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Résumeé

Nous étudions dans cette thése les méthodes de décomposition de domaine spatio-
temporelles, en particulier la méthode Pararéele, la méthode de Relaxation d’Ondes
Optimisée (OSWR) et leur couplage, appliqués a la simulation numérique des équa-
tions paraboliques et des équations de Stokes.
Nous proposons et analysons dans un premier temps un couplage de la méthode
Pararéel avec la méthode OSWR. La méthode couplée Pararéel- OSWR obtenue est
une méthode parallele, a la fois en temps et en espace, avec seulement peu d’itérations
OSWR dans le propagateur fin afin de réduire les cofits de calcul et avec un propagateur
grossier classique déduit de la méthode d’Euler implicite. L’analyse de cette méthode
couplée est présentée pour une équation d’advection-réaction-diffusion unidimension-
nelle. Pour le couplage de Pararéel avec OSWR sans recouvrement, nous prouvons un
résultat de convergence général via des estimations d’énergie. Des résultats numériques
pour des problémes d’advection-diffusion bidimensionnels et pour une équation de dif-
fusion avec de fortes hétérogénéités sont présentés, pour illustrer les performances de
l'algorithme couplé Pararéel-OSWR. Nous présentons ensuite également un algorithme
qui couple Pararéel avec OSWR avec recouvrement, et nous analysons son facteur de
convergence en utilisant la convergence linéaire de OSWR avec recouvrement que nous
obtenons par une analyse de Fourier.
Pour les équations de Stokes, nous présentons un algorithme OSWR bien posé et une
estimation d’énergie pour la convergence des vitesses. Ensuite, nous montrons qu’en
général, la pression ne converge pas et nous proposons une correction pour remédier
a cela. Une stratégie similaire basée sur la transformée de Fourier est effectuée pour
obtenir la formulation du facteur de convergence. Des tests numériques suivent pour
illustrer les performances de la méthode OSWR avec correction. De plus, ces résultats
sont également étendus pour obtenir des résultats similaires sur 'équation d’Oseen.
Enfin, nous proposons l'algorithme Pararéel et un couplage Pararéel-OSWR pour les
équations de Stokes, et démontrons certaines de leurs propriétés de base.

Mots clés : Pararéel, Relaxation d’Ondes Optimisée, OSWR, équations
paraboliques, équations de Stokes, équations d’Oseen.






Abstract

We study in this thesis space-time domain decomposition methods, in particular, the
Parareal method, the Optimized Schwarz Waveform Relaxation (OSWR) method and
their coupling, applied to the numerical simulation of parabolic equations and of the
Stokes equations.
We first propose and analyze a coupling of the Parareal method with the OSWR method.
The obtained coupled Parareal-OSWR method is a parallel method, both in the time
and space directions, with only few OSWR iterations in the fine propagator in order
to reduce computational costs and with a simple coarse propagator deduced from the
Backward Euler method. The analysis of this coupled method is presented for a one-
dimensional advection-reaction-diffusion equation. For the coupling of Parareal with
non-overlapping OSWR, we prove a general convergence result via energy estimates.
Numerical results for two-dimensional advection-diffusion problems and for a diffusion
equation with strong heterogeneities are presented, to illustrate the performance of the
coupled Parareal-OSWR algorithm. We then present also an algorithm that couples
Parareal with overlapping OSWR, and we analyze its convergence factor by using the
linear convergence of overlapping OSWR that we obtain through a Fourier analysis.
For the Stokes equations, we present a well-posed OSWR algorithm and an energy
estimate for the convergence of the velocities. Then we show that, in general, the
pressure does not converge and we propose a correction against this. A similar strategy
based on Fourier transform is performed to get the formulation of the convergence
factor. Numerical tests follow to illustrate the performance of the OSWR method with
correction. In addition, these results are also extended to get similar ones on the Oseen
equation. Finally, we propose the Parareal algorithm and a Parareal-OSWR coupling
for the Stokes equations, and prove some of their basic properties.

Keywords: Parareal, Optimized Schwarz Waveform Relaxation, parabolic equa-
tions, Stokes equations, Oseen equations.
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Introduction

Motivation

The numerical simulation of Partial Differential Equations (PDEs) is an important do-
main of research and development, both in Academia (ranging from the development
and analysis of new, fast, accurate and efficient numerical schemes to applications like
ab initio calculation in quantum chemistry, simulation in porous media with application
in ecology, computational electromagnetics and plasma physics, fluid flows in various
regimes, etc) and in Industry (oil recovery in the oil industry, Computational Fluid
Dynamics for example in Aeronautics, combustion in motor engineering and thermo-
hydraulics and neutron transport in nuclear engineering, among many other fields).
High performance computers are now able to simulate the fundamental laws repre-
senting the behavior of the phenomenon under consideration. Simulations are more
and more reliable, close to the real experiments and have become a major tool to better
understand complex situations, and then allow to optimize and control processes.

From 1970s to 2000s, the power of chips and processors increased significantly.
However, this power seems to reach its limits: the power of a single CPU has not been
improved much recently. Parallel computing approaches are then proposed to over-
come these limits. In parallel architectures, the main objective is broken into smaller
tasks that can be executed independently on different processors. The outputs are then
regrouped to construct an approximate solution to the main problem. This process usu-
ally repeats several times before an acceptable solution is reached. One then has to give
a good strategy to reduce the number of iterations needed.

One of the applications envisioned by the ANR CINE-PARA project that supports this
thesis is the numerical studies in the nuclear industry, among which the interaction of
turbulent flow with the solid structures of nuclear reactors. These matters are currently
investigated by using a CFD code developed in the Nuclear Energy Division of the CEA,
called TrioCFD (see [27], [26], [15], also [30], [13] for the applications). The code
is developed for local and fine-scale calculations using especially Reynolds-Averaged
Navier-Stokes (RANS) ( [98]) and Large Eddy Simulation (LES) models ( [14], [12])
that lead to very large systems consisting of more than 150 million cells and one billion
degrees of freedom over hundreds of thousands of time steps. Therefore, massive par-
allelism is designed to handle such simulations, and the code TrioCFD may use more
than 10,000 processors (see [14]).

Up to now, this parallelism only concerns the heavy algebra (matrix-vector prod-
ucts and vector scalar products in high dimensions) involved in the iterative algorithms
(Conjugate Gradient, GMRES) used to find approximate solutions of large linear sys-
tems. The aim of this thesis is to lead preliminary studies on simpler models, such as
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the advection-diffusion equations or the Stokes equations, in order to pave the way for
the introduction in that code of space-time domain decomposition techniques at the
PDE level that we are going to review in the next paragraphs. The aim would be to
further speed-up the execution of heavy CFD computations.

Bibliography and previous studies

Parallel-in-time methods

The idea of parallelization in the time direction has a long history of more than 50 years,
which is presented in details in [47]. The very first idea was introduced by Nievergelt
in [94], based on a multiple shooting technique. This multiple shooting technique
consists in solving the evolution problems in parallel, splitting the whole time interval
into smaller sub-intervals, on which one gets smaller sub-problems. Each sub-problem
can be distributed independently to a processor. As we used inaccurate inputs for these
processors at the start, the output generally does not match with the solution, hence
a correction process is then performed to correct those errors. The method is then
formalized in a form of an iterative method, first at the discrete level by Bellen and
Zennaro in [8], and then at the continuous level for dissipative ODEs by Chartier and
Philippe in [31]; for the latter case, the authors also proved a quadratic convergence.

The Parareal algorithm was independently introduced first by Lions, Maday, and
Turinici in their short note [82]. The long time interval is divided into smaller windows,
the original problem is divided into smaller sub-problems. Instead of solving these
sub-problems sequentially, one could start from random initial conditions (as input)
and perform fine solvers in parallel to get new initial conditions (as output). A coarse
and cheaper solver is then performed sequentially to correct and improve accuracy of
those new initial conditions. This process is repeated until sufficiently accurate initial
conditions are obtained. Later, in [56], Gander and Vandewalle pointed Parareal as
a multiple shooting method and proved its superlinear convergence. Other important
propositions and analyses on Parareal were also achieved: for non-exact fine solvers
for ODEs [7]; for the non-linear case [48]; for hyperbolic equations ([37]), for Navier-
Stokes equations ([107], [43]).

There is another approach for parallel-in-time method - the waveform relaxation
technique. It was first introduced by Picard ([96]) and Lindelof ([81]), then an inter-
esting variant was developed by Lelarasmee, Ruehli and Sangiovanni-Vincentelli ([79]).
They defined the waveform relaxation as "an iterative method for analyzing non-linear
dynamical systems in the time domain, which, at each iteration, decomposes the system
into several dynamical subsystems, analyzed for the entire given time interval". Inher-
iting those initial ideas, Gander then showed that one can use overlapping domain
decomposition to obtain a waveform relaxation algorithm ([45]).

Domain decomposition methods

The key of domain decomposition methods is to divide a large domain into smaller
sub-domains, in space direction. When the model is non stationary, then the original
problem is transformed into multi-domain space-time sub-problems. These ideas origi-
nated from the work of H. A. Schwarz [102] in 1870, in which he proposed an iterative
method to show the existence and uniqueness of the solution for the harmonic problem
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on an unusual domain made of a union of a rectangle and a disk. The algorithm starts
from a trace on the interface of the left sub-domain, the solution on the left sub-domain
is calculated, then used to calculate the trace on the interface of the right sub-domain.
The solution on the right sub-domain is calculated, then the information is exchanged
back, and the process continues. This method is now called Schwarz alternating or
Schwarz multiplicative method.

In [85], P L. Lions introduced a parallel version of this algorithm, called additive
Schwarz method. This idea received much attention due to the development of paral-
lel computer architectures and multiprocessor super-computer designs. One drawback
at that time, as pointed out by Lions in [86] was that it only worked for overlapping
sub-domains, which could limit the application of these methods. In consequence, he
proposed to replace the Dirichlet traces by the Robin interface transmission conditions.
He also noticed that in the one dimensional case, the Robin parameter can be cho-
sen to get an optimal convergence of the method. The method was then analyzed in
[71], [73], [74], [46], with Robin or Ventcell transmissions conditions, where a general
methodology, based on the optimization of the convergence factor of the algorithm was
proposed, to calculate the Robin or Ventcell parameters (see [46] for a review on this
method). We call it the Optimized Schwarz method. More recent studies of such algo-
rithm with Ventcell transmission conditions are given for example in [63], [114]. An
extension of the optimized Schwarz method to the Stokes equations is given in [40],
and in [33, 16] for the semi-discrete in time Navier-Stokes equations, in [87] for the
fully discrete Navier-Stokes equations. Robin-Robin methods have also been used to
improve the transmission condition for the Stokes-Darcy coupling, see [38], [32]. For
domain decomposition methods on the Stokes problem for incompressible and com-
pressible fluids, see also [97, 39].

Originally, Schwarz methods were made for spatial problems. Then, to extend their

usage to evolutionary ones, a natural approach is to discretize in time to get a station-
ary problem for each time step, then to apply Schwarz methods on this steady problem
(see, e.g. [25], [77]). This approach requires the same time discretization in all sub-
domains, hence limits the possibilities of using numerical approximations adapted to
the physics of the subdomain problem. In the framework of parallel calculation, it is
expensive as data have to be exchanged at every time step of the discretization. The
Waveform Relaxation technique can be applied to overcome this downside, and the
corresponding methods are called Schwarz Waveform Relaxation.
Like in the original Schwarz method, in Schwarz Waveform Relaxation methods the spa-
tial domain is decomposed into overlapping or non overlapping subdomains. The algo-
rithm computes independently in the subdomains on the whole time interval, exchang-
ing space-time boundary data through transmission operators. These operators can be
Dirichlet ([57]), or optimized Robin or Ventcell ([52], [91], [50]) and the method is
called Optimized Schwarz Waveform Relaxation (OSWR) method. Such method is an-
alyzed in [68], [69] in the context of mixed formulation. The algorithm being global in
time, using projection techniques ([53]), one can freely choose different time discretiza-
tions for each subdomain ([64], [68], [69]). An adaptive OSWR algorithm, based on
an a posteriori stopping criteria, is proposed and analyzed in [4], [5], wherein the iter-
ations are stopped when the domain decomposition error does not affect significantly
the global error.

