ [, 84 VY, Yw=(w,y)eW.
(5.2.2)

To have a well defined functional & acting on W, we assume that f; and g are in (L?(Qg))<.

Integrating by part (5.1.6) and using the coupling conditions (5.1.5), one gets the weak
formulation,

Find us € Hy, ps€ Qs, pg € Hy suchthatforallve Hg, gs€ Qs, qq€ Hy

2;1[ Viug: Vov+ pr(us),](v)rj f pv- v+fQ Vpa-KVqqg,

fpd(v n)—f(us n)q, = f fs- V+f 84-Vda,
—f qsV-us=0.
Qq

Using the bilinear forms defined in (5.2.2), equation (5.2.3) can be written as

(5.2.3)

Find us € Hy, ps€ Qs, pg € Hg suchthatforallve Hg, gs € Qs, gq € Hy
5s(us,V)+bs(V»ps)+ad(Pd»qd)+C(Pd,V)_C(4drus) :L fs'v+j;2 gd'qur (5.2.4)
s d

bs(us, q5) =0,
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which, in a more compact form, corresponds to

Find u = (ug, pg) € W and p; € Q; such that

A (u,v)+B,ps)=F), VveW, (5.2.5)

B(u,q)=0, VqeQ;.
System (5.2.5) is well-posed and it admits a unique solution (i, ps) € W x Qs. The proof,
based on Brezzi’s saddle point theory, can be found in Chapter 2 of [52]. To solve a general
Stokes-Darcy problem, one could directly introduce a finite dimensional approximation

of (5.2.5). For instance, given two regular triangulations hs and 9, hd , we define the finite
element spaces

HY = lyle @@ ylire @) VT e ylin, =0},
Qh ::{cp?eco(ﬁs):(/)?ITE[I:DI(T),VTEST;}, (5.2.6)
H" :={wgeC°(§d):wg|TeP2(T),VTe9hd, wglrd=0},

= NS i=N3 .
and the basis H! = span{(t//h )iziv”}, QI = span{(gb?’i);:l ”}, H = span{(wg,i)ﬁ;ivd}-

S,i
Then the discrete version of (5.2.5) is

As Bl C)\([u" £
B; 0 o ||p"l=|0] (5.2.7)
-C 0 Ay pZ gg
where _ N _ -
(As)i,j = as(w?,j’ws,i)’ (Ad)i,j = ad(wd,j'wd,i)’
(By)ij =bs(y! ¢l), (©Ci; =Cw) ,wl), (5.2.8)
(f?)i = fQX fs"l’?,,'» (gZ)i = degd'V@”Z,i»

and u?, p? and pZ are the coefficients of the solution in the corresponding basis. We have
verified this approach, by numerically solving a Stokes-Darcy problem with Q¢ = (0, 1) x
0,1),Q;=1(0,1) x (—1,0), with solution

2
u™:= (x*V+e?,-SxyP +2—msin(nx)), p™=-(2-7msin(rx))cos2ry),
s =Xy 3 y wsin(mx)), p; (2 —msin(mrx)) cos(2my) (5.2.9)

pSi=—Q2—-msin(mx))(y+1).

One can verify that these functions satisfy the coupling conditions (5.1.5) along the inter-
face I = (0,1) x {0}. The functions fj, f> and g, are chosen such that the functions (5.2.9)
satisfy the interior equations. We solved this problem using the GDGMatlab library, a fi-
nite element library we developed during these years which implements Lagrangian con-
tinuous Finite element methods as well as nodal discontinuous Galerkin methods, in-
cluding some of their hybrid versions. The library is freely available on GitHub!. Figure
5.2 shows on the left the sparsity pattern of the matrix in (5.2.7). We clearly observe that it

1Codes available at: https://github.com/vanzantom/GDGMatlab
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Figure 5.2: Sparsity pattern of the global Stokes-Darcy matrix on the left and error decay-
ing as the mesh is refined on the right.

has a strong diagonal structure with small off-diagonal blocks, representing the coupling
term C. On the right panel, we plot the error of the finite element approximation defined
as

h _h _h h h h
err(uy,py,p,) = lluy —u |l g, + Ip§ — pS*llo, + Ipg — Pl -

The error decays as h?, where & is a measure of the mesh size, in agreement with the clas-
sical results for the approximation error of the Taylor-Hood finite element space for the
Stokes unknowns, and of quadratic finite element spaces for the Darcy pressure. Instead
of solving directly the large system (5.2.7), it is naturally to use the sparsity pattern shown
in Figure 5.2, to define a domain decomposition method, which solves alternately a sad-
dle point problem, related to the Stokes domain, and a Laplace problem concerning the
Darcy pressure. To investigate further the decoupling algorithm (5.1.7), we first show the
well-possessedness of the local subproblems.

Let us remark that the weak formulation (5.2.5) has been obtained using the coupling
conditions

-n-T(ug, ps) n=(pg)r and (KVpg—g4) -n=—(us-nr.

Thus, since (5.2.5) admits a unique solution in W x Qs, a posteriori we can state that —n-
T(ug, ps) -n € A, as it is equal to the trace of a function p; € Hy and oI’ c T4, where py
is equal to zero. Similarly we have (KVp,; —g4) -n € A. We now introduce the extension
operator &5 : A x (L2(Q¢))% — Hj x Qs as (g, Ps) = Es(A,f5) where (ug, ps) is the unique
solution of

Find (@, ps) € Hs x Qg such that

as(ﬁs,V)+bs(v,ﬁs)=f fg-v—fﬂts(v-n), Yve H, (5.2.10)
Q, r

bs(ﬁs,CIs):()y VqSEQS-

Similarly, we define the extension operator &; : A x (L*(Q4)% — Hy by pa = E4(Aa,8a)
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where py is the unique solution of

Find p; € H; such that

- 1 (5.2.11)
ad(pdrCId):f gd'Vﬂld+—f/1d61d, Vqq€ Hg.
Qq $1JT

To show that the operators &5 and &, are well defined, we need the following Lemma.

Lemmab5.2.1. The bilinear forms a;(-,-) : Hsx H; — Rand ag(-,) : Hyx H; — R are coercive
and continuous.

Proof. The bilinear form ay(-,-) is continuous since, using Cauchy-Schwarz and the trace
inequality

1
laa(pa, qa)| < kool palla, | qall g, + S—IIPdIILZ(r) N galrza
1

(Cl)?

SZmaX(koo, )”Pd”Hd”CId”Hd;

where koo = max;=, . 4SUPxeq, Ki(x) and Cfr is the continuity constant of the trace op-
erator in Q4. Defining instead ko := min;-;,__4infxcq, K;(x) > 0, we have immediately
coercivity since

.....

1
koll pal’y, Sf KVPd‘VPd+—fP§=dd(Pd»Pd)-
Q4 S1Jr

Now we consider a;(+,-). Calling C;, the continuity constant of the trace operator in QO we
have

d-1
Ias(u,V)ISZJLthSIVSU:VSVI+]§1 rgl(u)rj(V)le+fr82|(u-n)(v-n)|

U
<2uluall g vl g, + (d - 1); lhall 2oy 11l 2y + Sz llall g2y 11 22y
<vluallg vl g,

where y :=2p+ (d - 1)£(C5,)% + 52(C3,)%. a

The coercivity follows from Korn’s inequality with constant § as
, & 2 2
as(u,u) = 2udalf; + Y llu-7;0%p + s2llu-nll7,
j=1
= 2ubul; .

()

Theorem 5.2.2. Problems (5.2.10) and (5.2.11) are well-posed.
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Proof. We denote the functional on the right side of equation (5.2.11) by %, (-). Then using
Cauchy- Schwarz, we have

1
9a(qa)| < I8al 12 eIVl + 5l 2o N al o,

L g
< 2max IIngI(Lz(Qd))d,S—C”IIMIILz(r) lgallm,-
1

It follows that ¢4,;(-) is a continuous functional on H; and thus, since a,(-,-) is continu-
ous and coercive, the Lax-Milgram theorem guarantees that the problem (5.2.11) is well-
posed, i.e. there exists a unique py € H; solution of problem (5.2.11). Regarding (5.2.10),
we rely on Brezzi’s theory for saddle-point problems. We call ¢;(:) the functional on the
right hand side and we have

|9V = ”fS”(LZ(QS))d vz, + IAsl 2 IV-mllz2(p),
= ZmaX(Cp”fs”(LZ(QS))d» C,fr ||/15||L2(I‘)) IV

where C? is the Poincaré constant. On the other hand we have the continuity of bs(-, ),
|bs(us, gs)| SfQ |gsV -us| = gl llusl &,

and, from Proposition 5.3.2 in [139], the inf-sup condition
VgeQs, 3IveHs, v#0:bs(v,q) =plviglqlo,

holds. We remark that ag(-,-) is continuous and coercive over all H; due to Lemma 5.2.1,
thus Brezzi’s theory guarantees that (5.2.10) has an unique solution. O

5.3 One-level optimized Schwarz methods

In [53], the authors perform a Fourier analysis of the OSM (5.1.7) for a two dimensional
problem (d = 2). In their analysis, they considered unbounded domains where one can
use the Fourier transform. A separation of variables technique, as in [95], is not feasi-
ble unfortunately, since no analytical expression is available for the eigenvectors of the
Stokes operator in bounded domains with Dirichlet boundary conditions. Furthermore,
to simplify the calculations the authors assumed that K = diag(n,72) withn; >0, j=1,2
and since the solutions are required to go to zero as y — oo, they set T’ 2] = @. They finally
obtained that the convergence factor of algorithm (5.1.7) is

2ulk| - s ' 1—s2/Min2lkl

(k,s1,82) = , (5.3.1)
PROSL = okl + 5, 1+ s1y/mimalk]
. . . . _ _ 1
for all the Fourier frequencies k € R. The optimal choice s; = 2u|k| and sy = T would

lead to a direct method which converges in just two iterations; however this choice corre-
sponds to nonlocal operators once backtransformed?. Therefore a more practical choice

2See the extensive discussion in Section 2.1
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istoset s; =2up and s = ﬁ for some p € R. An equivalent choice of optimized pa-
rameters has been treated in [53] where the authors obtained the following result.

Theorem 5.3.1 (Proposition 3.3 in [53]). The unique solution of the min-max problem

k, p), 5.3.2
e W 532

is given by the unique root of the non linear equation p(kmin, p) = P (kmax, P)-

One could also consider double sided optimized transmission conditions, choosing s; =
2up and s = \/Wq with p, g € R. In [54], the authors propose to choose the couple p, g

such that p(kmin, p, q) = p(k, P, q) = plkmax, P, q), i.e. they impose equioscillation. Even
though often the solution of such min-max problems is indeed given by equioscillation,
a priori there is no reason why this should be the case also for the Stokes-Darcy coupling.
In fact for heterogenous problems, it has been observed that there can exist a couple of
parameters which satisfies the equioscillation property, but leads to a non optimized con-
vergence or even to a divergent method, see for instance Theorem 2.1.9, Theorem 2.4.6
and reference [78]. In Theorem 5.3.2 we refine Proposition 1 of [54].