The OSWR method have been developed and successfully used for advection reac-
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tion diffusion problems ([91], [50], [9], [64]) with applications to porous media flow
and transport ([61], [11], [68],[69]), hyperbolic problems ([52], [49], [62], [65]) and
the viscous Shallow Water system ([92]). This approach was extended to nonlinear
reaction diffusion equation in [24] and in [61] in the context of coupling transport and
chemistry in porous media. Schwarz waveform relaxation method has been extended
to compressible Navier-Stokes equations in [34], [35]. The OSWR method as been re-
cently extended and analyzed in [2, 3] for a nonlinear and degenerate parabolic prob-
lem, with nonlinear and discontinuous transmission conditions on the interface. OSWR
have also been used to improve the transmission condition in coupled problems, see for
instance [17], [95], [109], [111, 110] for ocean-atmosphere models. However, there
has not been up to now any complete study of this type of method for the time depen-
dent incompressible Stokes and Navier-Stokes equations.

Coupling domain decomposition and Parareal type methods

Choosing suitable solvers for Parareal could significantly enhance the overall perfor-
mance. At first glance, one may use domain decomposition methods as fine and coarse
solvers for Parareal iterations, which allows a two-level parallelization process in both
space and time direction (see [43], [36], [44], [90], [108]).

On the other hand, when iterative methods are used as solvers, the overall
process would then be composed of outer Parareal iterations and inner iterations of
the chosen method. To reduce the cost of the process, Maday and Turinici in [89]
suggested that few inner iterations are enough for solvers, the overall convergence is
still finally achieved via Parareal iterations (see, e.g., [93] for Jacobi method, [59],
[55], [54] for SWR methods, [23] for Waveform Relaxation methods, and [105] for
Dirichlet-Neumann/Neumann-Neumann waveform relaxation method).

Based on these two observations, we are interested in a coupling model for Parareal
and the non-overlapping Optimized Schwarz Waveform Relaxation method, whose con-
vergence analysis has not been given yet.

Aims of the thesis

In this thesis, we first study the coupling of Parareal and OSWR methods on advection
reaction diffusion problems, in one and two dimensions. A remarkable challenge is
that, while OSWR converges much faster than Dirichlet SWR, it also amplifies the dif-
ficulties in the convergence analysis, which cannot be performed using the same tech-
niques as for Dirichlet SWR like in [59]. After giving a convergence analysis, we test
its performance and give some comments on its parameters by performing numerical
illustrations.

In the next step, we extend the proof of convergence of the OSWR method to the
Stokes equations, and then, to the Oseen ones. We also take a look at the Parareal
method, as well as at the Parareal-OSWR coupling, for these equations.
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Outline

The thesis is organized as follows: In the first chapter, we study the coupled Parareal-
OSWR method on parabolic equations. We start by presenting the model problem, then
we reintroduce the Parareal method and the OSWR methods, and we extend some of
their properties which we will use for our coupled method. The algorithm of the cou-
pling of Parareal with non-overlapping OSWR is then presented, followed by an en-
ergy analysis and numerical experiments in 1D and 2D. The coupling with overlapping
OSWR is introduced also, and its convergence is then given by using the convergence
factor of the overlapping OSWR.

In the second chapter, we analyze the Schwarz Waveform Relaxation method for the
two dimensional Stokes equations. We present first the Stokes equations, then the algo-
rithm. Some observations are shown next to illustrate the difference with the parabolic
case, which can lead to the non-converging behavior of the pressure, even though the
convergence of the velocity is always guaranteed by the energy estimate. We then pro-
pose a correction that helps us quickly get a converged pressure. The convergence
factor using Fourier transform follows. Next, we perform some numerical experiments
to verify the method and to show the existence of optimized coefficients to be used in
the Robin transmission conditions. Finally, we extend those theoretical observations
to the Oseen equations, and we propose a coupled Parareal-OSWR algorithm for the
Stokes equations.






Chapter 1

Coupling parareal with Optimized
Schwarz waveform relaxation for
parabolic problems

The Parareal algorithm is a time-parallel method that was proposed by Lions, Maday,
and Turinici to solve evolutionary problems in parallel, see [82]. The algorithm is con-
structed using two solvers: the coarse solver, which is fast but not very accurate, and
the fine solver, which is slower but more accurate. The long time interval is divided
into smaller windows, the fine solver is performed on each window, using some input
initial conditions. The outputs are then corrected by the coarse solver and used as the
inputs for the next iteration.

In the most simplified convergence analysis, the initial value problem was consid-
ered to be an ODE, the fine solver was exact and the coarse solver was the Backward
Euler method; in that analysis the outputs were computed exactly and so was the error.
More complex analyses of the performance of Parareal were also achieved: for non-
exact fine solvers for ODEs [7], for linear ordinary and partial differential equations
[56]; for the non-linear case [48].

In the construction of Parareal, one may choose suitable coarse and fine solvers to
fasten the process, for example by using an iterative method like, e.g., the Schwarz
waveform relaxation (SWR) method. As Parareal itself is also an iterative method, the
overall process would then be composed of outer iterations (Parareal) and inner iter-
ations corresponding to the coarse and fine solvers. In order to save CPU resources,
we might think of stopping the inner iterative solvers after a small number of itera-
tions, well before convergence, and hope that the overall convergence could be car-
ried through Parareal iterations. This idea was first raised in [89] for general iterative
methods; it was then developed for some iterative methods: for the Jacobi method (see
[93]), for SWR methods (see [59], [54]). In this contribution, we are more interested
in the latter, which will be recalled next.

SWR algorithms are based on a spatial domain decomposition. The spatial domain
is decomposed into overlapping or non overlapping subdomains; then the original prob-
lem is transformed into multi-domain space-time sub-problems. Starting from initial
fluxes on the space-time interfaces, each sub-problem can then be solved in parallel
over the whole time range; then the data are exchanged through the interfaces to cre-
ate better fluxes. The transmission conditions for the fluxes play an important role in
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the convergence process and several possibilities can be used, e.g., Dirichlet [57], Robin
[91, 50] or Ventcell [74]. The last two types of conditions contain free parameters that
can be chosen to optimize the convergence factor of the algorithm. While in the classi-
cal Schwarz method, exchanged fluxes are spatial functions only [46], the space-time
fluxes in the SWR method leave a wide range of choices for the discretization method
in the time direction in each sub-problem, which is quite useful in practice (see e.g.
[64, 68, 69]).

With all their properties mentioned above, SWR methods are already promising
choices for the solvers whenever one wants to use the Parareal methods, which allows
a two-level parallelization process: one level in Parareal iterations, and the other in
the SWR iterations. On the other hand, being seen as iterative methods, SWR could
be even more efficient to use with Parereal in a coupling framework. The idea is also
natural: as we do not run the solvers until convergence, we shall need to keep additional
intermediate outputs from the solvers during Parareal iterations, which, in the case of
SWR solvers, are fluxes on the interface.

As far as the coupling of Parareal with SWR is concerned, there exist up to now two
main references, both use SWR with Dirichlet transmission conditions:

* The PhD thesis [59] which proposed several choices of coupling but focused on
the one that uses non-converged classical SWR (i.e. with Dirichlet transmission
conditions) in the fine solver and leaves the coarse solver unchanged (like in the
classical Parareal).

* The article [54] (see also its earlier version, the proceeding paper [55]). In these
works, the coupled methods are call Parareal Schwarz Wavform Relaxation meth-
ods, or PSWR, and the coarse and fine solvers are both modified such that the
inner iterative process is now stopped after only 1 iteration.

In this chapter, we would like to couple Parareal with SWR with optimized Robin
or Ventcell transmission conditions (i.e. with “Optimized SWR”, also called OSWR
method). It has been shown in the existing references about SWR methods that the
Robin or Ventcell conditions give a much faster convergence than the Dirichlet ones.
For simplicity we will present and analyze the coupled method with Robin transmission
conditions. Obviously, the change in the transmission condition also amplifies the dif-
ficulties in the convergence analysis of the coupling algorithm, and we will inherit and
modify the techniques used in the two existing references mentioned above. However,
we will present numerical results both with Robin and Ventcell transmission conditions.

The chapter is organized as follows. In Section 1.1, we introduce the model problem
and state some stability and regularity properties of the solutions of the whole space-
time domain problem and of the sub-space-time-domain problems. In Section 1.2 we
recall basic ingredients of the Parareal method and give some observations which will
be useful to understand the numerical tests. In Section 1.3, the OSWR method is in-
troduced and we give an extension of known convergence results that we will use for
the analysis of the coupled method. In Section 1.4, we introduce the coupled Parareal-
OSWR algorithm and then, prove a general convergence result for the method via en-
ergy estimates in Section 1.5. Section 1.6 is for numerical illustration in 1D, in which
we also compare numerically our method to the one in [54], and in Section 1.7 we
present numerical experiments in 2D. After that, in Section 1.8, we give an extension
of the coupled method in the case of overlapping subdomains, where a bound for the
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convergence factor can be obtained, and which is almost linear. In addition, we also
get a bound for the operator matrix, by trying a different approach for the analysis.

The principal part of this chapter comes from an article in preparation, in collabo-
ration with Caroline Japhet (University Sorbonne Paris Nord), Yvon Maday (Sorbonne
University), and Pascal Omnes (CEAD).

1.1 Model problem

Denote Lu := 6,u— vo,,u+ad,u+bu, Q=2. For T > 0, we consider the following
problem

Zw)=f, inQx(0,T), (1.1a)
u(-,0) =uy, inQ, (1.1b)

where v, a and b are constants, with ¥ > 0 and b > 0. The source term f and the initial
condition u, will be specified in Section 1.1.2.

1.1.1 Domain decomposition and notation

We consider a decomposition of 2 into two non-overlapping subdomains
Q]_ :(_00)0)3 QZ :(O,+OO),
and introduce the Robin interface operator for i = 1,2 as follows (see [84, 50]):

By =—vo, + 242 (1.2)

‘%1=vax_g+p 2 EJ

2 2
Then, problem (1.1) can be reformulated as the following equivalent multi-domain
problem [86], with fi :flﬂi’ u; = ulﬂi’ and uO,i = uomi, i= 1,2:

Ly, =f;  inQ;x(0,T),
ui(',O) = uO’i in Qi’ i= 1,2, (13)
(%iui)(oz ) = gi on (0, T):

with
gi :(‘%lu])(o,) on (0) T)’ ]:3_1’ = 1’2 (14)

In (1.2) p is a free parameter chosen such that : a) a Robin subdomain problem of
type (1.3) is well-posed, b) it leads to a fast converging algorithm (see Section 1.3).
Both issues will be specified later.

In what follows we will use the notation & := (&, £5) for the Robin data on (0, T)
associated to the solution u of (1.1).

1.1.2 Existence and regularity results

We introduce the following spaces corresponding to the subdomain problems,

2, =HYQ,),i=1,2, ¥ =H30,T),

'The French Alternative Energies and Atomic Energy Commission
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and the local-regular space

Z :={U € L*(Q) : U, € 2},

1
2
equipped with the norm ||U||4 = (Z ||U|Qi||2%) .
i
With the Robin transmission conditions, we will need more regularity in our
analysis, in the anisotropic Sobolev spaces H™(Q x (0,T)) = L2(0,T;H"(£)) N
H(0, T; L2(£2)) defined in [83].
We recall below some useful regularity properties from [84].

Lemma 1.1. (Regularity of problem (1.1))
If uy € HY(Q) and f € L%(0,T;L?()), problem (1.1) has a unique solution u in
H?1(Q x (0, T)) and there exists a constant C independent of ug and f s.t.

lullg21axc0,1y) < CUlUollmay + I1f lL2c0,7:12¢0)))- (1.5)

Lemma 1.2. (Regularity of problem (1.3))

Leti=1ori=2 Ifuy; €X;, f; € L2(0,T;L%(%,)) and &; € %, problem (1.3) has a
unique solution u; in H>(Q; x (0, T)) and there exists a constant C independent of u,
f,and &; s.t.

luillg21c0,x(0,7y) < Clllug illa, + 1 fill2go,;r20,)) + 11€illa)-

Lemma 1.3. (Trace theorem)
Ifue H>'(Qx(0,T)), then u(-,T) € &, (B;u)(0,-) € ¥, i = 1,2, and there exists a
constant C s.t.?

I(8;1)(0, )lla < Cllullg2raxo,ry), 1=1,2.

Similar estimates hold by replacing Q by Q;, u by u;, and by &, fori =1,2.

1.2 Parareal Method

The Parareal method introduced in [82] is a numerical method designed to solve evo-
lution problems in parallel. It is based on a decomposition in time of (0, T) into subin-
tervals : (0,T) = UITY:_&Z, with &, = (T, Tp41), 0<Sn<N—-1,and 0=T, < T; <
... < Ty_; < Ty = T. Over each such interval generically noted as .# := (t,, t;), it uses
two propagation operators :

* 9(#,U,) that provides a rough approximation of u(-, t), where u is the solution
of (1.1), with initial condition u(:, ty) = Uy.

* Z(4,U,) that provides a more accurate approximation of u(-, t;).

For simplicity, we will consider a regular decomposition of (0,T), i.e. such that
Tpi1 — T, = AT, and we set %, := (T,, T,41), Y € [0,N —1]. The plain Parareal
algorithm [82] is as follows :

2Note that we have a better result : u(-, T) € H'(Q).
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Algorithm 1 (Parareal)

Choose an initial data (U,?)ne[O,N]] with Ug = u, and U? an approximation of u(, T,), for
example : U° := ¥9(%,_,,U) ), forn=1,2,...,N.
for k =0,1,... (Parareal iterations)

Set U(’)‘Jr1 = u, and perform the correction iterations

Ul = 9(9,, U + 2(2,,UN) - 9(2,,U"), n=0,1,...,N—1. (1.6)

n+1 n> ~n n>%Ynls

end for

We denote by u,, the solution of the (sequential) fine propagator at time T,,:
un :9((05 Tn)auO)J un :9(‘¢n—1>un—1)> VTl € [[1,N]]

In practice, & will be close to exact, and thus, for the analysis presented here, we
suppose that & is the exact propagator, i.e.: Z((tq,t1),1y) = U(t;) where @ is the
solution of (1.1a) with initial condition @iy at t = t,. In particular we can identify u,,
with u(:, T,,), where u is the solution of (1.1).

1.2.1 Convergence

We recall results from [56]. Let @ be either L2(£2), HY(Q), or . Suppose that there
exist y1, Yy depending on |.#| = t; — t,, such that, for all w,v € @

19(2,w)=4(L,V)llo < 11llw—Vllg, (1.7)
I(F =9I, W)= (F = 9)(F,V)llg < 72llw—Vllo- (1.8)

Denoting Eﬁ = Uff —u,, 1<n<N, k>0, then (1.6), (1.7) and (1.8) imply

||ESI%H6 < Y1||E,§+1||0+Y2||E,lf||ﬁ- (1.9)

Using the fact that U(])‘ = uq for all k > 0 and the fact that u; = F (%, uy), we obtain
from (1.6) that E’f“ = 0, k = 0. From this and (1.9), we obtain by induction the
following bound for k >0 and n>1

n
IES o < 72 D v IEE - (1.10)
=1

For a matrix A € R™", we denote A’ the transpose of A, and we use the notation 0 < A
if all elements of A are non-negative. We also use the notation A< B if 0 < B —A.

Our notation leads to the following basic properties (provided the matrix operations
make sense)

A<B,B<C = A<C,
A<B,0<C = AC<BC.

Let Ef := (IIElfllﬁ, ||E’2‘||ﬁ, e ||E11f,||ﬁ)t, and M € RV*N the Toeplitz matrix defined by

i—1—j ..
Y ifj<i,
M;: = 1 1.11
Y { 0 if j>1. (1.11)
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Then (1.10) can be expressed in vector form as

EFl <y,MEK,  Vk>o0, (1.12)
which, by induction, implies

EF < (y,M)*E®,  Vk>o. (1.13)
We recall the following property of M, which is shown in [56]

Lemma 1.4. If y; <1 then
; N—-1
Moo < ( ; ) (1.14)

Remark 1.5. In the classical Parareal, @ can be L2(Q2) or HY(Q2). In those cases, it is easy
to verify the Lipschitz properties (1.7)-(1.8) with the Lipschitz constant depending on 0.
In Section 1.5 we will consider the convergence in L2(£2), thus we will use condition (1.7)
with @ = L?(Q). In Section 1.8 we will consider the convergence in Z’; in that case the
Lipschitz properties of ¥ still hold, and we will have a similar property for the incomplete
OSWR fine solver.

1.2.2 Some remarks on the constants y

We recall now the homogeneous problem on a time window (0, AT)

diu—vo, ,u+adu+bu=0, in R x (0,AT),
u(-,0) =uy, in R.

Under Fourier transform, denoting k the wave number, the above problem becomes the
following ODE

3,01+ vk + aikil + bit = 0,
ﬁ(O) = ﬁo.

We suppose that ¥ is deduced from the one step backward Euler method. Thus, for an
initial condition u,, setting U = %(u,), then U is the solution of the following equation

U—1 .
—uo+(vk2+aik+b)U:0,
AT

whose solution is U = (1 + (vk? + aik + b)AT) i,. If F is the exact solver, then
u=%(ugy) and

it = exp(—(vk? + ail + b)AT).

We recall here that we are looking for the Lipschitz constants y; and y, of ¢4 and & —¥,
i.e., such that, YU,V

19U) =9l <71llU=VI,
(7 =9)U)=(F =DV < 12llU-VI.
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The norm can be that of L2, H! or of &, which does not change the values of y; and
Y4 in this case. We then get

Y= mkaXI(l + (vk? 4+ aik + b)AT) 7Y,

Y2 = max I(1+ (vk? + aik + b)AT) ! —exp(—(vk? + aik + b)AT))|.

Through a change of unknown function in the model ODE, it is always possible to come
back to the case in which b = 0; therefore, for the sake of simplicity, we shall restrict
the study to that case.

We have also y; < 1 and the equality happens at k = 0. In practice, the discrete

wave number is bounded away from 0, hence we get y; < 1. We only need to study v,.
We define the function

vo(k) = (1 + (v + aik)AT) ! — exp(—(vk? + aik)AT).

1.2.2.1 The heat equation case

We consider first the case a = 0. For this case, the function y,(k) is
vo(k) = (14 vk2AT) ! —exp(—vk2AT).

We have y,(0) = klim va(k) = 0. As y5(k) is continuous, the maximum can only be
—0Q

at the points verifying y,(k) = 0. Setting x = vk2AT we have y,(k) = 7,(x) :=
(1+ x) ! —exp(—x) and we have }7’2(x) = —(1+4x)"2 4+ exp(—x). Let x, be such that
75(x0) = 0, i.e. x satisfying exp(—x,) = (1 + Xo) 2. Hence, we conclude that

SI;P r2(k) < Fo(x0) = (1 + x0) " — exp(—x()
1

- (1 + XO)_l — (1 + XO)_2 = XO(]‘ + Xo)_z S Z.

1.2.2.2 Thecasea>0

Let

A(k) = exp(—vk*AT) cos(akAT), B(k)=exp(—vk*AT)sin(akAT),

1+ vk*AT D(k) = akAT

C(k) = .
(k) (1+ vk2AT)2 + a2k2AT2’ (1+ vk2AT)2 + a2k2AT?2

Then, it holds that
13(k) = (A(k) — C(k))* + (B(k) — D(k))*.

We shall split the analysis into three different cases

1
* For large wave numbers: k >
v VAT

We have that

ra(k) < 2(A%(k) + B*(k) + C?(k) + D?(k))
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< 2|:ex (—2vk2AT) + L :|
i (1+ vk2AT )2 + a2k2AT2

IA

1
vAT)+ 1 y2 2AT2_1
(1+vAT 557)? + a2AT

2 |:exp (—2 vAT
VAT

1 1
2(—+—)<1
e2 4

As y,(k) is a continuous function in k and y,(0) = 0, there exists k; s.t., ¥V k < kq,
yo(k) < 1.

IA

e For small k:

1
* For intermediate k: consider the case k; < k <
vAT
We suppose first that
v
a< v B (1.15)
VAT

which implies akAT < 1. Then, cos(akAT) > 0 and sin(akAT) > 0. We next show
that 0 < A(k) < 2C(k) and 0 < B(k) < 2D(k). We have

= — k2 < — k2 G —
A(k) = exp(—vk“AT) cos(akAT) < exp(—vk“AT) < T AT

Hence, it is sufficient to show that

1 < 1+ vk2AT
14+ vk2AT ~ ~ (14 vk2AT)? + a2k2AT?2’

or equivalently
(1+ vk2AT)? _ 1
(14 vk2AT)? + a2k2AT2 a?k>AT?
(1+ vk2AT)?

<

1
2

Thus, it remains to prove

a’k2AT?
— = <,
(1+ vk2AT)2

which is trivial under the condition akAT < 1. Therefore, 0 < A(k) < 2C(k).
It remains to show that B(k) < 2D(k). Multiplying both sides of this inequality by
exp(vk?AT)

, the new equivalent inequality to be proven is then
akAT

sin(akAT) < exp(vk2AT)
akAT 7 PIAT? | pponT 4 1y (kAT

(1.16)

2
The condition akAT < 1implies w+vszT+%+(ak§T) < Vzk;ATz +Vk2AT+

in(akAT k2AT)?
In addition, one has % <1 and exp(vk®AT) > 1+ (vk®AT) + %
a
Therefore, the inequality (1.16) is true.
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Now, we have 0 < B(k) < 2D(k). Therefore, we obtain
13(k) = (A(k) — C(K))* + (B(k) — D(k))* < (C(k))* + (D(k))* < 1.

We have (C(k))? + (D(k))? = 1 if and only if k = 0. As k is bounded away from 0, the
equality cannot happen, thus y, = max y(k) < 1.

One may probably obtain a less restrictive bound on a than (1.15) by performing
a more dedicated analysis, but an hypothesis of the type "a small enough" is necessary.
Indeed, if a is large enough, there are values of k such that we have both vkAT ~ 0,

and akAT ~ 3771 Then A(k) ~ 0, B(k) ~ (—1) and

v2 ~ C%(k) + (D(k) + 1)
~ C2(k) + D?(k) +2D(k) + 1
1 3r
o~ >+ > +1
1+2- 1+

~ 1.44.

Hence, if a is arbitrary large, one can find k such that y,(k) > 1, i.e. y5 > 1.

1.3 Optimized Schwarz Waveform Relaxation Method

The OSWR method [51, 52, 91], for solving problem (1.1) is a space-time parallel
method based on a domain decomposition in space only

0 =(—00,0), Q,=(0,+00).

Let £ = (0,T), and I' the set of intervals of Z*. The method solves iteratively sub-
problems on 2, x .% and Q, x .#, exchanging space-time boundary data® through the
Robin operators %8, and %, (defined in (1.2)), where the parameter p is chosen to
optimize the convergence factor of the algorithm. The method is thus defined using a
subproblem solution operator and a transmission operator: fori =1,2 :

* the solution operator .#;(.#,uy;,&;), i = 1,2, that maps the available Robin con-

dition &; and initial condition u,; to the subdomain solution u;*:

I'xH(Q)x ¥ — H>(Q;x.9)

M :
' (y, Up,is 51) - Ui,

(1.17)

where u; is the solution of the following Robin problem in ; x .#

Lu;= f inQ; x.#,
u(,0)= uy; ingQy, i=1,2, (1.18)
(%iui)(o,'): (Ei on .%4.

3In the 1d case considered here, the interface is reduced to one point in space, thus the exchanged data
depend on time only.
“the operator .#; should depend also on f but we omit it here to simplify the notations.
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* the transmission operator %;, i = 1,2, that maps the available neighbor subdo-

main solution u; € Hz’l(Qj x #), j = 3—1i, to a new Robin datum &; € % :

&; = (%;u;)(0,-) on L.
Using the definition of .#;, problem (1.3)-(1.4) can be rewritten as

u = Mi(F,uy;,8), 1=1,2, (1.19a)
& =(Au;)0,)) ong, j=3—i,i=12 (1.19b)

The OSWR algorithm for solving problem (1.19) (or equivalently (1.1)) is as follows.