Theorem 5.3.2. The solutions of the min-max problem

-p k-q
min max k,p,qg) = m1n max 2./
PR kelmerkimad - p.d YR kel lmperkinas] Y T2 1+2u/Mimakp 1+2u\/mkci

5.3.3)
are given by two pairs (p;, q;), i = 1,2 which satisfy the non linear equations| p (kmin, pl. g7 =
|p(E,p;.",q;‘)| = |p(kmax, P}, 4;)1, k being an interior maximum. Moreover p; = q; and
a5 =Py

Proof. The proof is based on arguments presented in the proofs of Theorem 2.1.9 and
Theorem 3 in [95]. We outline the main steps. We first observe that p(k, p, q) is invari-
ant under p — ¢, hence we consider only p < g and moreover p(k, p, q) = 0 for k = g and
k = p. The partial derivatives with respect to the parameters satisfy sign(d, p) = sign(p—k)
and sign(d,p) = sign(g— k), therefore at optimality we conclude that p, g lie in [kmin, kmax],
see the proof of Theorem 1 in [95]. Solving dxp = 0, we get that there exists a unique
interior maximum k, with p < k < g, so that we can restrict MaXke ki knal 2 Py @) =
max{p(Kmin, P, 9), p(%, D, @), p(kmax, P, q)}- Repeating the same arguments of Lemma 2.1.8,
we obtain that at the optimum we must have p(kyin, p, ) = p(kmax, P> q), S0 that we can
express g as function of p and we can restrict the study to min, max{p (kmin, p, 4(p)), p(i&, D, q(p)}.
Defining 6 := 2u./m172, the equioscillation constraint is equivalent to
kmin—p 1+ 6kmaxp kmax—q(p) 1+6q(p)kmin

l(p):= = =:g(p). (5.3.4)
P 1+6kminp kmax—p 1+6g(P)kmax  kmin — q(p) &P

Since d,1(p) <0and d,g(p) >0, q(p) must be a decreasing function of p so that equation
(5.3.4) is satisfied. Then using the sign of the derivatives of p with respect to p and g and
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dp(%,p)

the explicit expression of g(p), we have >0 and <0 for kmin < p < q(p).

dp(kmin:p)
dp

These observations are sufficient to conclude that the solution of min, max{p (kmin, p, 4(p)), p(k, p, g(p))}

is given by the unique py, such that p(kmin, p7, 4(p7)) = p(k, p},q(p;)) and g; given by

g7 = q(p7). Due to the invariance p < q, we get the same results in the case g < p and we

conclude that the other couple satisfies p; = g} and g; = p7. O

In [53, 54], the authors studied extensively the methods obtained from Theorems 5.3.1-
5.3.2 as preconditioners for GMRES. They observed that these optimized parameters do
not lead to an optimized convergence and they proposed to minimize the L' norm of the
convergence factor, that is

1 Kmax
min ————— f ok, p)dk. (5.3.5)
k

P kmax — kmin ‘min

The motivation lies in the assumption that the Krylov method can take care of isolated
slow frequencies, and thus it would be better to have a convergence factor that is very
small for a large set of frequencies with possibly high peaks. A similar approach was first
discussed in [91] for the Helmholtz problem as the optimized Schwarz method does not
converge for the Helmholtz frequency w, and thus the authors proposed to solve the opti-
mization problem miny, maxgek,,...0-1Ulw*,knad © (K, p). However, such a bad performance
of the optimized parameters obtained from a min-max problem does not have compar-
ison in the literature, and thus we investigated it in detail in [98]. We consider the do-
mains Qg = (0,1) x (0,1), Q4 = (0,1) x (=1,0) and a uniform structured mesh with mesh
size h = 0.02, so that kmin = 7 and kyax = 7/h. We discretize the corresponding error
equations of (5.1.7) with Taylor-Hood finite elements P% — P, for the Stokes unknowns
and P, elements for the Darcy pressure. The physical parameters are set equal to u = 0.1,
K = diag(n1,n2), with n; = n2 = 1. The stopping criterion for the iterative method is
I g + 0™ g + Il + IngllHl <1072 and similarly for GMRES the tolerance is 1079.
Figure 5.3 shows the number of iterations to reach convergence. On the left panel we show
with a circle the optimized parameter p obtained from Theorem 5.3.1 and with a square
the optimized p obtained solving (5.3.5). We observe that indeed the solution of (5.3.5)
leads to a faster convergence than the classical approach of Theorem 5.3.1 for precondi-
tioned GMRES. This is in agreement with the results reported in [54, 53], where it has been
shown numerically that the solution of (5.3.5) leads to an equivalent or faster convergence
than Theorem 5.3.1 for a wide range of parameters. However, we remark that (5.3.5) leads
to a faster method than (5.3.2) also for the iterative method and not only under Krylov
acceleration! On the right panel of Figure 5.3 we observe that also Theorem 5.3.2 does not
lead to an optimized convergence and the symmetry of the parameters has disappeared.
To better understand the behaviour of the method, we set as initial condition one by one
the sine functions, which correspond to the restriction of the Fourier basis {e™! kx}k on

bounded domains with Dirichlet boundary conditions. We then compute numerically an
[

3
approximation of the convergence factor defining p, (k, p) = ( 10Tl ), Ppa(k,p) = (Hzg—”zi),

where v is the second component of the Stokes velocity and p, is the Darcy pressure.
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Figure 5.3: Number of iterations to reach the tolerance 10~ for different optimized pa-
rameters. On the left, the circle represents the solution of Theorem 5.3.1, the square cor-
responds to the solution of (5.3.5). On the right the triangles correspond to the double
solutions of Theorem 5.3.2 and the contour plot refers to the iterative method.
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Figure 5.4: Comparison of the theoretical and numerical convergence factors. On the left,
optimized parameter from Theorem 5.3.1 and on the right, optimized parameter from
(5.3.5).

From the results presented in Figure 5.4, we observe two major issues: the first one is a
poor approximation of high frequencies. This is due to the fact that the discrete approx-
imation based on the finite element spaces Pg — [P, — P, is not capable of representing
properly the exponential boundary layer of the high frequencies near the interface. This
can also be observed for the classical Laplace equation. We propose two remedies which
can also be combined. We could first raise the order of the approximation of the finite ele-
ment spaces to [F"% —[P,—P3 and/or refine the mesh in the normal direction to the interface.
Both remedies improve the representation of the high frequencies. The second issue lies
in a unusual oscillatory behaviour of the low, odd frequencies. For instance, in the right
panel of Figure 5.4, the first frequency sin(rx) is transformed after one iteration into a
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complicated combination of higher frequencies so that actually the parameter p makes
the method much faster than the theory predicts. In [98], we claimed that the reason for
this phenomenon was that the sines do not form a separated variable solution for the
Stokes operator with Dirichlet boundary condition. This argument was based on our ex-
perience developed with the tangential advection case, discussed in Section 2.2.3, where
we have remarked that the unbounded analysis leads to inefficient optimized parameters
since the two equations lack a common eigenbasis. While our statements remain true,
we now believe a further reason lies in a compatibility condition which must be satisfied
whenever dealing with a Stokes problem with Dirichlet boundary condition all along the
boundary. Indeed, the imposed velocity field must satisfy

Ozf divuszf u;-n. (5.3.6)
Qs 00

Working with the error equation, and imposing a velocity field only on I, condition (5.3.6)
is satisfied by the even Fourier frequencies, but not by the odd frequencies. Thus, not
only the odd Fourier frequencies are not eigenvectors of the Stokes operator, but they are
even incompatible boundary condition, and this explains why the lowest Fourier mode
is immediately transformed into a combination of higher even frequencies after just one
iteration! We conclude that it is not possible to diagonalize the iteration as the formula
of the convergence factor (5.3.1) assumes. In Section 5.3.1, we discuss how to recover
optimized parameters for the Dirichlet case, and we show that actually imposing a normal
stress condition on the upper boundary, allows one to recover good estimates also with
the Fourier approach, since the velocity field does not need to satisfy equation (5.3.6)
anymore.

We conclude this subsection considering the Stokes-Darcy system (5.1.7) with periodic
boundary conditions on the vertical edges in order to make the bounded problem as sim-
ilar as possible to the unbounded case. In this setting there exists a separated variable
solution for the Stokes problem involving the Fourier basis {e~ikx) t see [140]. In Fig-
ure 5.5 we show both the numerical and theoretical convergence factors computed for
even frequencies {sin(2kmx)};. The same results are obtained using the other periodic
frequencies {cos(2kmx)}r. Comparing with Figure 5.4, we observe that now we have an
excellent agreement between the numerical and theoretical convergence factors and thus
we would expect that the optimized parameters from the min-max theorems provide op-
timized convergence. We thus start the optimized Schwarz method (5.1.7) with initial
guesses given by a linear combination of periodic sine and cosine functions multiplied
by random coefficients. Figure 5.6 shows that both Theorem 5.3.1 and 5.3.2 now lead to
optimized convergence for the iterative method (5.1.7) and we also observe the symme-
try of the optimized parameters in the right panel as Theorem 5.3.2 predicts. However
concerning GMRES, we note that the optimized parameter from Theorem 5.3.1 is still a
bit too small. This can be understood studying the eigenvalues of the preconditioned
matrix system which are shown in Fig 5.7. Analyzing the large real eigenvalue, we have
observed that the corresponding eigenvector is given by a zero velocity field u;, a con-
stant pressure p; and a linear Darcy pressure p,. This constant mode is actually not
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Figure 5.5: Comparison of the theoretical and numerical convergence factors. On the left
for the single sided optimized parameter from Theorem 5.3.1 and on the right one for the
double sided parameters of Theorem 5.3.2. The minimum frequency is now kp,i, = 27.
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Figure 5.6: Number of iterations to reach the tolerance 1072 for different optimized pa-
rameters. On the left, the circle represents the solution of Theorem 5.3.1, the square cor-
responds to the approach of (5.3.5). On the right the triangles correspond to the double
solutions of Theorem 5.3.2 and the contour plot refers to the iterative method.

treated by the unbounded Fourier analysis and it is not present in our initial guess for
the iterative method. Defining the functions p/; = D"(y + L) and py = P" with D € R
and L is the vertical length of the subdomains, and inserting them into (5.1.7), we ob-
tain a convergence factor p(k =0, p) := 1-% Solving numerically the min-max problem

1+s
min,, p(k, p) we obtain the eéluioscillation between p(0, p) and p(kmin, p)

max
kE{O}U[kmin:kmax]
and a numerical value of p = 48. In the right panel of Fig. 5.7 we start the method with

a totally random initial guess and this shows that taking into account the constant mode
actually makes our analysis exact.
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Figure 5.7: On the left panel, the blue circles correspond to first 100 eigenvalues of the
preconditioned volume matrix in the case with the optimized parameter of Theorem 5.3.1
and the red crosses in the case using the solution of (5.3.5). On the right panel we show
the number of iterations to reach convergence with periodic boundary conditions and
with a random initial guess. The circle corresponds to the solution of Theorem 5.3.1 and
the star to the value of p such that we have the minimal residual of GMRES.

5.3.1 Application of the probing technique

In this subsection, we apply the probing technique introduced in Section 2.5 to the Stokes-
Darcy system. To do so, we need to reformulate the Stokes-Darcy system in a substruc-
tured form, that is, as an equation involving a Steklov-Poincaré operator over an interface
variable. Then we apply the ADI method to solve the Steklov-Poincaré system similarly to
(1.3.16). To the best of author’s knowledge, a first substructured formulation of the cou-
pled Stokes-Darcy system has been provided in [52]. We consider the geometrical setup
described by Figure 5.1 and we set I’ 2] = ¢ and € = 0, that is, we impose a zero tangential
velocity and we introduce the space

H := {use(Hl(Qs))d:us:Oonl"sandus-rj=O,j=1,...,d—10n1“}.

The multidomain weak formulation of the Stokes-Darcy system, counterpart of (1.3.2) for
the Laplace equation, is [52, Proposition 2.4.1]

Find us € HY, ps€ Qs, pg € Hy such that:

a(ug,v) +bs(v, ps) = o fs-v, Vve H}Qy),

bs(ug, g5) =0, Yq; € Qs,

a 1 (5.3.7)
aq(pa,qaq) :degd'qu, Vqa € Hy(Qq),

Jepan= [ £ ESn—a(ug, ESn) - bs(ESn, ps), VneA.

Jrug-mn = aq(pa, Em) - [, 8a- VEn, VneA,

where E* and E¢ are general continuous extension operators from A to respectively H?
and Hy. Equations (5.3.7)45 are the coupling conditions along the interface and they play
the same role as the continuity of the traces and of the normal derivatives in (1.3.2)3 4. To



CHAPTER 5. APPLICATION OF OSMS TO THE STOKES-DARCY COUPLING 158

obtain the Steklov-Poincaré equation for (1.3.2), we selected a primal interface function,
the trace, so that we could decompose each subdomain solution as the sum of two func-
tions, one which is the harmonic extension of the trace, and another one which takes into
account the force term, that is u; = A (ur) + %;(f;). In order for the u; to be solutions,
they still need to satisfy the continuity of the dual variable, that is the normal derivative,
and this is exactly what the Steklov-Poincaré equation imposes. We are now going to fol-
low the same logical path for the Stokes-Darcy system. We remark it is possible to use two
different interface variables, 1 :=us;-n = (-KVp +g4)-nand ¢ := pg = —n-T(ug, ps)-n. In
contrast to the Laplace case, the function A corresponds to the trace of the Stokes velocity
and to the normal derivative of the Darcy pressure, while ¢ corresponds to the trace of the
Darcy pressure and to the normal component of the normal stress for the Stokes domain.
We could choose either A or ¢ as primal variables, however choosing A leads to some tech-
nical difficulties. First, we would need to solve a Dirichlet Stokes boundary value problem
which, in order to have a unique solution, requires to deal with a quotient space for the
pressure field. We would have then to compute the normal stress along I' which depends
on the pressure defined up to a constant. Moreover, for a complete Dirichlet Stokes prob-
lem, the boundary condition needs to satisfy the compatibility condition (5.3.6) which,
supposing homogeneous boundary conditions along I', implies that A = 0. Thus we
have a further constraint on the interface variable. For these reasons, we choose as in-
terface variable the Darcy pressure ¢, and we refer the reader to [55, Section 5.1] for a
detailed discussion concerning the interface variable A.

We define the operator #: A — H{ x Q, such that #(¢p) = (stl ((,0),st2 (¢)) satisfies

s (AL (), V) + bs(v, A2 ))=—f (v-m), VveH],
s ¢ s ¢ r? (5.3.8)

bs(AL (@), q) =0, VgeQs,

and the function (u?, p%) € HT x Q; solution of the boundary value problem with zero

normal stress condition along T 3

5s(u2,v)+b3(v,p2):fgf-v, Vve HY,

(5.3.9)
bsu? q) =0, Vg€ Q;.
Concerning the Darcy domain, we define /; : A — Hy; such that ./ (¢) satisfies
Gq(F5(@),q2) =0, Vg€ H (Qp),
a(Fa(P), qq) qa € Hy(Qg) (5.3.10)
JCi(p)=¢, onT,
and the function p’ € Hj (Qg) solution of
da(py, da) = fQ 84-Vqa, Yqa€ H)( Q). (5.3.11)
d

3Using the interface variable A, we would have to solve a Dirichlet Stokes problem, introducing the quo-
tient space Q(S) = {q €Qs: st q= 0},
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ex

Knowing a priori (u*, p%, pfix) solution of (5.3.7) and defining ¢ = p we would have

ex
a,r
that (u¥, p&) = (A} (p) +ul, 72 (@) + p?) and p* = 7, () + p4. However we do not know
the solution of (5.3.7) a priori. Nevertheless, we have that (A, (o) +u?, #72 () + p?) and
H4() + pg satisfy already the first four equations of (5.3.7). We use the fifth to obtain an
equation for the unknown interface variable ¢. Replacing (stl () + u(s), Jﬁf () + p?) and
JC1(p) + pg into (5.3.7)5, we get

(Lo, =0, (5.3.12)
where ¥ = % +.%; are defined as

(Fsp,m) = —fr(ifsl((p)-n)n, (Fap,m) = aq(Foq(p), #41), (5.3.13)
and y € A’ is such that

xm = fr (ud-mn + fQ 8a - VI () — Ga(pYy, #a(m)).
d

We emphasise that we set the extension operator §; = #;. Solving equation (5.3.12) per-
mits to obtain the exact trace pressure ¢, from which we can then recover the exact lo-
cal solutions performing subdomain solves. For a proof of existence and uniquess of the
solution to (5.3.12) we refer to [52, Proposition 2.6.1]. Repeating the same calculations
presented at the end of Section 1.3.4 for the Laplace equation, we can rewrite the trans-
mission conditions of (5.1.7) at the weak level as

(2L + DAy = (U= 2L DALy + (sox,m), VN EA,

(5.3.14)
((51F+ DA ) = (I = s1. LAy +(s1p,m), VN eEA,

which leads to the fixed point iteration for the error equation

M = (L4 D U -2 ) 1.5+ DT U= 515N = T(s1, 504"

We are now perfectly in the framework discussed in Section 2.5. We introduce finite di-
mensional approximations X, 2 ; of the operators .%; and .#;. We thus choose a set of
probing vectors {x;} with j in some index set .#, and we aim to minimize numerically

the ratio
[ s2Zsxj — Mrx;ll Is1Zgxj — Mrx;l

min

max ) (5.3.15)
s1,5€R jeg ||Sldej+Mer|| ||SZZSX]'+M1"X]'||

where M is the mass matrix over the interface defined as (Mr); j := [ ¢i¢j, and {¢pi} is
a basis for the finite element approximation of A.

We set the physical parameters equal to u = 0.1, 77 = 72 = 1. We consider the probing
vectors x; such that x; is an approximation of sin(7kx), and k belongs to a index set £
The optimized parameters are equal to s, = ﬁ and s; = 2up, with p € R. On the left
of Figure 5.8, we consider Dirichlet boundary conditions all along 6Q2. We consider two
different sets, £ := {1, VN, N} and %> :={1,2, N}, where N is the number of degrees of
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Figure 5.8: Comparison between the spectral radius of the iteration operator 9 (s, s2) and
several estimated parameters through the probing technique.

freedom along I'. As we discussed, the Fourier analysis does not provide good estimates.
However, also probing with the set index .£7 does not provide good results. Guided by the
left panel of Figure 5.4 where we saw that the initialisation with the first even frequency
lead to the slowest numerical convergence factor, and since the first odd frequency does
not satisfy (5.3.6), we decided to probe with the set £>. We remark that the addition of
the first even frequency in the index set leads to a very precise estimate of the optimal pa-
rameter. The choice of the set of probing vector is thus not trivial for the case of Dirichlet
boundary conditions. We report that we also tried the power method approach described
in Section 2.5, but we did not observe any significant improvement with respect to .£].
We then impose a zero normal stress condition on the upper horizontal edge of Q5. Due
to this conditions, the velocity field does not need to satisfy (5.3.6). We remark that both
the Fourier analysis and the probing technique with index set %7 permit to get excellent
optimized parameters. This experiment corroborates our statement that the compatibil-
ity condition is the key element for the failure of the Fourier analysis for the Stokes-Darcy
coupling.

5.4 Two-level optimized Schwarz methods

In this Section, we discuss how to use the two-level OSM framework introduced in Chap-
ter 3 to design an efficient two-level solver for the Stokes-Darcy coupling. We consider
the following geometrical and physical setting. A Newtonian fluid is flowing in a do-
main Qg = (0,1) x (0,1) which interacts through an interface I" = [0, 1] x {0} with a porous
medium in a domain Q4 = (0,1) x (-1,0), see Fig 5.9. We suppose the fluid enters in
Q; from the left with a velocity profile ug = (y3,0)T, we impose us = (1,0)" on the top
boundary, while a zero normal stress condition is imposed on the right boundary, that is
—n-(2uViug— pI)-n = 0. Concerning the porous medium domain, we set a homogeneous
Dirichlet boundary condition along 6Q4 \T.

We now consider the one-level OSM (5.1.7), and we explicitly express the dependence of



CHAPTER 5. APPLICATION OF OSMS TO THE STOKES-DARCY COUPLING 161

ug = (1,0)
s o
e [
S Q; =
Il |='
= =
r
o (=)
I I
~ Qq ~
QU Q
pPa=0

Figure 5.9: Geometry for the Stokes-Darcy problem.

As and A4 on the physical variables ug, ps, pg,

—V-@uviu - p") =0, inQy, (5.4.1)
V-ul =0, inQy,
-V-KVp) =0, inQy,

n-1

s n onl,

ph—s (KVph-n)=-n-QuVviu}' - p!7'D n+su
-n-2uVviu! - p!D-n-sul -n=p) ' +s(KVp:'-n) onT,

—e7j-2uViuy —p{D)-n=pui-7; onT.
To obtain the enhanced matrix for the Stokes-Darcy coupling we consider the fixed point

version of system (5.4.1) by letting n — oco. Then, using the bilinear forms introduced in
(5.2.2), the weak formulation of system (5.4.1) is

as(ug,v) + bs(v, ps) — bsp(pa,v) = (f,v) vve H,
bs(us,q5) =0 Yqs € Qs, (5.4.2)
ad(deCId)—bDS(us;Ps»CId):0 quEHd»

where we have introduced the new coupling bilinear forms
bsp(pa,v) := —fr(pd +5:KVpg-mv-n,
1
bps(us, ps, qa) = /I:(us ‘n)qq — S_ Ln : (Zﬂvsus - psD-n,
1

and the functional f takes into account the non homogeneous Dirichlet conditions. A
finite element discretization of (5.4.2) leads to the discretize system

((Sf o) ) ((L‘i)) -(6)] 549

—Bps Ag Pu 0
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Figure 5.10: Plot of the velocity field solution to the problem described in Figure 5.9.

We implement the two-level OSM using the finite element software FreeFem++ [112] and
we choose P;-bubble elements for the Stokes velocity and for the Darcy pressure and P;
elements for the Stokes pressure. We have 25404 degrees of freedom on the fine mesh
and 6454 on the coarse one. The optimized parameter p is chosen to maximizing the
smoothing property of the convergence factor (5.3.1). The parameters are h = 0.05, u =
0.1, K = diag(1,1). We first compute the exact discrete solution (ug, ps, ﬁd)T by solving
directly system (5.4.3) and then we count the number of iterations for the one-level OSM
and the MOSM to reach a tolerance of Tol = 1078, i.e.

(lu§ =0l g, + | p§ = Psll, + 1Pl — PallH,) < Tol. (5.4.4)

For the two-level method, we used two pre-smoothing steps and no post-smoothing. The
one-level OSM requires 14 iterations while the two-level OSM only 4. In Figure 5.10 we
show the velocity fields in the two subdomains for the problem described by Figure 5.9.
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5.5 Two-level and Multilevel substructured optimized Schwarz
methods

In this section, we aim to apply two-level and multilevel substructured methods to the
Stokes-Darcy system. To do so, we derive a substructured formulation for the one-level
OSM method (5.1.7) since it is the starting point to formulate S2S and G2S methods. While
doing so, we will generalize informally the computational framework described in Sec-
tion 4 to nonoverlapping decompositions and to more general domain decomposition
smoothers. A more formal derivation can be obtained immediately from our calculations
for the Stokes-Darcy system, and we summarize the main steps for a two-subdomains
decomposition in Remark 5.5.2.

We consider the geometry described in Section 5.1. The first step is to properly generalize
the concept of substructures and substructured unknowns in the nonoverlapping case.
In Section 4, the substructured iteration (4.1.11) involves the variables v; defined over the
substructures S;, j € .. Recall that S; = Uy N (GQ’/ N Q’]) We emphasize that we can
think of a substructured S; as the curve where the neighbouring subdomains take the
updated information about u; at each iteration. For a nonoverlapping decomposition,
we modify this definition to S; := Uy N (OQg noQ j), hence S; are now the portions of the
boundary of Q; which are shared with neighbouring subdomains. For a nonoverlapping
decomposition into two subdomains, this definition implies S; = S, = 0Q; N6Q, =:T.
We also need to identify some interface variables. For the Parallel Schwarz method, we
used v; = y;7uj, which represent the traces of the subdomains solutions u; on §;, that
is the data that subdomain j is passing to the neighbouring subdomains (multiplied by a
partition of unity function). Looking at the OSM iteration (5.1.7)-(5.1.8), it is then natural
to use the two substructured variables A5, A; € A, that is

As=pa+52(KVpg-n—-gz-n) and Ay = —n-T(us, ps) -n+ sjus-n.