Algorithm 2 (OSWR)

Choose an initial Robin data &° = (£%,&)) on #, for example &% =
(ABiup,;)(0,-), on (0,T), i =1,2.
for{=1,2,... (OSWR iterations)

1. Solve the local space-time Robin problems by calculating

u = M(Fup, 87N, i=1,2 (1.20)
2. Update the Robin interface term & ‘= (5§, ié), with
£ =(Bu))0,-) ons, j=3—i, i=12 (1.21)

end for

Remark 1.6. By definition of .#; and uf in (1.20), the interface condition is
(Bud)0,) =8 i=1,2. (1.22)
Then, from (1.21), and using that B; = —%; + p, we obtain, for £ > 1
g =—¢T4pul, j=3—i,i=12 (1.23)
Let L € N*. In the sequel we will denote in compact form
(ut,E") = OSWR (£, u, &), (1.24)

where u* € L?(Q x .#) with uLlni = uiL, i=1,2, and &L = (éL,gé) are the output
after L iterations of algorithm (1.20)—(1.21) with initial condition u, and initial Robin

datum &° on .#.

1.3.1 Stability and convergence

We suppose that f € L2(0, T; L2(2)). For simplicity, we will use the notation || - || for
the L?-norm in Q orin £, i = 1,2, and || - || 4 for the (L2(.#))?-norm.

Let (uf , gff ), i = 1,2 be defined by (1.20)-(1.21). For the convergence analysis below,
we introduce the following notations for the errors, fori =1,2 and £ > 1:

Cf = gf —&;, where &; is defined in (1.4), and we set ¢t= (g, Q’g), (1.25)

el = uf —u, where u is the solution of (1.1), (1.26)

e! := the function in L%(Q x (0, T)) s.t. eelgi = ef, i=1,2. (1.27)
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Theorem 1.7. Let L € N*. Ifuy € H'(2) and £° € @2, then, Algorithm 2 is well-defined
and we have

L
> (3l T)||2+Z||e oo rancay) + 211 = 2512002
(=1
Hence, Algorithm 2 converges for p > 0 in L°(0,T;L?(£4)) N L?(0, T; HY(Q;)) x
L°°(0, T; L3(£2,)) N L%(0, T; H'(£2,)) to the solution u of (1.1).

Proof. We proceed by recurrence. We have u,; € %; independently of {. Moreover,
let us suppose that 5?‘1 € % (this is true for £ = 1). Then from Lemma 1.2 we have
uf € H>}(Q; x (0, T)). Then from Lemma 1.3, or using (1.23) and the Trace theorem,
we have & f € %, thus Algorithm 2 is well-defined. The proof of the energy estimate is
done in [50] (Theorem 5.15) and we recall it in Appendix 2.11.1. O

In the context of the coupled Parareal-OSWR method in Section 1.4, incomplete
iterations of the OSWR algorithm are performed at each Parareal iteration. This implies
that the new initial condition for the OSWR algorithm, through Parareal iterations, will
no more be in H'(2), but only in &'. Therefore we need the following extended result,
that will be used to prove the convergence of the coupled Parareal-OSWR method later.

We still use notations (1.25)—(1.27) for the errors. We suppose that the initial con-
dition of Algorithm 2, denoted now by i, verifies @iy € X, iy # u(-,0) (where u is the
solution of (1.1)), and we introduce the additional notation for the error at time t = 0

eo := o —u(-,0),
with eg; :=eglg,, 1 =1,2.

Theorem 1.8. Let L € N*. If the initial condition of Algorithm 2 is iy € &, 1y # u(-,0),
and if £° € ¥?, then, Algorithm 2 is well-defined and we have

L
> (31l T)||2+Z||e o rmnay) + 35185 1% = Slleoll® + S 12°11%. (1.28)

(=1

Proof. Fori = 1,2, let (uf, if) be defined by (1.20)-(1.21) with initial condition .
We set Cf = £f —&;, where &; is defined in (1.4), and ef = uf —ulg,, where u is the
solution of (1.1).

With (9, Cg) given, the error ef, i=1,2, satisfies, for £ > 1 :

Zel= 0 inQ; x %,
el(,0)= ey; inQy, i=1,2, (1.29)
(Be)(0,)= ¢ on.g,
where  {f=(#¢€)0,7), £=1, j=3—i,i=12. (1.30)
Then we follow the same steps as in the proof of Theorem 1.7 in Appendix 2.11.1 until
estimate (144), which is written, using that ef(-, 0)=¢eg;, VL 21

L

> (3l T)||2+Z||e a0 rancany) + 25 I I = 2”301”2 SlIZII2,

(=1

which ends the proof of Theorem 1.8. O
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1.3.2 Optimized Robin parameters

In this section we give the methodology to calculate the Robin parameter p involved
in the OSWR method. This parameter is chosen to optimize the convergence factor of
the algorithm, and is thus called "optimized parameter".

The calculation of the convergence factor extends the one of Lemma 5.7 in [50],
obtained for u, € H3(Q), to the case u, € H'(2). By linearity of .#;, from (1.19a)
and (1.20), the error ef = uf —u, 1 =1,2, at iteration £ of the OSWR method, satisfies
ef = #;(4,0, Cf‘l), with Cf‘l = §f_1 —¢&; and f = 0. Equivalently, ef is solution of

the following problem

Zel= 0  inQx9,
ef(n0)= 0  inQ, i=1,2, (1.31)
{ _ {—1
(Bie;)(0,)= {; on 4.

From (1.19b) and (1.21), we have gf = ,%ief(o, -), i =1,2, and thus the transmission
conditions on .# in (1.31) also reads

(B:e{)(0,)) = (Be{1)(0,)) ons, j=3—i, i=1,2. (1.32)

Now, in order to use the Fourier transform, we extend (1.31)- (1.32) to R in the
following way :

e for { = 1, the Robin condition in (1.31) is with ¢ ? € % and we can extend { ?
by zero to H %(%) to obtain a function, denoted by 4 ?, vanishing on (—o00,0), and on
(T,4+00), for i = 1,2. Then we can extend equations (1.31) to %, and their solutions,
denoted by (E}, é;), vanish on (—o0, 0) and coincide with (e%, eé) on (0, T).

e for £ > 2, we define the Robin trace ff_l = (%iéf_l)(O;) on {0} x #, which

belongs to H%(QZ), vanishes on (—o0,0) and coincides with (%l—ef_l)(o, ) on {0} x
(0,T), fori =1,2. The subdomain problems (1.31) are extended on 2; x # as follows

2et= 0 inQ; x &,
&(,0= 0  in®, i=1,2, (1.33)
(#:)(0,)= (' ona,

and their solution vanish on (—o0, 0) and coincide with (eli, eg) on (0, T). In particular,
by the definition of { f_l above, the transmission condition (1.32) has been extended
on {0} x # in (1.33) as follows :

(%iéf)(o,~)=(%ié§—1)(0,-) on®, j=3—1i, i=1,2. (1.34)

Note that for £ > 1, the property gf_l €H %(%) implies that the solution ef of
problem (1.33) is in H 2’1(Qi X R)°> (using Lemma 1.2), and thus the new Robin datum
1

loc

5?, defined above, is in leoc(‘%) (using Lemma 1.3).

SHere we set H>(Q; x #) = {H>'(Q; x (T}, Ty)), VT, T, € ®}, i =1,2.

loc
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In what follows, we use Fourier transform in time, in the sense of tempered distri-
butions.
Then, we solve in each subdomain the ordinary differential equation

iwe! — 10,8 +adel +bef =0, i=1,2 (1.35)

with the characterisitic roots

_ a—+d
rT = , r
2y

. _a+vVd
2y

, d=a?+4v(b+iw), (1.36)

where V/d is the complex square-root with positive real part :
letd = \/(a2 +4vb)2 + 16v2w?2, then

A| d+a2+4vb A| d—a2—4vb

Thus, Ze(r*) > 0 and Ze(r~) < 0, and the solutions éf € L%(Q,), i = 1,2 are given
by6

2 A n 2 A _
N4 {—1 rtx Al {—1 rx
&= ¢ (w)e™ ¥, e, = T (w)e” £>1. (1.37)
Vovd+p ! 2 Jd+p?
Then, replacing (1.37) in the transmission conditions (1.34) leads to
8= )G
Ve>1, (Al = — a2 . (1.38)
g5 Jd+p J\&
Setting é’z = (f’z, fg), from (1.38), we have
2
st pl=2 . —vd +
V=2, ¢ =polw,p)C with pg(w,p) = (—p) . (1.39)
Vd+p
From (1.39), by induction on £ we obtain,
320 ~(0)
" =(polw,p))'C ", Ve=1 (1.40)

From (1.40), the convergence factor of the algorithm is py(w, p), defined in (1.39).
Note that from (1.38) we have, for all w € Z, and for £ > 1

IC ) < 15 Hw)l,  fori=1,2.
Using that ¢ ‘eH }T(%), the above inequality implies, by induction, that
¢ eHi(®), V=1

While we have ma;lglpo(w,p)l = lim |po(w,p)| = 1, we can use the continuous
we w—>00

convergence factor py(w, p) to calculate an efficient Robin parameter for the discrete
setting (see e.g. [73, 91, 46, 50]).

®Note that here the term “3," in %; is multiplied by v while this is not the case in [50]. Thus éf is
slightly different here, from the one of [50].
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Indeed, in numerical computations, the frequency « is bounded, i.e. we have
T .
Wmin < ©W < W Where w.y = AL is the largest discrete frequency supported by

T
the numerical time grid, and w;;, = T is smallest frequency relevant to the global
time interval. Defining

pc(p):= max_|po(p,w)l,

TSWSRT

then the optimized Robin parameter p, is chosen such that it verifies
pc(p.) =minp.(p). (1.41)
p>0

In practice, the minimization problem (1.41) is solved numerically, using the fmin-
search function in MATLAB.

1.4 Coupled Parareal-OSWR method

Coupling Parareal with domain decomposition was introduced in [59, 55, 54].

Like in Section 1.2, we set (0, T) = Uf;ol #,. Then the Parareal-OSWR algorithm is
defined using the coarse propagator ¢ of Section 1.2 and the incomplete’ fine propa-
gator OSWR; defined by (1.24) as follows :

Algorithm 3 (Coupled Parareal-OSWR)

1. Choose an initial data (U,?)ne[[o,N]] with Ug =u, and US an approximation of u(-, T,,), for
example U,? =Y(SL 1, U2—1)’ forn=1,2,...,N.

2. Choose an initial Robin data (Eg’o)ne[[o,N_l]], with 52’0 = (5(1)’2, Eg’g) on .#,, for example
0,0 _ 0 .
gi’n - ('%lUn)(O> .)’ L= 1’ 2.
for k =0,1,... (Parareal iterations)
1. On each time interval .¢,, n=0,1,...,N—1:

Calculate (uﬁ’L,gﬁ’L) = OSWR, (%, U, Eﬁ’o). (1.42)

2. Set U(';H = u, and do Parareal corrections:

UM = ubt (-, Top) + 9( 5, U — 9(.2,, US). (1.43)
Update the interface term: §& ﬁ“’o =& fl’L . (1.44)

end for

Remark 1.9. In (1.42), if L = oo, then uﬁ’L € HY(Q), for all n > 0, k > 0. However, if
L < oo and chosen small (e.g. L = 2), then u’;’L e X, foralln =0, k > 0, but there is
very few chance that u’r‘l’L be in HY(Q). Thus, using (1.43) and that uy € H*(Q) C Z, we
will have U,]f eX,foralln=0, k>0.

1.5 Convergence of the Parareal-OSWR algorithm

We will consider the convergence in the L2(Q2)-norm. As in Section 1.3, || - || will stand
for the L2-norm in Q or in ©;, i = 1,2, and || - ||, the (L2(#))?>-norm. Let ¢ be the
coarse propagator associated to the source term f = 0. We have the following result

7In the sense that L will be smaller than the number of iterations required for convergence.
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Theorem 1.10. We suppose that there exists a constant y, such that 9 satisfies for each
n=0,1,...,N

19(20, DI < 711IUNl, - YU € LX) (1.45)
Then, when k — oo
. U,’f converges to u(., T,,) in L2(£),
k,¢ .
* u;, converges to ulgx[r,,T,,,1 L3(T,, Tyy1, HH(Y) forall £=1,2,...,L.
In order to prove Theorem 1.10, we first introduce some notation and prove the
following lemmas.