Note that A, is exactly the data that the Darcy domain passes to the Stokes domain at each
iteration, and 1,4 coincides with the data passed from the Stokes to the Darcy domain. We
now introduce two continuous trace operators 74 : Hy — A and 7 : Hg x Qs — A such that
74(9) = q, Vqge Hy
TS((V) qs)) = (V'n)|r) V(V’ Qs) EHSX QS'
With these trace operators, we rewrite (5.1.8) as
52

s s
Al =plh+s5(KVpl-n—gs-n)= (1+—2)pg——ﬂtg_1 = (1+—2
S1 S1 $1

_ S: _
Ta(EaAY Y g0) — S—Zag L
1

AL =-n-T(uy,py) n+suy -n= )L?_l +(s1+s2)uf -n= /1?_1 + (51 + Sg)TS(ébs(ﬂ?_l,fs)).
(5.5.1)

Assuming that the iteration converges and taking the limit for n — co, we obtain the sys-

tem

S S

As= (1 " —z)rd(é"dmd,gd)) —ZAa,

S1 S1

Aa=As+ (81 + 82)T5(E5(As, £5)).

(5.5.2)
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We now prove that system (5.5.2) is equivalent to the weak formulation (5.2.4).

Theorem 5.5.1 (Equivalence between volume and substructured formulations). Let the
pair (ug, ps, pa) € Hg x Qs x Hy solve (5.2.4), then the pair (As,Ag) := (pg + $2(KVpg-n—
g4 -n),—n-T(ug, ps) -n+ sus-n) satisfy (5.5.2). On the other hand, if (A, 14) satisfy (5.5.2),
then (Us, Ps, Pa) := (Es(As,£5), E4(Ag,84)) satisfy (5.2.4).

Proof. Let us suppose (us, ps, pg) satisfies (5.2.4) and remark that, due to the derivation
of the weak formulation, it holds that

-n-T(us,ps) n=p; and us;-n=-(KVpyz-n—g;-n)in A. (5.5.3)
Let us also define

Ag:=—n-T(us, ps) -n+sjug-n,

As:=pg+52(KVps;-n—gy-n).

It is clear that if (ug, ps) = &s(As,fs) and pg = E4(14,84), then (g, 1) satisfies (5.5.2). In-
deed, we would have
s s s s
1+ 2)74(Ea(Aa,82)) — —Ag = (1 + =) pg— —(-n- T(ug, p) -0+ sju;-n) =
S1 S1 $1 S1

=pa+$2(KVpg-n—gg-n)=Ag
and
As+ (51 + 82)T5(E5(Ag,£5)) = pg+ $2(KVpg-n—gg-n)+(s1+s2)(ug-n) =

—-n-T(ug, ps) -n+s(us-n) =14,

We are then left to show that (ug, ps) = &(As,fs) and pg = E4(A4,84). We start observing
that equation (5.5.3) implies

Aa=-n-T(ug ps) -n+sug-n=pg+ s (us-n),

(5.5.4)
As=pa+2(KVpg-n—gg-n) =pg—sz(us-n).
Testing (5.2.4) against the test function (0,0, g4), we get p; satisfies
ﬁd(Pd,CId)—fQ 84'Vda =fr(us'n)qd, Vqq€ Hy. (5.5.5)
d
On the other hand, p; = &;(A4,84) satisfy
~ 1
aq(Pa,qa) =f gd'VCId"'_f/ldCId, Vqa€ Hg. (5.5.6)
Qq $1JT

Replacing the expression of 14 from (5.5.4), and using (5.5.5), we get

aq(Pa,qq) = aq(pa,qa), Vqa€ Hg, (5.5.7)
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which implies pg = 84(14,84) = p4- Similarly, testing (5.2.3) against test functions (v, gs, 0)
we obtain that (ug, p;) satisfy,

ﬁS(uS;V)+bS(V,pS)+C(pd;V):f fS'vv
Q. (5.5.8)

bs(“s, qs) = O.
On the other hand, using the expression of A in (5.5.4), (U, ps) = &(As, £) satisfies

as(ﬁs,v)+bs(v,ﬁs)=fﬂ fs-v—frpd(v-n)+frsz(us-n)(v-n), Vve Hg,

(5.5.9)
f v'ﬁs'QsZO, VQSEQS-
Inserting (5.5.8) we obtain that the couple (u;, ps) = &s(As,f;) satisfies
as(Us,v) + bs(v, ﬁs) = as(ug,v) + bs(v, Ps), Vv e Hg
(5.5.10)

f Vil gy = 0, Vas € Qs.

N

and we deduce that (ty, ps) = &s(As, ;) = (ug, ps). This concludes the first part of the proof.

We now suppose that (1, 14) are solution of (5.5.2) and we define
Uy, ps, Pa) = (Es(As, £5), Eq(Aa, 8a))-
From (5.5.2) we obtain
As=Pa—s2(@-n), and g = pg + s1(U-n). (5.5.11)

Adding problems (5.2.11) and (5.2.10) we obtain for all (v, g5, q4) € Hg x Qs x Hy
. _ _ o 1
as(us,v) + bs(v, ps) +fr82(us-n)(V~n) +dqa(Pa,qa) + S—fri?dqd
1

1
:f f'V—fﬂs(V'n)ﬂLf gd'VQd+—f/1d6hz, YV, qs, qa) € H x Qs x Hy, (©-5-12)
o r Q4 s1Jr
bs(us, g5) = 0.

Inserting (5.5.11) into (5.5.12), we obtain that (us, ps, p4) are solutions of (5.2.4), that is
solutions of the original coupled problem which concludes the proof. O

We now define G5 : A — A as Gs(A) := 1,65(1,0) and G; : A — A as G4(A) :=148,;(A,0).
Furthermore we set y; := 75(&5(0,f;)) and y4 := 74(84(0,84)). Using the linearity of the
operators & and &4, (5.5.2) can be reformulated as?

I 10 000) (1) _ (1)
—I—(s1+$2)Gs (") I Aa)  \xa)’

4Working in a pure algebraic setting, one could get a slightly modified version of (5.5.13), see (4.6) in [53],
which differs in the sign of the term (s; + s2) Gs(-) and in a parameter s; multiplying G;( Gs and G are called
S I; and S, in [53]). These terms are already included in the definition of the infinite dimensional operators
Gsand Gg.

(5.5.13)
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which is exactly the counterpart of (4.1.13) for the Stokes-Darcy system. The substruc-
tured version of (5.1.7) is then

A7 0 2I-(+ S—Z)Gd(')) (A?‘l) (x)
= 51 51 + . 5.5.14
(/13) (—1— (81 +52)Gs () 0 A ( :

Defining the errors el! = A;— AY and eZ =Ag- Ag, the substructured OSM (5.5.14) reads
in the error form

ef) _ 0 21-(1+2)Gg()) (ep!
(e,'}) B (—I— (s1+ $2)Gs(+) 0 ) (92—1)- (6.5.15)

Remark 5.5.2 (Substructured OSM for the Laplace equation). Considering the OSM for

u

. . . ou”
the Laplace equation (1.3.14), we define two interface variables as /1{’ = 6_11; + 5 u{l and

/lg = g—ﬁ% + 5 ug It is possible to show, [61, Chapter 2], that the OSM iterates satisfy
A=A 25wl and A = AT 4 25,0

Expressing now u7 =Gj (/1?‘1, /), where G; are extensions operators of a Robin trace on
I' with some right hand side f, we obtain the substructured iteration

(M)_( 0 —1+Gz(-,0)) (w-l)+(cz(o, f))
A}) \=I+Gi(-,0) 0 ARl G1(0, )

5.5.1 Numerical experiments

We present numerical experiments to study the convergence properties of the S2S and
G2S methods applied to the Stokes-Darcy system. We consider the geometry of Fig 5.9
with a mesh of regular elements whose mesh size is /1. We present tables with the number
of iterations to reach a tolerance Tol = 10~8. We consider the one-level OSM (G), the S2S
method with a coarse space made of N, eigenfunctions of G (S2S-G(IV,)), the S2S method
with a coarse space made of N, random functions obtained through PCA (S2S-PCA(N,)),
and the G2S method. Concerning the two-level methods, we emphasize that the one-level
OSM is not a natural smoother, see also the discussion in Chapter 3, and thus we need to
choose properly the optimized parameters to have good smoothing properties. A wrong
estimation of these parameters could destroy the excellent convergence properties of the
two-level methods. Hence, we aim to study both how fast the two-level methods are if the
exact optimized parameters are available, and how the convergence deteriorates if one
uses either Fourier or probing techniques to estimate them.

5.5.1.1 Robustness with respect to the mesh size

We first study the robustness of the methods with respect to the mesh size . We consider
two different settings. On the left of Table 5.1, we consider homogeneous Dirichlet bound-
ary conditions except on the top horizontal edge of Q;, where a zero normal stress con-
dition is imposed. We have observed that the Fourier analysis is precise in this settings,
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h 1 1 1 1 h 1 1 1 1

4 8 16 32 4 8 16 32
G 12(12) | 13(13) | 14(14) | 15(14) G 13(12) | 12(12) | 12(12) | 12(12)

S25-G(5) 11(7) | 13(8) | 14(8) | 15(8) S25-G(5) 10(7) | 10(8) | 10(9) | 9(9)
S28-PCA(5) | 9(6) | 14(8) [16(10) | 16(10) S25-PCA(5) | 7(7) 7(9) | 8(10) | 9(10)
S25-G(10) 7(6) | 13(6) | 14(8) | 14(8) S$25-G(10) 6(5) 6(6) | 8(6) 8(7)
S2S-PCA(10) | 6(5) | 12(6) | 16(8) | 16(8) S2S-PCA(10) | 5(4) 6(6) | 8(7) 8(8)

G2S 6(6) 6(6) | 5(5) | 44) G2S 6(6) 6(6) | 5(5) | 44)

Table 5.1: Number of iterations to reach a tolerance of Tol = 108 for the one-level OSM
(G), the S2S method with coarse space made of N, eigenfunctions of G (S2S-G(N,)), the
S2S method with N, random functions obtained through PCA (S2S-PCA(N,)), and the G2S
method. The physical parameters are p=0.1,1; =1, = 1.

see Section 5.3.1. On the right of Table 5.1, we impose homogeneous boundary condi-
tions all along 62, and we use probing to estimate the parameters. For each method we
present a couple of numbers. The first number indicates the iterations required to reach
the tolerance with a parameter obtained through Fourier analysis (left table) and prob-
ing technique (right table). When using the Fourier approach, we solve the optimization
problem (5.3.1) with a range of frequencies k € [, Nn], where N is the number of un-
knowns on I'. The resulting parameters are used for G and the S2S methods. For the
G2S method we use frequencies in the range k € [gn,Nn] to optimized the smoothing
property. Concerning probing, we use the set %> defined in Section 5.3.1 for the G and
S2S methods, while A3 := {%, N } for the G2S method. The second number in bracket is
obtained using the parameter p = argminp(X(p)), where X is either the one-level OSM
(G), the S25-G method and the G2S method. These exact optimized parameters are found
through a brute force optimization. For the S2S-PCA, we use the same parameters of the
§2S-G method.