Notation for error estimation

Let u be the solution of problem (1.1), and (uﬁ’e, '3 ﬁ’e)lges 1 be the sequence of iterates
through the OSWR step (1.42). We define, for k=0,1,...,and n=0,...,N —1:

. Erf = Ur’f—un, n=0,...,N, where u, =u(.,T,),
. eﬁ’e := 1t —y, the error in L2(Q x #,) at each iteration { inside step (1.42), with
el i=ell|q, i=1,2,for£=1,...,L,

o {Mi=gR g fort=1,...,L, where £, = (8,u)(0, .%,),(B,u)(0, £,)).

Then, by linearity, the algorithm on the error reads

Algorithm 4 (Coupled Parareal-OSWR algorithm on the error)

1. Define initial data (E),cfong With EJ = 0, E? := 9(%, ,,U° ) — u,, where UJ = u,
n=12,...,N.
2. Define initial Robin data (Cg’o)nE[O,N], with 2,'2’0 = (C%g, g:g) on .#,, where Cg’: =
(BE2)(0,-), i=1,2.
for k =0,1,... (Parareal iterations)

1. On each time interval .¢,, n=0,1,...,N—1:

Calculate (e, Cﬁ’L) = OSWR, (%, EX, C’:I’O). (1.46)

2. Set Eé‘“ = 0 and do Parareal correction:

EKt = b (-, Topy) + 9(,, BN — E). (1.47)
Update the interface term: { ﬁ“’o = E’L . (1.48)

end for

Lemma 1.11. For all n € [0, N — 1], we have:

K K
DR T )I* < L IEKIZ + 21259012 . (1.49)
k=0 k=0
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Proof. Step (1.46) corresponds to the OSWR algorithm, on .¢ := .#,, with initial con-

dition Ef; € & (see Remark 1.9). Thus, from (1.28) with ¢y := Er’f, ef = e and

i,n’
¢t= lel’e, we obtain

M=

1,kt 2 k212 1 k,Ljy2 _ L k12 1 k,0(12
(3leBC T dI2+ D Meli 1 1 o) + 2 ICEHI5 = SUESIZ + 125012 .
i

o~
Il
—_

Moreover, in our algorithm, from (1.48) we have { ﬁ’L = ﬁ“’o, thus

M=

1 kL 1 k+1,0 _ L 1 k,0
(3leBCo T2+ D Meli 1 1 ) + 2 IEET0UR, = BUERN2 + S5 1IE5011% .
i

o~
Il
-

Summing with respect to k, from 0 to K, we get a telescopic sum on the interface and
therefore

K L
1y, kL kL 1 K+1,0
D (B TP+ D el ey o i) + 25 IEE 02,
k=0/(=1 i
K
=L TIENP+ S22, (.50
k=0
from which we obtain (1.49). ]

Lemma 1.12. We suppose that ¢ satisfies (1.45). Then, for all n € [0,N — 11,

K K+1 K
DUIESTI < 8y2 D TIEKP +2 ) ek (., Tl (1.51)
k:O k=0 k:0

Proof. Using the triangle inequality in (1.47), and then (1.45), we get

IEFT? < 2|9(.2,, XL — EN)|I2 + 2]leL (., Ty IR,
< 2p2||EFY — EX|12 + 2)leRE (L, Ty I
< 42 (JIEFY12 + || EK|2) + 2]leRE (., Ty )2

Then, summing with respect to k, from O to K, we have

K K K
DUIERZ < 42 > T(ER P + 1EKI2) + 2D ekt (, Ty I,
k=0 k=0 k=0

from which we deduce (1.51). O
With these lemmas, we can now prove Theorem 1.10

Proof of Theorem 1.10. From Lemmas 1.11 and 1.12, we get

K K+1 K

k+1y12 2 k2 k2 211,70,0112
DUNEKER <8y D IIEK|R + 2L D IEK|2 + 21100112 .
k=0 k=0 k=0
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Denoting v, = 8)/1 +2L and R, = ||E°+1||2 2 ||§'2’0||2 , We can rewrite this inequality
as

K+1 K+1

ZnE wll? <712 D IENP+R,, nelo,N—1].
k=0

From this inequality, by induction, we obtain

K+1 K+1

DHIEE, 12 < “+1Z||Ek||2+2y2 wjp n€O,N—1].
k=0 =0 Jj=0

Using that Elg =0, Vk > 0, we finally obtain

K+1

Z||E’<+1||2<Zy2 wjr n€[0,N—1]. (1.52)
k=0 j=0

Since the right-hand side of (1.52) does not depend on K, this shows that, for a given
K

n € [0,N], the sum Z ||E,’:||2 is bounded with respect to K. Hence Eﬁ converges to 0
k=0

in the L2(2)-norm when k — oo. Moreover, from inequality (1.50), we obtain, for all

(=1,2,...,L

K

K
k,( L k2 . 170,02
DNl 1o < 5 2LNERIP + 512201
k=0

k=0

As the sum in the right-hand side of the above inequality is bounded with respect to K,
then the sum in the left is also bounded with respect to K. Hence, ek’e tends to 0 in

L3(T,, Tpep; HH(Q)), ie, uk[—>uln1nL (T, Tpyp; H (), for any £. O

Remark 1.13. The proof of convergence of the nonoverlapping Parareal-OSWR algorithm
in Theorem 1.10 (using energy estimates) is done with U ,’f eZ,foralln>0, k >0 (see
Remark (1.9)). This result is obtained without any correction on U,’; so that it is more
regular (i.e. in H(Q)). Thus, in practice we do not need a correction on Uff to have a
convergent algorithm.

1.6 Numerical illustrations in 1D

In this section we give some numerical illustrations of the performance of the coupled
Parareal-OSWR method in one dimension. We use here the 1D cell-centered finite vol-
ume method, with the centered discretization for the diffusion term. The advection
term is based on a centered discretization (for regular advection-diffusion) or an up-
wind discretization (in the advection dominated case). With the cell-centered finite
volume method, the domain decomposition method needs to add an additional un-
known associated to the interface of the domains; we use the strategy proposed in [10]
for the discretization on the interface. For the time discretization, the backward Euler
method is used.

To start, we run a mono-domain solver - no domain decomposition in both space and
time - to obtain a numerical solution which will be the reference solution with respect
to which all the H'-errors in the tests that follow will be calculated.
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Next, in the Parareal algorithm, as well as for the coarse solver in our coupled
method, we use a mono-domain solver (no domain decomposition in space). Then, we
test the pure OSWR method - no decomposition in time - to validate our DD-code and
to find the smallest required number of OSWR-iterations if we want to use OSWR for
the fine solver. We should also clarify that it is different to consider L iterations in the
OSWR solver when the latter is used as the fine solver in the pure Parareal method and
to apply our coupled method with L: In the first case, one resets the Robin terms at the
start of each Parareal iteration, which leads to a slower general convergence. Finally,
the main part of our tests is the performance of our coupled method for different choices
of L,forL =1,2,4,8.

We will also test the PSWR method of [54], [55], which is nothing but the case L = 1
coupled with an incomplete coarse solver based on only one iteration of Waveform Re-
laxation, either with Dirichlet or Robin boundary conditions. The PSWR method was
originally proposed with initial guesses UT? and § 2 constructed from the initial incom-
plete coarse solver, which is probably less efficient than starting from values constructed
from the fully converged initial coarse solver. Here, we take the same initial values for
all tests, namely initial guesses constructed from the full coarse solver. In addition,
the initial values of the Robin terms are refined by applying the Robin operators to a
linear interpolation between U S and US +1> which runs slightly faster than the classical
constant initial Robin terms of OSWR.

1.6.1 Regular Advection-Diffusion with an exact testing solution

We set 2 =]0,1[, T =1, and consider the 1D advection-diffusion equation with coeffi-
cients v=a =1, b = 0. We consider the exact solution u(x, t) = exp(—t)sin(7x). The
domain €2 is decomposed into two sub-domains Q; =]0,1/2[ and , =]1/2,1[ and ten
time sub-intervals (i.e. N = 10).

With the exact solution, we can calculate the scheme error e between the exact
solution and the mono-domain reference numerical solution, and we stop when the
relative error between the current iterative solution in the coupled algorithm and the
mono-domain reference numerical solution is smaller than 1i.

The mesh and time steps are first chosen as follows :
Ax =5.1073,At =2,5.107° (case 1) and Ax = 2,5.107, At = 6,75.10* (case
2).

Figure 1.1: Example 1: The numerical solutions for case 1 (left) and case 2 (right)
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Ig(error)
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Figure 1.2: Example 1: Relative errors versus Parareal iterations for case 1 (left) and
case 2 (right) for different values of L in the coupled method and for the pure
Parareal method (L = c0)

1.6.1.1 Case 1

L PSWR 1 2 4 8 20(00)
k 29 31 15 12 6 6
Lxk 29 31 30 48 48 120

Table 1.1: Example 1 (case 1) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

Parareal-OSWR

solver OSWR Parareal (L =2) PSWR
iterations (n) 20 120 30 29
loss factor (I =n/20) - 6 1.5 1.45
gain factor (N) - 10 10 10
final gain factor (N /1) - 1.33 6.67 6.9

Table 1.2: Example 1 (case 1) Gain factor for Parareal and coupled Parareal-OSWR
methods compared to the OSWR solver

We first study the case Ax = 5.1073, At = 2,5.1073. In this case, without any de-
composition in the time direction (pure OSWR method), one needs at least 15 iterations
of OSWR to reach the stopping criterion. Hence, we can consider L = 20 as L. = oo
(full convergence of the OSWR method).

From Figure 1.2 and Table 1.1, we observe that L = 2 is the best choice for our coupled
method, while the PSWR method performs a little bit better. The performance of the
line L =1 is quite similar to the PSWR, they are almost parallel after the 4th iteration.
It can be explained as the number of iterations needed for the coarse solver is small,
so doing full convergence of the coarse solver or doing only one iteration are not very
different. It also implies that the coarse solver plays a less important role in the overall
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convergence.

The choice L = 4 and L = 8 are quite behind those smaller ones. Especially, the line
L = 4 almost coincides with I = 2 in some first Parareal iterations, before falling down
more rapidly. The speed-up compared to the pure OSWR of the best choice L = 2 is
shown in Table 1.2. In that and similar tables below, we call "loss factor" the ratio of the
total number of OSWR iterations in the coupled method to the number of iterations of
the stand-alone OSWR method. What we call the final gain factor is actually the speed-
up obtained with the coupled method with respect to the stand-alone OSWR method. It
is equal to the number of time windows divided by the loss factor. Note that this speed-
up value neglects the cost of the coarse solver and of the additional communications
between time windows.

Other choices of L also give promising speed-up, and all choices perform a linear

convergence - similarly to the convergence of OSWR. One may guess that the OSWR
dominates the overall convergence.
An additional remark is that the relative performance of L = 4 and L = 8 can be
improved if we decrease the stopping error: for example, in fact, the error of L = 4
at the 15th iteration is close to the error of L = 2 at the 30th iteration (so there the
ratio of total iterations between L = 2 and L = 4 will be around 1, while it is 30/48 in
Table 1.1).

1.6.1.2 Case 2

L PSWR 1 2 4 8 32(o0)
k 48 49 25 13 10 6
Lxk 48 49 50 52 80 132

Table 1.3: Example 1 (case 2) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

Parareal-OSWR

solver OSWR Parareal L=1) PSWR
iterations (n) 32 132 49 48
loss factor (I =n/32) - 6 1.53 1.5
gain factor (N) - 10 10 10
final gain factor (N/I) - 1.67 6.54 6.67

Table 1.4: Example 1 (case 2) Gain factor for Parareal and coupled Parareal-OSWR
methods compared to the OSWR solver

For Ax =2,5.107%, At = 6,75.10~%, we observe in Table 1.3 that L =1 is the best
choice for our coupled method, and PSWR still performs a little better. The best final
gain factor, which is given in Table 1.4, is quite close to the previous case, however, the
choice L = 4 performs much better, it is now very close to the best choice. The finer
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the mesh is, the better performance for large values of L. We show next two additional
simulations to strengthen this observation.

Case 3 and case 4

In this part, the mesh and time steps are :
Ax =1,25.1072 At = 1,69.10~* (case 3) and Ax = 6,25.107% At = 4,22.107°
(case 4).

Iglerror)
lglerror)

1010

10 120 1‘0 2‘0 3‘0 ﬂ‘ﬂ 5‘[] ﬁlﬂ 7‘[] 80 0 2‘0 4‘0 Eh Slﬂ 160 1éﬂ 140
Parareal iteration Parareal iteration
Figure 1.4: Example 1: Relative errors versus Parareal iterations for case 3 (left) and

case 4 (right)

L PSWR 1 2 4 8 48(00)
k 76 77 39 19 13 7
Lxk 77 77 78 76 104 336

Table 1.5: Example 1 (case 3) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

For Ax = 1,25.1073, At = 1,69.107%, L = 4 now becomes the best choice, and
it performs similarly as PSWR. We see an improvement in the relative performance
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Parareal-OSWR

solver OSWR Parareal (L =4 PSWR
iterations (n) 48 336 76 76
loss factor (I =n/48) - 7 1.58 1.58
gain factor (N) - 10 10 10
final gain factor (N /1) - 1.43 6.33 6.33

Table 1.6: Example 1 (case 3) Gain factor for Parareal and coupled Parareal-OSWR
methods compared to the OSWR solver

L PSWR 1 2 4 8 72(c0)
k 117 118 60 30 15 8
L+k 117 118 120 120 120 576

Table 1.7: Example 1 (case 4) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

Parareal-OSWR

solver OSWR Parareal L=1) PSWR
iterations (n) 72 576 118 117
loss factor (I =n/72) - 8 1.64 1.63
gain factor (N) - 10 10 10
final gain factor (N /1) - 1.25 6.08 6.15

Table 1.8: Example 1 (case 4) Gain factor for Parareal and coupled Parareal-OSWR
methods compared to the OSWR solver

of L = 8 (104/77 in Table 1.5 which is lower that 80/48 in Table 1.3). For Ax =
6,25.107% At = 4,22.10™°, L = 1 becomes the best choice again, and PSWR is a little
better. On the other hand, from table 1.7, L = 8 now performs similarly as L. = 2 and
L =4, and is very close to the best choice. From Table 1.6 and Table 1.8, one sees that
the gain factors of the best choice reduce when the meshes are refined.

Before giving a brief explanation for the behavior of L. = 4 and L = 8 when we refine
the mesh, we recall here that, in the OSWR method, the convergence factor increases
when At decreases, and thus more iterations are needed.

1.6.1.3 Effect of 5 on the overall convergence

We try now to give a brief explanation on what is observed above. We first recall the in-
equality bound on the error of the coupled method (see Section 1.8 inequality (1.105)).

EF < (yM + pD*C,.

with p = p’, and p is the convergence factor of the OSWR method. Then, the error
after 2k Parareal iterations satisfies

E* < (yM + ptD)*C,. (1.53)
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On the other hand, let EX be the error of the coupled method with 2I. OSWR iterations
in the incomplete fine solver; it satisfies the following bound

EF < (yM + p2LDkC,. (1.54)

Obviously, from (1.53) and (1.54), the computational costs related to the fine solver
are similar because (2k) x L = k x (2L).

At this point, we still do not know the errors E2f and Ek, however, we can try to
compare their upper bounds. Then, in some ideal cases when these bounds are strict,
we might get a good strategy for choosing L. We try to analyze for very small N = 2, 3.
For N = 2, comparing the upper bounds in from (1.53) and (1.54), requires to compare

2k - ~k
[pL O} o . o2 0 c
r pt 0 |y sz_ 0
Then it remains to compare
[pL 0 ]2 [p2 0]
v et Lr p*]

We calculate

ol o 2 o2t 0
[ Y pL] - [ZYPL sz]'
Hence, if pt < 1/2, then 2k Parareal iterations coupled with L. OSWR iterations might
perform better than k Parareal iterations coupled with 2. OSWR iterations and vice
versa. This is what we observe in the previous numerical tests, where low values of L
perform better than large values of L, and where this more efficient behaviour tends to

disappear when we refine the time step since p (and so p’) grows with smaller At.
For N = 3: We calculate first

ol o o]? o2 0o 0
y pt o =| 2yt p* 0
1 v pt 2ript+y* 2ypt p?t

Hence, if p! > 1/2, then k Parareal iterations coupled with 2L OSWR iterations
might perform better than 2k Parareal iterations coupled with L OSWR iterations.
On the other hand, if p* < 1/2, one might need an additional condition that

2yy1pt + 7% < yyy, ie, pt < u. Now, we have a clear conclusion for p* > 1/2

27,
n-r < 1/2, but we cannot give a good conjecture for the comparison
71

between L and 2L in the case Y;_ r
Y1

and pt <

<plt<iy2.

1.6.2 Advection-dominated test

We now try a test in which the classical Parareal does not work: the advection domi-
nated case. We recall here that for the upwind discretization, the discrete convergence
factor of OSWR is quite different from the continuous one, and so are the optimized
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parameters [10]. We use here the discrete one.

We test v = 0.001 and a = 1, b = 0 on the domain Q =]0,1[, T = 1. The initial
condition is uy(x) = x, and Dirichlet B.C. u(0,t) = 0 and u(1,t) = 1. We show the
numerical solution at the final time on Figure 1.5 to validate the upwind scheme which
creates no oscillation.

The stopping criteria is based on the error between the numerical solution at the final
time t = T and the exact stationary solution which can be computed easily and is close
to the exact stationary solution for large times.

0.35

0.7

0.3
0.6

0.25 05

02 0.4

0.1 0.2

0.05 H 0.1

Figure 1.5: Example 2: The numerical solutions in case Ax = At =1/200 (case 1,
left) and case Ax = At =1/1000 (case 2, right)
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Figure 1.6: Example 2: Relative errors versus Parareal iterations in case
Ax = At =1/200 (case 1, left) and case Ax = At =1/1000 (case 2, right)

1.6.2.1 Case 1

We first try with Ax = At = 1/200. For the monodomain solution, as the grids are
not very fine, the effect of the boundary layer on the right is big (see Figure 1.5 (left)).
In this test, the classical Parareal algorithm still works, even though it is quite slow,
it needs 7 iterations to reach the stopping criterion. On the other hand, the OSWR
method converges quite fast, it needs only 6 iterations to reach the stopping criterion.
Moreover, in the coupled method, we cannot see a clear difference between the line
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L PSWR 1 2 4 8(o0)
k 6 8 7 7 7
Lxk 6 8 14 28 56

Table 1.9: Example 2 (case 1) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

Parareal-OSWR

solver OSWR Parareal L=1) PSWR
iterations (n) 6 56 8 6

loss factor (I =n/6) - 9.3 1.33 1

gain factor (N) - 10 10 10
final gain factor (N /1) - 1.08 7.5 10

Table 1.10: Example 2 (case 1) Gain factor for Parareal and coupled Parareal-OSWR
methods compared to the OSWR solver

L = 8 and the classical Parareal method (apart from the very last iteration because for
k = N the Parareal algorithm calculates the exact mono-domain solution, and this is
not the case for the coupled method). This suggests that for a completely converged
fine solver, one needs around 8 iterations. We choose to consider L = 8 to be the same
as L = oo.

We see from Figure 1.6 and Table 1.9 that the performance of the coupled method in
this test is very different from the regular test. First, the PSWR only needs 6 iterations
to converge, even fewer iterations than all other choices. One could guess that because
we need very few iterations for a complete coarse solver, so putting only 1 iteration
does not reduce much the accuracy while keeping the coupled method far from the
classical Parareal, which performs poorly. Secondly, the final gain factors of all choices
increase slightly (compare Table 1.10 to Table 1.2).

1.6.2.2 Case 2

L PSWR 1 2 4 8(o0)
k 11 11 10 10 10
Lxk 11 11 20 40 80

Table 1.11: Example 2 (case 2) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

In this test case with At = Ax = 1/1000, Parareal does not work at all, since it
needs full 10 iterations to converge. In consequence, the final gain factor of the best
choice, shown in Table 1.12, decreases compared to case 1, so do all other choices.
Figure 1.6 and table 1.11 show that there is no more singular performance in PSWR,
it is now similar to the case L = 1, both are still the best choice. In addition, as the
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Parareal-OSWR

solver OSWR Parareal L=1) PSWR
iterations (n) 6 80 11 11
loss factor (I =n/6) - 13.3 1.83 1.83
gain factor (N) - 10 10 10
final gain factor (N /1) - 0.75 5.45 5.45

Table 1.12: Example 2 (case 2) Gain factor for Parareal and coupled Parareal-OSWR
methods compared to the OSWR solver

convergence factor of the OSWR becomes larger, the relative performances of large L
values increase, similarly to what is observed in Section 1.6.1.

1.6.2.3 Case 3 and case 4

We repeat this test with finer grids to confirm our observations.
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Figure 1.7: Example 2: The numerical solutions in case Ax = At =1/2000 (left) and
case Ax = At = 1/5000 (right)
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Figure 1.8: Example 2: Relative errors versus Parareal iterations in case
Ax = At =1/2000 (left) and case Ax = At = 1/5000 (right)
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L PSWR 1 2 4 8(o0)
k 12 12 10 10 10
Lxk 12 12 20 40 80

Table 1.13: Example 2 (case 3) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

Parareal-OSWR

solver OSWR Parareal L=1) PSWR
iterations (n) 8 80 12 12
loss factor (I =n/8) - 10 1.5 1.5
gain factor (N) - 10 10 10
final gain factor (N /1) - 1 6.83 6.83

Table 1.14: Example 2 (case 3) Gain factor for Parareal and coupled Parareal-OSWR
methods compared to the OSWR solver

In case 3 with Ax = At = 1/2000, the OSWR is now really slower, it needs 8
iterations to converge. In consequence, the final gain factors of all choices increase.
From table 1.13, we infer that the best choices are still PSWR and L = 1, while the
relative performances of L = 2, L = 4 and L = 8 increase, but quite slightly, not as
significantly as in the regular example of Section 1.6.1.

L PSWR 1 2 4 8(c0)
k 13 13 11 10 10
Lxk 13 13 22 40 80

Table 1.15: Example 2 (case 4) Number of Parareal iterations k and total number of
OSWR iterations L * k, versus L

solver OSWR Parareal Parareal-OSWR (L =1) PSWR
iterations (n) 8 80 13 13
loss factor (I =n/8) - 10 1.63 1.63
gain factor (N) - 10 10 10
final gain factor (N /I) - 1 6.15 6.15

Table 1.16: Example 2 (case 4) Gain factor for Parareal and coupled Parareal- OSWR
methods compared to the OSWR solver

This case 4 with At = Ax = 1/5000 reproduces all observations of case 3, and from
Table 1.14 and Table 1.16, we see that the final gain factors, again, decrease for finer

meshes (the OSWR method still needs 8 iterations, but its convergence factor increases
in fact)
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1.6.2.4 When Parareal is bad and OSWR is good

We observe in the above advection dominated tests that the different choices for L
do not lead to a clear separation in their convergence curves during some first Parareal
iterations, before these curves go down linearly, each with a different convergence rate.
We try here to give a brief explanation of this behavior by analyzing the upper bound
of the error of the coupled method; at Parareal iteration k > N, we shall show below
(see (1.116) in Section 1.8.6) that

1<n

max ||E g <CZ( )”k fy M| o (1.55)

We can write the sum in the right-hand side explicitly as

Nzl( )pk Moo = [NZ_l (k)ﬁ’v iy ] kN
i= = i=0 ! =
We also recall that from the convergence result of Parareal obtained in (1.13), then
after i iterations we have the following bound for the Parareal error
 max, IE 2 < CrylIM|oo-
For advection dominated tests, Parareal does not work well; even after N — 1 iterations
the error is still quite big. In fact, we have shown in Section 1.2.2 that when the value
of the convection velocity is "large", we may have y, > 1, and the above bound can get
large. Using the definition of the constant y, and the matrix M, one can easily calculate
v, and the norm of ||M!||. In this case, even though y, is still smaller than 1, the term
]2\]_1 IMN Y| is large.

The constant y in the error estimate of the coupled method plays the same role as
Yo in the pure Parareal method: they are upper bounds of the norm of the difference
between the coarse solver and the (incomplete) fine solver. In our analysis, y is not
sharp, it is greater than the sum of the Lipschitz constants of ¢ (which is y;) and &
(which is C,), so it is much greater than y,.

As OSWR converges quite fast in the above test cases, we expect that the Lipschitz

constant of (Z — %) and (£ — ¥) are quite close to each other, regardless of the choice
of L. In addition, with a small 5, we get ]: AN very small also.