We remark that the one-level OSM has mesh independent convergence, as shown in [56].
We stress that in the spectral case it is absolutely not trivial how to choose the parame-
ters. Setting p = argminp(G(p)) is not necessarily the best choice, as it guaranties that the
spectral radius is minimized, but we do not have any control on the remaining part of the
spectrum. As Table 5.1 shows, it could be better to choose a different p which has few
large eigenvalues, whose corresponding eigenvectors are inserted into the coarse space,
and the remaining spectrum contains only very small eigenvalues. In our numerical ex-
periments, it happens that p = argminp(G(p)) leads to a very large plateau of eigenvalues,
even though p(G(p)) is minimized, and thus increasing the dimension of the coarse space
does not lead to a significant improvement of the convergence. The S2S methods and G2S
are faster than the one-level OSM, even tough the improvement is not so significant as for
the second order elliptic equation discussed in Chapter 4. Nevertheless, we note that both
methods are roughly twice faster than the one-level OSM, and the G2S method becomes
even faster as the mesh size decreases since the coarse problem size increases. Since each
iteration of the one-level OSM is quite expensive, as it requires to solve a Stokes prob-
lem, it is really promising to see this reduction in terms of iteration numbers with only
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u 1072 [ 107° | 107%

G(p) 29(29) | 64(61) | 90(30)
G(p,9) 17(15) | 25(22) | 80(16)
S28-G(5) | 19(13) | 36(19) | 14(13)
S2S-PCA(5) | 12(12) | 34(21) | 10(14)
S2S-G(10) | 9(8) | 27(11) | 11(10)
S2S-PCA(10) | 10(8) | 26(12) | 10(10)
G2S 77 | 99) | 1111

Table 5.2: Number of iterations to reach a tolerance of Tol = 108 for the one-level OSM
(G), the S2S method with coarse space made of N, eigenfunctions of G (S2S-G(N,)), the
S$2S method with N, random functions obtained through PCA (52S-PCA(N,)) and the G2S
method. The mesh size is h = % andn; =12 =1.

the additional cost of a small coarse problem defined over the interface. For instance,
considering a mesh size h = Fls’ the global problem has 214788 unknowns ( 148739 for
the Stokes equation and 66049 for the Darcy equation), while the dimension of the coarse
problem for the G2S method is 254.

5.5.1.2 Robustness with respect to physical parameters

In this subsection we study the robustness of the two-level methods with respect to the
physical parameters. The first Robin-Robin method for the Stokes-Darcy coupling was in-
deed introduced in order to overcome the deterioration of the convergence of the Dirichlet-
Neumann method as the physical parameters become smaller. In addition to the methods
already considered, we add a one-level double sided OSM denoted with G(p, g). Table 5.2
reports the number of iteration to reach a tolerance of Tol < 1078 for the different meth-
ods as p become smaller. We remark that the one-level methods are not very robust, and
the estimation of the optimized parameters is not trivial as it fails for both the one-level
methods when p = 107%. Finally, the addition of a coarse space makes the iterative meth-
ods less sensitive to the choice of the optimized parameters.



CHAPTER 6

Substructured Nonlinear
Preconditioning

"The subject of preconditioning (...) is already decades old. Yet the design and
study of preconditioners seems constantly fresh as it continues to address prob-
lems from new application domains, adapts to new computer architectures,
and incorporates ideas from new fields"

—E. Chow, K. Vulk, Preconditioning in the new decade, SIAM News, Issue 2,
2020.

Among the new ideas which will give life to the preconditioning field in the next decade,
the authors of the epigraph included nonlinear preconditioning. At a first glance, stating
that we aim to precondition a nonlinear system seems a nonsense. As a matter of fact,
preconditioning is traditionally associated with linear systems as the same word precon-
ditioning automatically induces the reader to think about techniques to better “condition”
a matrix operator A. Suppose we aim to solve a linear system Au = b. Then to precondi-
tion the linear system on the left or on the right means to replace the original linear system
with
M 'Au=M"'b, left preconditioning,
AP 'y=b, Pu=y, rightpreconditioning,

where M~! and P! are called respectively left and right preconditioners.

Let us now consider a nonlinear system F(u) = 0. By preconditioning a nonlinear system,
we mean that we aim to replace the original nonlinear system with a new nonlinear sys-
tem, still having the same solution, but for which the nonlinearities are more balanced
and Newton’s method converges faster [18, 77]. Thus, to precondition a nonlinear system
on the left or on right means to replace the original nonlinear system with

G(F(u) =0, left preconditioning,
F(H(y)), u=H(y), rightpreconditioning,

where G and H are nonlinear functions called respectively left and right preconditioners.
Seminal contributions in nonlinear preconditioning have been made by Cai and Keyes

169
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in [18, 19], where they introduced the ASPIN method (Additive Schwarz Preconditioned
Inexact Newton), which is a left preconditioner. The development of efficient precondi-
tioners is not an easy task even in the linear case. One useful strategy is to study efficient
iterative methods, and then to use the associated preconditioners (see equation (1.1.7))
in combination with Krylov methods [77]. The same logical path paved the way to the
development of the RASPEN method (Restricted Additive Schwarz Preconditioned Exact
Newton) in [59] which will be explained in the next sections. For the sake of completeness,
we remark that domain decomposition methods can also be applied as either nonlinear
iterative methods, that is by just solving nonlinear problems in each subdomain and then
exchanging information between subdomains as in the linear case [128, 129, 17, 117], or
as preconditioners to solve the Jacobian linear system inside a Newton’s iteration. In the
latter case, the term Newton-Krylov-DD is employed, where DD is replaced by the domain
decomposition preconditioner used [17, 117].

This chapter is based on ongoing work with Faycal Chaouqui, Martin Gander and Pratik
Kumbhar. Starting from the RASPEN method introduced in [59], we define a similar method
at the substructured level and we called it “SRASPEN” (Substructured Restricted Addi-
tive Schwarz Preconditioned Exact Newton) method. Considering one-level variants, we
prove that substructuring does not modify the convergence behaviour of Newton’s method,
that is, RASPEN and SRASPEN methods produce the same iterates on the substructures.
However, we will discuss the advantages of applying substructuring from a computational
point of view. Considering instead two-level variants, we will show that the SRASPEN
method exhibits faster convergence. Since here we will discuss preliminary results, we
refer the reader to [29] for further details.

We emphasize that substructuring has received very little attention in the nonlinear case
compared to the linear case. Actually, the term nonlinear elimination is usually employed
instead of substructuring, and this concept is tightly linked with the development of right
preconditioners. In the next section we provide a brief review of two methods where sub-
structuring ideas are used in the nonlinear case.

6.1 Nonlinear Elimination

We consider the nonlinear system
F(u) =0, (6.1.1)

where F = (fi, f2,..., fu) " and u = (uy, uy,...,uy,) " . Astandard technique to solve (6.1.1) is
Newton’s method which, starting from an initial guess u°, generates a sequence of iterates
{u*}, k=1,2,..., defined as

uF = r, re=-Upr@F ) F@WEY, 6.1.2)

where J, F(uk_l) is the Jacobian of F evaluated at u*~!. It is well known that Newton’s

method converges quadratically sufficiently close to the exact solution u. However, the
choice of the initial guess 1 has a tremendous influence and global convergence is not



CHAPTER 6. SUBSTRUCTURED NONLINEAR PRECONDITIONING 171

guaranteed. Another popular method to solve (6.1.1) is the inexact Newton method which
differs from Newton’s method in two aspects. First, it allows one to solve the Jacobian
system approximately, which can be of great interest for large problems. Second, it in-
troduces a relaxation parameter t; € (0,1] multiplying ry. The goal of #; is to enlarge
the convergence basin of Newton’s method, as the residual is certainly decreasing along
the direction ry in a neighbourhood of u¥, but sometimes Newton’s method could take
too large steps in this direction, ending up increasing the residual. The inexact Newton
method is based on the recurrence relation
Kok E@ Y+ Fwkh)|

-1 s
u" =u""" + tyrr, where ry sastifies a; = <1, (6.1.3)
|F(u*=1)]

and t; € (0,1] is chosen such that || F(u%)|| < 8||[F(u*1)||, § € (0,1). We emphasise that a
is a measure of how well we solve approximately the Jacobian system and usually aj < 1
is sufficient for convergence. We refer the interested reader to the monograph [51] for a
comprehensive theory of convergence of Newton’s method.

To the best of the author’s knowledge, the first nonlinear elimination algorithm has been
proposed in [120] based on the following idea. Let us suppose that F can be partitioned
into

4 ]F“), (6.1.4)

F(x1,x2) = (F1(x1, x2), F2(x1, x2)), with Jr(x1,x2) = (
Je,  JEy

where Jp,; := g—f;_. The functions F; have as many equations as the degrees of freedom of
Xj, ] =1,2. We assume that F;(x1, x), regarded as a function of x; given x, has some
components which are highly nonlinear, with large residual, and that lead to very small
values of #;. For smooth functions F;, we can use the Implicit Function Theorem to find
formally a function h(x,) such that F; (h(x2), x2) = 0, that is, for every choice of x, there
exists an x; function of x,, such that F; (x; (x2), x2) = 0. Assuming that A(-) is known, then
one solves the smaller nonlinear system

g(xg) = Fz(h(Xz), X2) =0. (6.1.5)

From the computational point of view, it is straightforward to apply Newton’s method to
(6.1.5). Computing the Jacobian of g and using implicit differentiation for /', one finds

g (x2) = (F2(h(x2),x2)) = JE,, + JE W (X2) = JE,, —]FM]]EII1 JFp»

that is, the Schur complement of /. Thus, solving g’ (xé“‘l) Iy =-— g(xé“‘l) is equivalent to

solve
Je, JE, ) [Axa 0
o = : 1.

(]Fm ]Fzz) ( Tk ) (—Fz(h(xz),xz)) (6.1.6)

i.e., the original global Jacobian problem evaluated at (h(x2), x»). In Algorithm 7 we sum-
marize this method proposed in [120]. We stress that Step 5 of Algorithm 7 requires to
evaluate h(-) in xé“ + ti. 1 for every ;. Since generally we do not have a closed form expres-
sion for A(-), we need to solve Fj(Axy, X2 + txry) = 0 and set Axy = h(xp + tx 1) for every
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Algorithm 7: Nonlinear Elimination Algorithm [120]

Require: x° and F.
1: Split the nonlinear system into F = (Fj, F») and the unknowns into x0 = (x(l), xg).
2: Solve Fy (x?,x2) =0 and set x; = h(x3), k =0.
3: Repeat from 4 to 6 until convergence
4: Solve equation (6.1.6) with the current approximation ( h(xé“), xéc).
5: Find f; such that IIFZ(h(x;c + t‘krk),xéC + )l < 6||F(h(x§),x§)||.
6: Set xK+1 = xK + 1y, R = h(xk + teri) and k= K+ 1.

value of 7. This implies a potentially large number of solves for F;. Indeed, we can think
of Algorithm 7 as an efficient way to spread the computational costs. If F; slows down the
convergence of Newton’s method, instead of performing several solves on the global and
large nonlinear system, Algorithm 7 performs very few iterations of the inexact Newton
method applied to F,, while focusing on solving the harder nonlinear problem F;. Algo-
rithm 7 can also be interpreted as a Newton’s method applied to the right preconditioned
system F(H(x)) = 0. To see this, let us ignore Step 5 so that we are dealing with an ex-
act Newton’s method and define H(xj, x2) := (h(x2), x2). Then starting from x0 = (x(l), xg),
Step 2 computes y° = H(x?), while Step 3 applies Newton’s method to F(H(x%)) to get an
approximation x!. Finally Step 6 computes y! = H(x!) for the next Newton iteration.

The decomposition (6.1.4) assumed by the nonlinear elimination algorithm proposed in
[120] is very general and does not necessarily share any link with a domain decomposition
method. Cai and collaborators have recently introduced domain decomposition variants
of this algorithm and applied them to several problems such as CFD [20] and hyperelas-
ticity with application to arteries’ deformation [103, 104]. The motivations of the work
proposed in [20] lie in the observations that certain local strong nonlinearities can be
handled locally and for instance, local subdomain solves allow one to have a zero residual
inside each subdomain, but still quite large residuals are present along the interfaces be-
tween subdomains. Thus, whenever the residual of a global Newton’s iteration is too large
in some part of the domain, they propose to add a RAS step inside a Newton-Krylov-RAS
iteration. As the authors explicitely stated in [20], “its (The RAS step) purpose is to provide
a better initial guess for the next outer Newton iteration". To define mathematically the
method we follow the notation of [20].

Let us introduce the set of indices S := {1,2,..., n}, and decompose it into several subset
S;, i =1,...,,N, such that Ué\ilsi =Sand S$;nS; =@ ifi # j. In addition to S;, we con-
sider the set S‘l.s such that S; c S‘l.S for every i. The sets S; and S‘? can be thought as an
algebraic nonoverlapping and overlapping decomposition of S !. We also need to define
the spaces V; := {xeR": x; =0,if j ¢ S;}, Vf ={xeR":x;=0,if j ¢ S?} and the matri-
ces R? :R" - V; and R? R? — Vl.‘s. Moreover, we define the restriction of F onto VZ.‘S as

IThe sets of indices S; can be defined dynamically at each outer Newton iteration as the sets of indices
of equations f; for which the residual is too large according to some criteria. In this case, the S; do not share
any link with a geometric decomposition of the domain, see [104].
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Algorithm 8: Newton-Krylov-Schwarz-RAS [20]

Require: x*and F.

1: If global condition is satisfied, stop.

2: Iflocal conditions are not satisfied go to Step 3. Otherwise go to Step 4 and set
3k = xk,

3: Compute one step of the RAS method, 7* = G(x5).

4: Compute the next approximation x**!, performing one step of the Newton method
on F(x) = 0 with the approximate solution %% and use a Krylov method
preconditioned by a Schwarz method to solve the Jacobian system.

5: Repeat from 1 to 4 until convergence.

Flfs = R?F (x),i=1,...,N. Then, as we will discuss in detail in Section (6.2), one step of the
nonlinear RAS method can be written as

N
w=G(x)=x+Y R} xf, where x? are solution of Ff(x + x?) =0.

i=1
With these ingredients, the algorithm proposed in [20] is described by Algorithm 8. The
aim of the local nonlinearity conditions is to check that the residual is balanced among the
sets S;. Thus for every i = 1,..., N, we claim that the nonlinearity is not balanced if there
exits an m € {1,..., N} such that IIan(xk)ll > p||F(x¥)||, where p € (0,1) is a parameter to be
tuned. For further details we refer the interested reader to [104]. Algorithm 8 can be seen
as a special case of Algorithm 7, where the function H is now the Schwarz operator G, and
the unknowns in the interior of each subdomain are treated implicitly, as the genereric
variable x; was eliminated in Algorithm 7. Indeed, the Schwarz operator G guarantees
that, given some particular values on the interface between subdomains, the residual is
zero in the interior of the subdomains, that is, the set of the interior nonlinear equations
is satisfied.

In other words, Algorithm 8 uses the RAS method in an outer Newton iteration to elim-
inate the interior degrees of freedom, leaving to Newton’s method the duty to take care
of the remaining unknowns. In the next section we are going to adopt a different point
of view. We will derive a substructured formulation of the Schwarz method for nonlinear
problems, that is the counterpart of (4.1.11). Once we have the iterative method, we will
use Newton’s method to solve the corresponding fixed-point equation. The method we
propose is therefore naturally defined over the substructured unknowns, and it does not
require to explicitly eliminate the interior unknowns at each outer Newton iteration.
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Figure 6.1: The domain Q is divided into nine nonoverlapping subdomains (left). The
center panel shows how the diagonal nonoverlapping subdomains are enlarged to form
overlapping subdomains. On the right, we denote the unknowns represented in V* (blue
line) and the unknowns of a coarse space of V* (red crosses).

6.2 Definition of the SRASPEN method

Let us consider the boundary value problem posed in a Lipschitz domain Q c R?, d €
{1,2,3},
ZLw=f, inQ,

(6.2.1)
u=0, onoQ.

We assume that (6.2.1) admits a unique solution in some Hilbert space V. If the boundary
value problem is linear, a discretization of (6.2.1) leads to the linear system

Au=f, (6.2.2)
while if the boundary value problem is nonlinear, we solve the nonlinear system
F(u) =0. (6.2.3)

In this section we introduce a new one-level nonlinear solver based on domain decom-
position for the nonlinear system (6.2.3) called the SRASPEN (Substructured Restricted
Additive Schwarz Preconditining Exact Newton) method. To introduce this method and
to better specify the relations between SRASPEN and other existing linear and nonlinear
solvers, we take a brief excursus on domain decomposition methods to solve (6.2.2) and
(6.2.3).

Let us decompose the domain Q into N overlapping subdomains Q’j, thatis Q =Uje ¢ Q’j
with ¢ :=1{1,2,..., N} (see Fig. 6.1). For each subdomain Q’j, we define V; as the restric-
tion of V onto Q}. Further, we introduce the classical restriction and prolongation oper-
ators Rj: V — Vj, P; : V; — V, and the restricted prolongation operators 5]- Vi — V. We
assume that these operators satisfy

RjPj=1Iy, )Y PjRj=1I, (6.2.4)
jes

where Iy, is the identity on V; and I is the identity on V. A classical domain decomposi-
tion method to solve a linear equation (6.2.2) is the RAS method, which starting from an
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approximation u° computes for n=1,2,...
u=u"ty %ﬁjA;IRj(f— Au", (6.2.5)
JE

where A; are defined as A; := Rj AP;. Let us now rewrite the iteration (6.2.5) in an equiv-
alent form using the hypothesis in (6.2.4) and the definition of A,

w'= ) PiRju"'+ ) PjA 1RJ f-Au") =% P] "(AjRju" 4 Ry (f - Au"T"))

jef jef ]€f
=, P] "(RjAP;Rju" " +R; (f - Au""))= ) PjA lRJ (f-A(I-PjRj)u"")
jeg je g

(6.2.6)
Similarly, the RAS method can be used to solve the nonlinear equation (6.2.3). To show
this, we introduce the solution operators G; which are defined through

RjF(P;jGj(w) +(I—PjRj)u) =0. (6.2.7)
The nonlinear RAS method then reads

u"=Y PiG;w"™). (6.2.8)
jes
It is possible to show that (6.2.8) reduces to (6.2.6) if F(u) is a linear function. Infact as-
suming F(u) = Au— f, equation (6.2.7) becomes,

RiF(P;Gj(u"™")+(I-PjR;)u"™") = R; (A(P;G; (u"™") + (I- P;R;) u""") - f)

= AjG;(u"") +R; (A(I-P;Rj)u""" - f) =0,
(6.2.9)
whichimplies G; (u"') = A7'R; (f - A(I - P;R;) u"™"), and thus (6.2.8) reduces to (6.2.6).
We remark that (P;R; —I) u"! ontains non-zero elements only outside subdomain Q;,
and in particular A(PjR;—I)u"" ! represents precisely the boundary condition for Q j
given the old approximation u"~!. This observation suggests that the RAS method, like
most domain decomposition methods, can be written in a substructured formulation.
Infact, despite the iteration (6.2.6) is written in volume form, that is, it involves the whole
vector u"1, only very few elements of u"*~! are needed to compute the new approxima-
tion u”. For further details about the classical parallel Schwarz method in a substructured
formulation we refer to [80] for the two subdomain case, and [41] for a general decompo-
sition into several subdomains with cross points at the continuous level.

We now define a substructured formulation for the RAS method both for the linear and
the nonlinear case. In the following we use the notation introduced in [40]. For any j € ¢,
we define the set of neighbouring indices A :={f € ¢ : Q;n0Q, # ¢}. Givena j€ ¢,
we introduce the substructure of Q; defined as S; := Uye.x;(0Q¢ N Q;), that is the union
of all the portions of 0Q, with £ € 4. The substructure of the whole domain Q is defined
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as §:=Ujes S_] We now introduce the space V° which can be interpreted as the space
V restricted onto the substructure S. We can define it in two ways. Either VS := Vs, or
VSi=® jes;Vis;- In the following sections we have used the first definition since we prefer
to have full rank operators Rg and Ps. Remark that in Chapter 4, we used the second def-
inition, VS:= ® jes; Vis;» which doubles the unknowns in the overlap between interfaces
and leads to operators Rs and Ps which are not full rank, and may cause problems while
solving the Jacobian system inside a Newton’s iteration. Associated to VS, we consider the
restriction operator Rs: V — VS and a prolongation operator Py : VS — V. The restriction
operator Rg takes an element v € V and restricts it onto the skeleton S. The prolongation
operator Pg extends an element v € VS to the global space V. How this extension is done
is not crucial as we will use Pg inside a domain decomposition algorithm, and thus only
the values on the skeleton S will play a role. Hence, we only require that RgPg = Is, where
Is is the identity operator on V. In the following, Ps extends an element vs € VS to zero
in Q\ S, but the same analysis can be adapted to any other choice of Ps.

Given a substructured approximation v° € V5, for n=1,2,... we define the Substructured
RAS (SRAS) method as
V" = GSRAS () (6.2.10)

where GSRAS(p) := RSGRAS (Psv). The RAS method and SRAS method are obviously tightly
linked, but when are they equivalent? We must impose some conditions on Ps and Rs. It
is sufficient to assume that the restriction and prolongation operators satisfy

RsG™S (1) = RGRS(PgRsu), Vue V. (6.2.11)

Heuristically, we need that the operator PsRs preserves all the information used by GRAS
to compute the new iterate. The formal equivalence between RAS and SRAS is shown in
the following theorem.

Theorem 6.2.1 (Equivalence between RAS and SRAS). Assume that the operators Rs and
Ps satisfy Assumption (6.2.11). Then given an initial guess u® € V and its substructured
restriction v° := Rsu® € VS, define the sequences {u"} and {v"} such that

un — GRAS(un—l), vn — GSRAS(Un_l).

Then for everyn =1, Rgu" = v".

Proof. We prove the statement for n = 1 through a direct calculation. Taking the restric-
tion of u! we have

Rsu' = RgG™S (1) = RgG*S (PgRsu®) = RsGRAS (Pg1?) = GIRAS(10) = !,

where we used assumption (6.2.11) and the definition of v°. The other cases follow by
induction. O
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Similarly to the linear case, we can define a substructured RAS method in the nonlinear
case. Defining
ij(u"‘l) := RsP;G; (Psv"™!), (6.2.12)

we obtain the nonlinear substructured iteration,

v"=Rs ) PiG;(Psv" )=} GJw" ™). (6.2.13)
jes jes

The same identical calculations of Theorem 6.2.1 allow one to obtain an equivalence re-
sult between nonlinear RAS and nonlinear substructured RAS.

Theorem 6.2.2 (Equivalence nonlinear RAS and SRAS). Assume that the operators Rs and
Pg satisfy Rs Lijcy ﬁjGj(u) =RsYjey ﬁjGj (PsRsu). Then given an initial guess Wev
and its substructured restriction v° := Rsu® € VS, define the sequences {u"} and {v"*} such
that
u= Y PiG;w"h, v'=Y G?(v”_l).
jes jes

Then for everyn =1, Rgu" = v™.