To conclude, one gets that the sum is dominated by its last term:

N-—2 k
[Z(i)ﬁ’v - l||Ml||oo]<<rN iMoo

i=0

N—1
[ ( )”N - lIIMllloo}~YN_1IIMN_1IIOO,
i=0

which does not depend on /. This provides a bound in the right-hand side of (1.55)
which behaves like

or, equivalently

C N— 1||MN 1” ~k—N+1
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for k > N. Therefore, in the advection dominated test case, one should not expect
k; x L to be constant (independent of L), but rather that (k; —N + 1) x L will be more
or less constant: the error after N — 1 iterations linearly depends on ©. However, as
p is already small, the stopping criterion can be reached immediately at N iterations!
However, if we decrease the stopping criteria, for example of the last test, to 5.1077,
we get Table 1.17, in which we observe that all the terms (k; —N + 1) x L are very
close one to the other for all choices of L. We also see on Figure 1.8 that, after N — 1

L PSWR 1 2 4 8
(k—=N+1) 9 9 4 2 1
Lx(k—=N+1) 9 9 8 8 8

Table 1.17: Example 2 (case 3) Number of Parareal iterations after (k —N + 1) and
total number of OSWR iterations (k — N + 1) x k, versus L, stopping criteria 5.10~7

iterations, all curves converge linearly.
If we follow this conjecture, then the best choice should always be L = 1, as it benefits
from the first N — 1 iterations with almost no cost compared to greater values of L.

1.6.3 Large T and N

We now do another test with normal advection (v = a = 1) but with much larger time
interval T = 50, the source term and initial condition are chosen in order to have the
exact solution u(x, t) = cos(t)sin(7tx). For this big T, we take 100 time-windows, i.e.
N =100.

Figure 1.9: Example 3: The numerical solutions in case Ax =5.1073, At = 2.5.1073
(left) and case Ax = 2.5.1073, At = 6.25.10~% (right)

The difference between these two cases, which are shown in Figure 1.10, are sim-
ilar to the ones between the cases of Example 1. The behavior of the case Ax =
2.5.1073, At = 6.25.107* is presented in Table 1.20 and Table 1.21. Here, we only
give some remarks on the behavior of the coarser case Ax = 5.103, At = 2.5.107°,
shown in Tables 1.18 and 1.19.

With u(x, t) cosine in time, the starting error for OSWR, Parareal and the coupled
Parareal-OSWR are all small. We see here that the OSWR method converges very fast,
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Figure 1.10: Example 3: Relative errors versus Parareal iterations in case
Ax =5.1073, At =2.5.1073 (left) and case Ax =2.5.1073, At = 6.25.10~* (right)

L PSWR 1 2 4 8 11(c0)
k 17 17 9 5 5 5
Lxk 17 17 18 20 40 55

Table 1.18: Example 3 case Ax = 5.1073, At = 2.5.10~3; Number of Parareal
iterations k and total number of OSWR iterations L % k, versus L

Parareal-OSWR

solver OSWR Parareal L=1) PSWR
iterations (n) 11 5 17 17
loss factor (I =n/11) - 5 1.55 1.55
gain factor (N) - 100 100 100
final gain factor (N /I) - 20 64.7 64.7

Table 1.19: Example 3 case Ax = 5.1073, At = 2.5.10~2 Gain factor for Parareal and
coupled Parareal-OSWR methods compared to the OSWR solver

after only 11 iterations. The Parareal method runs very fast also, it needs only 5 iter-
ations for N = 100. In table 1.19, we see a great final gain factor for Parareal, using
more processors. The final gain factor of the coupled choices, in consequence, greatly
increases also.

The best choices are L = 1 and the PSWR. The lines L = 2 and L = 4 perform very well
also, very close to the best one. The line L = 8 is not very well. Then we try to refine
the mesh to see if their relative performances increase or not.

Similarly to the short time T with small N, the final gain factors of the coupled
method decrease when we refine the mesh. The relative performance of L = 8
increases, even though it is still not as good as in the case 4 of example 1.

We can conclude now that all the observations for short T and small N are still valid
for long T and large N.
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L PSWR 1 2 4 8 16(00)
k 29 29 15 8 6 5
Lxk 29 29 30 32 48 80

Table 1.20: Example 3 case Ax = 2.5.1073, At = 6.25.10~* Number of Parareal
iterations k and total number of OSWR iterations L % k, versus L

Parareal-OSWR

solver OSWR Parareal L=1) PSWR
iterations (n) 16 80 29 29
loss factor (I =n/16) - 5 1.81 1.81
gain factor (N) - 100 100 100
final gain factor (N /I) - 20 55.2 55.2

Table 1.21: Example 3 case Ax = 2.5.107>, At = 6.25.10™*: Gain factor for Parareal
and coupled Parareal-OSWR methods compared to the OSWR solver

1.7 Numerical results in 2D

In this section, we give some numerical illustrations of the performances of the cou-
pled Parareal-OSWR method (Algorithm 3), in two space dimensions. In Section 1.7.1
and 1.7.2, these results are shown in the context of the NICEM method [72] for the
space discretization, that enables the use of more efficient transmission conditions in
the OSWR method (i.e. Ventcel conditions) with general domain decomposition and
meshes. In section 1.7.3 we consider mixed finite elements as in [5] and Robin trans-
mission condition. In all cases the backward Euler scheme in time is used. For the
tests below with a variable advection field, the methodology to calculate the optimized
Robin parameter is still based on Fourier transform, as done in Section 1.3, by a frozen
coefficient approach. Another technique is proposed in [80], for a diffusion problem
with variable coefficients.

In algorithm 3, a possible choice for the the initial Robin datum on .#, is to take
E?”r? = (9%, U,? )(0), i=1,2 (i.e. 52’,? is constant on .#,). A better choice, that improves
the convergence of the Parareal-OSWR method, is to define Vn0 as a linear interpolation
between UT? and US 41> and then to take & ?}? = (%iVno)(O), i =1, 2. Thus the latter case
will be considered here.

The multi-domain problem (1.19) can actually be reformulated as an interface prob-
lem (see [39] or [68]) that can be solved by various iterative methods, such as block-
Jacobi (which corresponds to the OSWR algorithm) or GMRES, the latter being our
choice here (we call it “OSWRG” in what follows). Thus L will designate the number
of GMRES iterations. In the Parareal algorithm, both the coarse and the fine solvers
are performed using the OSWRG algorithm. For the coarse solver, as well as for the
fine solver with L = oo, the stopping criterion is when the jump of the optimized
transmission conditions, measured in the L?-norm on the interface, has been reduced
below 107!2. Otherwise, we will consider L iterations for the fine solver, with different
values of L. Note that in what follows the error is mesured in the L (0, T; H'(£))-
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norm, and that we obtain similar results in the L°°( x (0, T))-norm.

1.7.1 A rotating velocity

We set © =]0,1[x]0,1[, T = 21, and consider the two dimensional problem

ou+V-(au)—vAu=f, inQx(0,T), (1.56a)
u=up, ondNx(0,T), (1.56b)
u(-,0)=uy, inQ, (1.56¢)

with a rotating velocity field a = (a,, a, ), where a,, = —sin (TC(_)/ — %)) cos (n(x — %))

1 1
and a, = cos (ﬂ:(y — 5)) sin (n(x — 5)), see Figure 1.11 on the left. We choose the

b)) aaee—em——— s

A

NN

Figure 1.11: Example 1: rotating velocity (left), decomposition of €2 into 4
subdomains (middle), and decomposition of Q into 9 subdomains (right)

right-hand side f and the values of the boundary and initial conditions so that the exact
solution is given by

21t

u(x,y) = cos(mx)sin(my) cos( T

), V(x,y)eQ, Vte(0,T). (1.57)
The number of time windows for the Parareal iterations is N = 21. The time steps of
the coarse and fine solvers are At, =1 and Aty = 0.0156, respectively.

In what follows we denote by e the relative scheme error, in L°°(0, T; H'())-norm,
between the converged Parareal solution and the solution u of problem (1.56), given
in (1.57). The term “OSWRG iterations” will designate the iterations for the fine solver.
We will consider two cases for the diffusion and the domain decomposition in space.

In the results below, the cost of the coarse solver is negligible.

Case 1

We take v = 0.05 and a decomposition of €2 into four subdomains as in Figure 1.11 in
the middle. The number of triangles in the whole domain © is 8192 and the mesh size
in each subdomain is 0.0221.

In Figure 1.12 (left), we plot the evolution of the relative error in the
L°°(0, T; H}(Q))-norm, between the Parareal-OSWRG solution and the converged
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Parareal solution, as a function of the number of Parareal iterations, for different val-
ues of L. The case L = oo (black circle curve) corresponds to L = 10 (average value).
The horizontal dashed green line represents 0.1e and we consider the number of iter-
ations such that the algorithm error is smaller than this value. This is obtained after 3
iterations for Parareal or Parareal-OSWRG with L = 8, and after 5, 8, 18 iterations for
Parareal-OSWRG with L = 4, L = 2, L = 1, respectively. These data are reported in
Table 1.22. We observe that the fastest case is L = 2 with 16 OSWRG iterations globally.

Table 1.23 shows the gain (in term of fine solver iterations), when the fine solvers
are performed in parallel, of the full Parareal (L = 10) or the coupled Parareal-OSWRG
methods compared to the OSWRG algorithm for solving problem (1.56). The first col-
umn corresponds to the number of OSWRG iterations to reach 0.1e, when the OSWRG
method is used to solve (1.56). We observe that for N = 21 time windows, we gain
a factor 10.5 for Parareal and a factor 20 for Parareal- OSWRG which is nearly the ex-
pected parallel efficiency.
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Figure 1.12: Example 1: Relative error versus Parareal iterations. Case ¥ = 0.05 with
4 subdomains (left) and case v = 0.1 with 9 subdomains (right)

L 1 2 4 8 10(o0)
k 17 8 5 3 3
Lxk 17 16 20 24 30

Table 1.22: Example 1 (case 1): Number of Parareal iterations k and total number of
OSWRG iterations L x k, versus L

Solver OSWRG Parareal Parareal-OSWRG (L =2)
iterations (n) 15 30 16

loss factor ({ =n/15) - 2 1.07

gain factor (N) - 21 21

final gain factor (N /£) - 10.5 19.69

Table 1.23: Example 1 (case 1): Gain factor for Parareal and coupled
Parareal- OSWRG methods compared to the OSWRG solver for solving problem (1.56)
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Case 2

We take v = 0.1 and a decomposition of 2 into nine subdomains as in Figure 1.11 on
the right. The number of triangles in the whole domain € is 18432 and the mesh size
in each subdomain is 0.0147.

In Figure 1.12 (right), the Parareal algorithm (black circle curve) corresponds to L =
24 (average value). The horizontal dashed green line represents 0.1e, and is reached
after 2 iterations for Parareal, and after 3, 5, 12, 30 iterations for Parareal-OSWRG with
L=8,L=4,L=2,L =1, respectively. These data are shown in Table 1.24 and we
observe that the fastest case is L = 4, with a total of 20 OSWRG iterations.

Table 1.25 shows the gain, when the fine solvers are performed in parallel, of the
Parareal or the coupled Parareal-OSWRG methods compared to the OSWRG algorithm.
In the first column we give the number of OSWRG iterations to reach 0.1e, when it is
used as a solver for problem (1.56). We observe that for N = 21 time windows, we gain
a factor 10.94 for Parareal and a factor 26.25 for Parareal-OSWRG which represents an
efficiency strictly greater than 1, since the number of processors is 21. This is notably
better than the expected parallel efficiency.

L 1 2 4 8 24(mo0)
k 30 12 5 3 2
Lxk 30 24 20 24 48

Table 1.24: Example 1 (case 2): Number of Parareal iterations k and total number of
OSWRG iterations L * k, versus L

Solver OSWRG Parareal Parareal-OSWRG (L =4)
iterations (n) 25 48 20

loss factor (£ = n/25) - 1.92 0.8

gain factor (N) - 21 21

final gain factor (N /£) - 10.94 26.25

Table 1.25: Example 1 (case 2): Gain factor for Parareal and coupled
Parareal- OSWRG methods compared to the OSWRG solver for solving problem (1.56)

1.7.2 A boundary layer case with vorticies

We consider problem (1.56) with f = 0, ug(x,y) = 1—x, up(x,y) =1 on {x =
0} and up(x,y) = O elsewhere, and the following velocity field proposed in [104]:
a= 0.327[( sin(4mx)sin(4my), cos(4rrx)cos(47'cy)), see Figure 1.13 on the left. The
diffusion coefficient is v = 0.01 and the final time is T = 51. The number of time
windows for the Parareal iterations is N = 51. The time step of the coarse solver is
At =1.