In the manuscript [59], it has been proposed to use the fixed point equation of the non-
linear RAS method as a preconditioner for Newton’s method, in a spirit that goes back to
(19, 18]. This method has been called RASPEN (Restricted Additive Schwarz Precondi-
tioning Exact Newton) and it consists in applying the Newton method to the fixed point
equation

Fw=u-Y P;Gju)=0. (6.2.14)

jes

Here and in the article in preparation [29], we analyze a substructured version of the
RASPEN method thus called SRASPEN. It consists in applying Newton’s method to the
fixed point equation

F5(v) = RsF (Psv) = RsPsv — %RsﬁjGj(Psu) =v- %G]S-(v) =0. (6.2.15)
J€ J€

6.2.1 Computation of the Jacobian and implementation details

To apply Newton’s method, we need to compute the Jacobian of SRASPEN. Since SRASPEN
and RASPEN methods are closely related, indeed & S(v) = RsZ (Psv), we can immedi-
ately compute the Jacobian of % once we have the Jacobian of %, through the chain rule
Jzs(v) = RsJz(Psv)Ps. The Jacobian of & has been derived in [59] and we report the
main steps for the sake of completeness. Differentiating equation (6.2.14) with respect to
u leads to
az - dG;j
Jgw) :=—w) =1- )Y Pj—(u), (6.2.16)
du jey ~ du
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where Jg (w) denotes the action of the Jacobian of RASPEN on a vector w. Recall that
the local inverse operators G; : V — V; are defined in equation (6.2.7) as the solutions of
R;jF(P;jGj(u)+ (I-P;Rj)u) = 0. Differentiating this relation yields

de . -1 .
i N N BN A B I 4 0)
—2 ()= Ry (Rig (u) ;) R (), (6.2.17)
where ul/) := PiGj(u) + (I - PjRj)u is the volume solution vector in subdomain j and
J is the Jacobian of the original nonlinear function F. Combining the above equations
(6.2.16)-(6.2.17) and defining '/ := P;G;(Psv) + (I - PjR;j)Psv, we get

Jew) = Zﬁj(Rj](u(j))Pj)_le](u(j))), (6.2.18)
jer
Jgs() = Rs Zﬁj(Rj](a(f))Pj)_lRj](ﬁ(f’))PS, (6.2.19)
jex

where we used the assumptions }_ ;e 7 P iR; = I and RgPg = Is. We remark that to assem-
ble /4 (u) or to compute its action on a given vector, one needs to calculate J (u(j )), that is
evaluating the Jacobian of the original nonlinear function F on the subdomain solutions
u/. The subdomain solutions u/ are obtained evaluating & (u), that is performing one
step of the RAS method with initial guess equal to u. A smart implementation can use
that the local Jacobian matrices R;J (u') P; are already computed by the inner Newton
solvers while solving the nonlinear problem on each subdomain, and hence no extra cost
is required to assemble this term. Further, the matrices R;J (1) are different from the
local Jacobian matrices at very few columns corresponding to the degrees of freedom on
the interfaces and thus one could only modify those specific entries. In a lazier imple-
mentation, one can directly evaluate the Jacobian of F on the subdomain solutions ul,
without relying on already computed quantities. Concerning Jzs(v), we emphasize that
/) is the volume subdomain solution obtained by the substructured RAS method start-
ing from a substructured function v. Thus, as u/), #i/) is readily available in a Newton’s
iteration after evaluating the function 5.

From the computational point of view, (6.2.18) has several implications. First, the sub-
structured Jacobian Jgs is a matrix of dimension Ng x Ng where Ny is the number of un-
knowns on S, and thus is a much smaller matrix than /g, whose size is N, x N,,, with
N, the number of unknowns in volume. Hence, at each Newton iteration, the SRASPEN
method must solve a much smaller system compared to the RASPEN method. This is even
more important if one does not rely on some Krylov method, but prefers to use a direct
solver as the assembly of Jgs is dramatically cheaper than for /. Further implementa-
tion details and a more extensive comparison are available in the numerical section 6.5.

6.3 Convergence analysis of RASPEN and SRASPEN

Theorem (6.2.2) states an equivalence between the nonlinear iterative RAS method and
the nonlinear iterative substructured RAS method. Are the RASPEN and SRASPEN meth-
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ods equivalent? Does the Newton method behave differently if applied to the volume or
to the substructured fixed point equation? In this section we aim to answer these ques-
tions, discussing the convergence properties of the exact Newton method applied to &
and #5. Let us remember that, given two approximations ©° and 1°, the exact Newton
method computes for n =1,

-1

=1 = (Jr (W) F (WY, =0 = (Jes (Y)Y, (6.3.0)

where /g (u"7!) and J s (v"*"!) are the Jacobian matrices respectively of & and &S eval-

uated at "' and v"!. In this paragraph we do not need a precise expression for Jz
and Jgs. However we recall that, by definition %5 (v) = Rs.Z (Psv), so that the chain rule
derivation leads to Jgs(v) = RsJg (Psv) Ps. If the operators Rg and Ps were square matri-
ces, we would immediately obtain that the RASPEN and SRASPEN methods are equiva-
lent, due to the affine invariance theory for Newton’s method [51]. However, in our case
Rs and Pg are rectangular matrices, mapping between spaces of different dimensions.
Nevertheless, in the following theorem we show that the RASPEN and SRASPEN methods
provide the same iterates restricted on the interfaces under further assumptions on Rg
and Ps.

Theorem 6.3.1 (Equivalence RASPEN and SRASPEN). Assume that the operators Rs and
Py satisfy
Rs% (u) = RsZ (PsRsu) = QS(RS u). (6.3.2)

Given an initial guess u® € V and its substructured restriction v° := Rsu® € VS, define the
sequences {u"} and {v"} such that

-1

u = un—l _ (]9: (un—l)) F (un—l) , v = Un—l _ (]gs (Un—l))—l gs (Un—l) .

Then for everyn =1, Rgu" = v™.

Proof. We prove the equality Rsu! = v! through direct calculations and the general case
is obtained by induction. Taking the restriction of the RASPEN iteration

Rsu' = Rsu® — Rs (J& (u0)) ' F (u°) = 1° = Rs (J= (1)) ™' & (u0),
and we deduce that to prove Rsu! = v! we need to show that
Rs(J# (1) 7 (u°) = (Js (1)) ' F5 (0°). (6.3.3)

Due to the definition of & and of v°, and to the assumption (6.3.2), we have
95 (UO) = ng (Ps 1/0) = ng (PsRs uo) = ng (uo) ’

which substituted into (6.3.3) leads to

1

Rs(J (")) 7 (1) = s (v°)) " RsF (),
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Algorithm 9: Two-level iterative RAS
: Solve the coarse problem Fy (y) = Fo (Rou*) — Ry F (1) and set C (1) = y — Rou*.

1
2: Add the coarse correction to the current iterate u*2 = u¥ + PyCy (uF).
3: Compute one step of the RAS method, u**! = Yieg 13j Gj (u’”%).

4: Repeat from 1 to 3 until convergence.

which holds true if Rs(J# (uo))_1 = (Jgs (1/0))_1 Rs. Multiplying on the left and on the
right by the Jacobians, and since Jzs (v°) = RsJ# (PsRsu®) Ps, we are left to show that

RsJz (PsRsu®) PsRs = RsJz (u°),

which is trivially true taking the Jacobian of the assumption (6.3.2). O

6.4 Two-level methods

In this section we consider two level versions of the iterative RAS and SRAS methods as
well as of the RASPEN and SRASPEN methods. To define a two-level method, we introduce
a coarse space Vy c V, arestriction operator Ry : V — Vj and an interpolation operator Py :
Vo — V. The nonlinear system F can be projected onto the coarse space Vp, defining the
coarse nonlinear function Fy (1) := RoF (Pouy), for every ug € V. Due to the definition, it
follows immediately that Jy (19) = RoJ (Poug) Po, Yup € V. To compute a coarse correction
we rely on the FAS approach [15]. Given a current approximation u, the coarse correction
Co(u) is computed as the solution of

F()(C()(u)+R0u) ZF()(R()L!) —R()F(u). (6.4.1)

The two-level RAS method is described by Algorithm 9 and it consists of a coarse correc-
tion followed by one iteration of the RAS method.

We now focus on a substructured counterpart. We introduce a coarse substructured space
VOS c V9, arestriction operator Ry : VS — VOS and a prolongation operator Py : VOS — VS,
We define the coarse substructured function as

Fy (v0) := RoF°(Po(10)), YupeVy. (6.4.2)

From the definition it follows that Jgs(vo) = RoJs(Povo)Po, Yvg € V. There is a pro-
found difference between the two-level volume RAS and the two-level substructured RAS:
in the first one (Algorithm 9), the coarse function is obtained restricting the original non-
linear system F(u) = 0 onto a coarse mesh. In the substructured version, the coarse sub-
structured function is defined restricting onto VOS the substructured fixed point equa-
tion. That is, the coarse substructured function corresponds to a coarse version of the
SRASPEN method. Hence, we remark that this algorithm is exactly the nonlinear coun-
tepart of the linear 2-level algorithm described in Chapter 4, where, similarly, the coarse
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Algorithm 10: Two-level substructured iterative RAS

1: Solve the coarse problem F; (y) = % (Eo vk) —RoZF5 (v*) and set Cj (v¥) = y - Rovk.

1 j—
2: Add the coarse correction to the current iterate v<*z = vk + P Cg (vk).
1
3: Compute one-step of the RAS method, v**! = Yies G}? (v]”E).
4: Repeat from 1 to 3 until convergence.

substructured matrix did not involve the original volume matrix, but the fixed point equa-
tion (4.1.13). The substructured two-level iterative RAS is then defined in Algorithm 10.
As in the linear case, numerical experiments will show that the substructured two-level
method exhibits a faster convergence in terms of iteration counts compared to the two-
level volume RAS method. However, we remark that evaluating Fj is rather cheap, while
evaluating 905 could be quite expensive as it requires to perform subdomain solves on
the fine mesh. One possible improvement is to approximate 9705 replacing %9 in its defi-
nition with another function which performs subdomain solves on a coarse mesh, much
in the spirit of the coarse matrix ﬁc in (4.4.1) for the linear case. Further, we emphasize
that a prerequisite of any domain decomposition method is that the subdomain solves
are cheap to compute in a high performance parallel implementation, so that in such a
setting evaluating 905 should be cheap as well.

Once we have defined the two-level iterative methods, we are ready to introduce the two-
level versions of the RASPEN and SRASPEN methods. The fixed point equation of the
two-level RAS method is

Far(w):=u- Y PjGj(u+PyCo(w)=—PyCo(w)— Y P;Cj(u+PyCo(w) =0, (6.4.3)
jesf jesg
where we have introduce the correction operators C;(u) := G;(u) — Rju. Thus, the two-
level RASPEN method, defined in [59], consists of applying Newton’s method to the fixed
point equation (6.4.3).
Similarly, the fixed point equation of the substructured two-level RAS method is

F5w=v-Y G (v+PCS W) =-PoCi ) - ¥ CF (v+PoCiw) =0,  (6.4.9)
jefg jeg

where we have introduced the correction operators C S(v):=G3(v) —RslS iR;jPsv. The two-
level SRASPEN method consists in applying Newton’s method to the fixed point equation
(6.4.4).

6.4.1 Computation of the Jacobian and implementation details

In this subsection, we discuss how to compute the Jacobian matrices for the two-level ver-
sions of the RASPEN and SRASPEN methods. First, we consider the RASPEN method and
we explain the calculations already reported in [59]. To compute the Jacobian of %, (1)



CHAPTER 6. SUBSTRUCTURED NONLINEAR PRECONDITIONING 182

we need %, j=1,..,Nand %. Recalling that C;(u) = Gj(u)-Rju and (6.2.17), it follows
that

—w )-d—(u) Rj =~ (R;J (ul) Pp~" R (uf),

dCo

where u/ := PiGj(u)+(I-P;jRj)u=u+P;C;j(u). Tocompute the term we differentiate

(6.4.1) and we get
dCy
Jo(Rou+ Co(u)) (Ro + %) Jo(Rou)Ro — RoJ (1),

which implies
dac SN
90 4y = Ry + T3 GoRo — RoJ (),
du
with Jo = Jo(Rou + Co(w)) and Jo = Jo(Row), that is the same Jacobian but evaluated on

different functions. Finally, using the chain rule while differentiating (6.4.3), we obtain

dJZL
du

dcC _
(w) = _POE(M) + Z P](R]](uf)P]) lR]](uf)
jes
where u/ = PiGj(u+ PyCo(u)) + (I-P;R;)(u+ PyCo(u)). We remark once more that these
quantities are readily available at each Newton iteration, since u + PoCy(u) and Gj(u +
PyCy(u)) are computed when evaluating 1 (u).

I+ POZ—C(M)) (6.4.5)

We now focus on the substructured two-level function 925L. Differentiating (6.4.2) yields

_ s dcg —
Jgs(Rov + Cy (V) Ro+ﬁ(v) =Jgs(RoV)Ro — RoJ s (v),

which leads to s
dc, R
— ) =-Ro+ ] (TR0~ RoJs ), (6.4.6)

where J := Jzs (Rov+C§(v)) and J:= J2s(Rov). The Jacobian Js can be computed com-
bining equations (6.4.2) and (6.2.18). Furthermore, we need the subdomain extensions of
Rov and Ryv + Cg(v) but again, these terms are already computed when evaluating the
right hand side of the FAS equation.

Moreover, since CS(U) = G]S.(U) - RsﬁjRjPS(v) and G}?(v) = RsﬁjGj (Psv), it holds that

ch dGS
—(v) —(1/) RsP;R;jPs=RsP; (R]]p(ﬁ])P])_lR]]F(ﬁ])+RJ]PS RsP;R;Ps

= —Rst(R,-JF(ﬁf)Pj)‘leJF(ﬁf).
(6.4.7)
Using (6.4.6) and (6.4.7), we finally obtain

azy, dc$ RN acg
=)= POE(U)Jr];jRSP](R]](u )P;)"'R;J (@) I+P0d—(v) (6.4.8)

where &I/ = P;G;(Ps(v+PoC5 (1)) + (I - PjR;)(Ps(v+ PoCy ())).
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Figure 6.2: Solution field u(x) of the Forchheimer equation (left panel) and force term
f(x) (right panel).

6.5 Numerical results

In this section we present numerical results in order to compare the Newton method, the
nonlinear RAS method, the RASPEN method and the SRASPEN method for the solution of
a one dimensional Forchheimer’s equation and of a two dimensional nonlinear diffusion
equation.

6.5.1 Forchheimer’s equation in 1D

Forchheimer’s equation is an extension of the Darcy equation for high flow rates, where
the linear relation between the flow velocity and the gradient flow does not hold anymore.
In a one dimensional domain Q := (0, 1), the Forchheimer model is

g1 ux)) = f(x) inQ,

(6.5.1)
u0) =u; and u(l)=ug,

—1+4/1+4ylyl

where uy, ug € R, A(x) is a positive and bounded permeability field and g(y) := sign(y) ! % ,
with y > 0. To discretize (6.5.1), we use the finite volume scheme described in detail in
[59]. In our numerical experiments, we set A(x) = 2+cos(57mx), f(x) =50sin(5rx)e*,y =1,
u(0) =1 and u(1) = e. The solution field u(x) and the force field f(x) are shown in Figure
6.2. We then study the convergence behaviour of the different methods. Figure 6.3 shows
how the relative error decays for the different methods and for a decomposition into 20
subdomains (left panel) and 50 subdomains (right panel). The initial guess is equal to
zero for all the methods. From Figure 6.3, it seems that the convergence of the RASPEN
and SRASPEN methods is not affected by the number of subdomains. However, Figure 6.3
does not tell the whole story, as one should focus not only on the number of iterations,
but also on the cost of each iteration. To compare the cost of an iteration of the RASPEN
and SRASPEN methods, we have to distinguish two cases, that is if one solves the Jacobian
system directly or with some Krylov methods, e.g GMRES. First suppose that we want to
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Figure 6.3: Convergence behaviour for the Newton method, the nonlinear RAS method,
the RASPEN method and the SRASPEN method applied to the Forchheimer’s equation.
On the left, the simulation refers to a decomposition into 20 subdomains while on the
right we consider 50 subdomains. The mesh size is h = 1073 and the overlap is 85.

solve the Jacobian system with a direct method and thus we need to assemble and store
the Jacobians. From the expressions in equation (6.2.18) we remark that the assembly
of the Jacobian of the RASPEN method requires N x N, subdomain solves, where N is
the number of subdomains and N, is the number of unknowns in volume. On the other
hand, the assembly of the Jacobian of SRASPEN method requires N x Ng solves, where Ng
is the number of unknowns on the substructures and Ns <« N,. Thus, while the assembly
of Jz is prohibitive, it can still be affordable to assemble J&s. Further, the direct solution
of the Jacobian system is feasible and cheap as J4s has size Ng x Ns. Suppose now that we
solve the Jacobian systems with GMRES and we indicate with I(k) and I°(k) the number
of GMRES iterations to solve the volume and substructured Jacobian systems at the k-th
outer Newton’s iteration. Each GMRES iteration requires N subdomain solves which can
be performed in parallel. In our numerical experiment we have observed that generally
IS(k) < I(k), with I(k) — IS(k) = 0,1,2, that is GMRES requires the same number of itera-
tions or slightly less to solve the substructured Jacobian system compared to the volume
one.
To compare the two methods fairly, we follow [59] and introduce the quantity L(n) which
counts the number of subdomain solves performed by the two methods up to iteration n,
taking into account the advantages of a parallel implementation. We set L(n) = Z’klzl Lk +
1(k), where L;‘n is the maximum over the subdomains of the number of Newton’s iter-
ations required to solve the local subdomain problems at iteration k. The number of
linear solves performed by GMRES should be I(k) - N, but as the N linear solves can be
performed in parallel, the total cost of GMRES corresponds approximately to I(k) linear
solves. Figure 6.4 shows the error decay with respect to L(n). We note that the two meth-
ods require approximately the same computational cost and SRASPEN is slightly faster.
For the decomposition into 50 subdomains, the RASPEN method requires on average 91.5
GMRES iterations per Newton iteration, while the SRASPEN method requires an average
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Figure 6.4: Relative error decay for the RASPEN method and the SRASPEN method applied
to the Forchheimer equation with respect to the number of linear solves. On the left, the
simulation refers to a decomposition into 20 subdomains while on the right we consider
50 subdomains. The mesh size is h = 1073.

of 90.87 iterations. The size of the substructured space V* is Ng = 98. For the decomposi-
tion into 20 subdomains, the RASPEN method requires an average of 40 GMRES iterations
per Newton’s iteration, while the SRASPEN method needs 38 iterations. The size of VSis
Ns = 38, which means that GMRES reaches the given tolerance of 10712 after exactly Ny
steps which is the size of the substructured Jacobian. Under these circumstances, it can be
convenient to actually assemble /s, as it requires Ns - N subdomain solves which is the
total cost of GMRES. Furthermore, the Ng- N subdomain solves are embarrassingly par-
allel, while the Ng- N solves of GMRES can be parallelized in the spatial direction, but not
in the iterative one. As a future work, we believe it will be interesting to study the conver-
gence of a Quasi-Newton method based on the SRASPEN method, where one assembles
the Jacobian substructured matrix after every few outer Newton iterations, reducing the
overall computational cost.

As a final remark, we specify that Figure 6.4 has been obtained setting a zero initial guess
for the nonlinear subdomain problems. However, at the iteration k of the RASPEN method
one can use the subdomain restriction of the updated volume solution, that is R; uk-1
which has been obtained by solving the volume Jacobian system at iteration k —1 and
is thus generally a better initial guess for the next iteration. On the other hand in the
SRASPEN method, one could use the subdomain solutions computed at iteration k-1, i.e.
uf.“l, as initial guesses for the nonlinear subdomain problems, as the substructured Jaco-
bian system corrects only the substructured values. Numerical experiments showed that
with this particular choice of initial guesses for the nonlinear subdomain problems, the
SRASPEN method requires generally more Newton iterations to solve the local problems.
In this setting, there is not a method which is constantly faster than the other as it depends
on a delicate trade-off between the better GMRES performance and the need to perform
more Newton iterations for the nonlinear local problems in the SRASPEN method.
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Figure 6.5: Relative error decay versus the number of iterations (top row) and error decay
versus number of linear solves (bottom row). The left figures refer to a decomposition

into 4 subdomains, while the right figures to a decomposition into 25 subdomains. The
mesh size is & = 0.012 and the overlap is 8h.

6.5.2 Nonlinear Diffusion
In this subsection we consider the nonlinear diffusion problem

~V-(1+u(0?*)Vux) = f, inQcR?

(6.5.2)
u(x)=g(x) onoQ,

where Q is a square domain and the right hand side f is such that u(x) = sin(wx) sin(7 y)
is the exact solution. We start all the methods with the initial guess u® = 10°, so that we
start far away from the exact solution, and hence Newton’s method exhibits a long plateau
before quadratic convergence begins. Figure 6.5 shows the convergence behaviour for
the different methods with respect to the number of iterations and the number of lin-
ear solves. The average number of GMRES iterations is 8.1667 for both the RASPEN and
SRASPEN methods for the 4 subdomain decomposition. For a decomposition into 25
subdomains, the average number of GMRES iterations is 19.14 for the RASPEN method
and 19.57 for the SRASPEN method. We remark that as the number of subdomains in-
creases, GMRES needs more iterations to solve the Jacobian system. This is consistent
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Figure 6.6: Relative error decay versus the number of iterations for the Newton method,
the iterative two-level methods RAS and SRAS and the two-level variants of the RASPEN
and SRASPEN methods. The left figure refers to a decomposition into 4 subdomains,
while the right figure refers to a decomposition into 16 subdomains. The mesh size is
h =0.012 and the overlap is 4h.

with the interpretation of (6.2.18) as a Jacobian matrix J (u(f )) preconditioned by the ad-

. N p -l . .
ditive operator ¥ jc 4 (R;J (u') P;)""; We expect this preconditioner not to be scalable
since it does not involve a coarse correction.

We conclude this chapter showing the convergence behaviour for the two-level variants
of the RASPEN and SRASPEN methods. We use a coarse grid in volume taking half of the
points in x and y, and a coarse substructured grid taking half of the unknowns as de-
picted in Figure 6.1. The interpolation and restriction operators Py, Ry, Pg and Ry are the
classical linear interpolation and full weighting restriction operators defined in Chapter
4. From Figure 6.6, we note that the substructured iterative method is much faster than
the classical two-level RAS method, and this observation is in agreement with the linear
case treated in Chapter 4. Since the two-level iterative methods are not equivalent, we
also remark that the two-level SRASPEN methods shows a better performance than the
two-level RASPEN method in terms of iteration number. As the one-level smoother is the
same in all methods, the better convergence of the substructured methods implies that
the coarse equation involving 95 provides a much better coarse correction than the clas-
sical volume one involving Fj.

Even though the two-level substructured methods are faster in terms of iteration num-
ber, the solution of the FAS problem involving 3505 = RoZ3(Py(vy)) is rather expensive
as it requires to evaluate twice the substructured function % (each evaluation requires
subdomain solves) to compute the right hand side, to solve a Jacobian system involving
J 75 and to evaluate & on the iterates, which again require the solution of subdomain
problems. Unless one has a full parallel implementation available, the coarse correction
involving 905 is doomed to represent a bottleneck. Future efforts will be in the direction of
approximating %, S by replacing the function & S which is defined on a fine mesh, with an
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approximation on a very coarse grid, thus reducing the overall cost of the substructured
coarse correction.
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