In what follows we consider a decomposition of € into nine subdomains and con-
sider a uniform mesh (case 1) and then a nonconforming mesh adapted to the physics
(case 2).
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Case 1

We consider a uniform mesh as in Figure 1.11 on the right, with a mesh size in each
subdomain equal to 0.0147. The time step of the fine solver is Aty = 0.0156. The
computed Parareal-OSWRG solution at final time t = T is shown in Figure 1.13 on the

right.

1
X 0.9
X 0.8
. 0.7
X 0.6
3 0.5
X 0.4
3 0.3
. 0.2
. 0.1

0 0.2 0.4 0.6 0.8 1 0

X

Figure 1.13: Example 2: velocity field (left), and computed Parareal-OSWRG solution
at final time (right) for a uniform mesh

In Figure 1.14, we plot the evolution of the relative error in L°°(0, T; H'())-norm,
between the Parareal-OSWRG solution and the converged Parareal solution, as a func-
tion of the number of Parareal iterations, for different values of L. The Parareal algo-
rithm corresponds to L = 10 and we will compare the other cases of L to this case.
We do not know the solution of problem (1.56) and thus the relative scheme error e,
however we expect that e is between 10! and 1073, and thus 0.1e between 102 and
10™*. Consequently, in Figure 1.14, the horizontal dashed green lines represent three
possible values for 0.1e, and Table 1.26 shows the number of Parareal and total OS-
WRG iterations to reach these different values, for L = 1,2,4,8,10. We observe that

the fastest case is L = 2.
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Figure 1.14: Example 2 (case 1): Relative error versus Parareal iterations, with a
zoom on the first iterations on the right

The OSWRG algorithm used as a solver for problem (1.56) will need 22, 36 and
49 iterations to get a relative error in L°(0, T; H'(£2))-norm (between the iterate so-
lution and the converged OSWRG solution) smaller than 1072,1072 and 1074, respec-
tively. Table 1.27 shows the gain, when the fine solvers are performed in parallel, of the
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Parareal or the coupled Parareal- OSWRG methods compared to the OSWRG algorithm.
In this table we take the values obtained for e = 10™2 (note that these values corre-
spond also to those obtained with a mean value of the values for e = 107}, e = 1072
and e = 1073). We observe that for N = 51 time windows, we gain approximately a
factor 26.29 for Parareal and a factor 57.38 for Parareal-OSWRG which is slightly better
than the expected parallel efficiency.

L 1 2 4 8 10(~o0) L 1 2 4 8 10(~o0)
k 13 6 4 3 3 k 39 16 10 7 7
Lxk 13 12 16 24 30 Lxk 39 32 40 56 70

L 1 2 4 8 10(~00)

k 65 26 16 11 11

Lxk 65 52 64 88 110

Table 1.26: Example 2 (case 1): Number of Parareal iterations k and total number of
OSWRG iterations L « k, versus L to reach 3 different relative accuracy values: 1072
(top left), 1072 (top right) and 10~* (bottom)

Solver OSWRG Parareal Parareal-OSWRG (L = 2)
iterations (n) 36 70 32

loss factor ({ =n/36) - 1.94 0.89

gain factor (N) - 51 51

final gain factor (N /£) - 26.29 57.38

Table 1.27: Example 2 (case 1): Gain factor for Parareal and coupled
Parareal-OSWRG methods compared to the OSWRG solver for solving problem (1.56)

Case 2

We consider nonconforming meshes, refined in the region of the boudary layer, see
Figure 1.15 on the left, with a mesh size equal to 0.0065, 0.0131, and 0.0295, for the

1
subdomains with a boundary along {x = 0}, those with boundaries along {x = 5} and

2
{x = 5}, and those with a boundary along {x = 1}, respectively. The time step of the

fine solver is Aty = 0.01. The computed Parareal-OSWRG solution at final time t = T
is shown in Figure 1.15 on the right, and is similar to the one obtained with a uniform
mesh (see Figure 1.13 on the right).

In Figure 1.16, we plot the evolution of the relative error in L°(0, T;H(2))-
norm, between the Parareal-OSWRG solution and the converged Parareal solution, as
a function of the number of Parareal iterations, for different values of L. The Parareal
algorithm (L = o0) corresponds to the case L = 12, and we will compare the other
cases of L to this case. As for Case 1, the horizontal dashed green lines represent
three possible values of 10% of the error, and Table 1.28 shows the number of Parareal
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Figure 1.15: Example 2 (case 2): nonconforming meshes (left), and computed
Parareal-OSWRG solution at final time (right)

and total OSWRG iterations to reach these different values, for L = 1,2,4,8,12. We
observe that L = 2 is the case with the fewest iterations.
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Figure 1.16: Example 2 (case 2): Relative error versus Parareal iterations, with a
zoom on the first iterations on the right

The OSWRG algorithm used as a solver for problem (1.56) will need 24, 40 and
56 iterations to get a relative error in L°(0, T;H'(£2))-norm (between the iterative
solution and the converged OSWRG solution) smaller than 1072, 1072 and 1074, re-
spectively. Table 1.29 shows the gain, when the fine solvers are performed in parallel,
of the Parareal or the coupled Parareal- OSWRG methods compared to the OSWRG al-
gorithm. In this table we take the values obtained for e = 10~2 (note that these val-
ues correspond also to those obtained with a mean value of the values for e = 1071,
e =102 and e = 1072). We observe that for N = 51 time windows, the results with
a conforming mesh (Table 1.27) or with nonconforming meshes (Table 1.29) are very
close and slightly better for nonconforming meshes adapted to the physics. Indeed, the
gain is approximately a factor 24.28 for Parareal and a factor 60 for Parareal-OSWRG
which is significantly better than the expected parallel efficiency.
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L 1 2 4 8 12(ro0) L 1 2 4 8 12(ro0)
k 16 6 4 3 3 k 47 17 11 7
Lxk 16 12 16 24 36 Lxk 47 34 44 56 84
L 1 2 4 8 12(ro0)

k 79 28 17 11
Lxk 79 56 68 88 132

Table 1.28: Example 2 (case 2): Number of Parareal iterations k and total number of
OSWRG iterations L x k, versus L to reach 3 different values: 1072 (top left), 1073
(top right) and 10~* (bottom)

Solver OSWRG Parareal Parareal-OSWRG (L = 2)
iterations (n) 40 84 34

loss factor ({ = n/40) - 2.1 0.85

gain factor (N) - 51 51

final gain factor (N /{) - 24.28 60

Table 1.29: Example 2 (case 2): Gain factor for Parareal and coupled
Parareal-OSWRG methods compared to the OSWRG solver for solving problem (1.56)

Remark 1.14. Note that in the results above, the number of OSWRG iterations to reach
full convergence, inside each time window in the Parareal iterations, is smaller than the
one needed to reach full convergence on (0, T) with OSWR method as a solver, probably
because the time windows are smaller.

Remark 1.15. Another coupled algorithm is proposed in [54 ], involving incomplete (only
one) iteration of OSWR both for the coarse and fine solvers (instead of incomplete iteration
for the fine solver and a converged coarse solver as in our algorithm). The 2D simulations of
this section don’t show a comparison with that algorithm, however we have observed that
the case L =1 is not the optimal choice of L, and that doing also incomplete iterations for
the coarse solver will lead to similar or slower convergence than using a converged coarse
solver.

1.7.3 Example in an industrial context

We consider a simplified model problem given by ANDRA, the French National Agency
for Radioactive Waste Management (see also [68, 4, 5]), that simulates the transport of
a contaminant in and around a nuclear waste repository site. The simulation domain is
depicted in Figure 1.17 (left) (not at scale). The nuclear waste is stored in the repository
(yellow), which is a 2950m by 10m rectangle located in the center of a clay domain of
3950m by 140m (light brown). In this example, we are concerned with the following
time-dependent diffusion problem in mixed formulation:

o=—-SVuin Qx(0,T), (1.58a)
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¢%+V-a=f in Qx(0,T), (1.58b)

where Q =[0,3950] x [0,140], u represents the (dimensionless) concentration of the
contaminant, ¢ is the porosity, and S is the time-independent diffusion tensor. We
decompose 2 into nine subdomains where €2 is the nuclear waste repository domain,
see Figure 1.17 (right). The porosity ¢ and the tensor S are defined as follows:

b= 0.2 inQs, o] 2x 10°Im?/s  inQs,
~ ] 005 inQ;, i#5, Tl 5x1072Im?/s inQ, i#5,

where I is the identity matrix. The source term f is zero in the clay layer and

107 years ! if t < 10° years,

= . in the repository.
f 0 if t > 10° years, P ¥
The initial condition is uy = 0 and we set homogeneous Dirichlet conditions on the top
and the bottom of 2, and homogeneous Neumann conditions on the other sides of 9.
We are interested in the long-term behavior of the repository, over one million years,
so that we set T = 10° years. A dimensionless form of this problem is given in [5]. The

number of triangles in the mesh of Q is 106638 (see Figure 1.18).

bom | 140m Q) Qs Y
2950m ,,,9,4| Q5 I ,,,Q@
o% o L

3950m ‘ 3

Figure 1.17: Geometry of the nuclear waste repository (yellow) and the clay layer
around it (light brown) on the left and its decomposition into 9 subdomains on the
right

Figure 1.18: Example of a mesh used in and around a nuclear waste repository site

In Figure 1.19, we plot the evolution of the relative error in the L2(2 x (0, T))-
norm, between the Parareal-OSWRG solution and the converged Parareal solution, as
a function of the number of Parareal iterations, for different values of L. The Parareal
algorithm (L = o0) corresponds to L = 10 and we will compare the other cases of L to
this case.
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In [4], an a posteriori stopping criterion is given for this test case and the dashed
green line shown in Figure 1.19 corresponds to this criterion. This line is reached
after 3 iterations for Parareal and Parareal-OSWRG with L = 4, and after 12 iterations
for Parareal-OSWRG with L = 2. The Parareal-OSWRG algorithm with L = 1 seems
to be not convergent (at least on the first thirty iterations). These data are reported
in Table 1.30 and we observe that the fastest case is L = 4 with a total of 12 OSWRG
iterations.

Table 1.31 shows the gain, when the fine solvers are performed in parallel, of the
Parareal or the coupled Parareal-OSWRG methods compared to the OSWRG algorithm.
In the first column we give the number of OSWRG iterations given in [4] from the a pos-
teriori stopping criterion, when the OSWRG method is used for solving problem (1.58).
We observe that for N = 10 time windows, we gain a factor 3.66 for Parareal and a fac-
tor 9.17 for Parareal-OSWRG which is almost the expected parallel efficiency.
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Figure 1.19: Example 3: Relative error versus Parareal iterations

L 1 2 4 8 10(ro0)
k - 12 3 3 3
Lxk - 24 12 24 30

Table 1.30: Example 3: Number of Parareal iterations k and total number of OSWRG
iterations L * k, versus L

Solver OSWRG Parareal Parareal-OSWRG (L =4)
iterations (n) 11 30 12

loss factor ({ =n/11) - 2.73 1.09

gain factor (N) - 10 10

final gain factor (N /£) - 3.66 9.17

Table 1.31: Example 3: Gain factor for Parareal and coupled Parareal- OSWRG
methods compared to the OSWRG solver for solving problem (1.58)



1.8. Extension to overlapping subdomains : convergence factor of the Parareal-OSWR
method 47

1.8 Extension to overlapping subdomains : convergence fac-
tor of the Parareal-OSWR method

In this section, we provide a convergence factor of the coupled Parareal-OSWR algo-
rithm, from the one of the OSWR method.

For nonoverlapping subdomains, as shown in Section 1.3.2, the convergence factor
of the OSWR method (obtained using Fourier transform) will tend to 1 when the fre-
quency tends to infinity, and thus we cannot derive a convergence factor of the coupled
Parareal-OSWR algorithm in that case. However, in the case of overlapping subdo-
mains, the convergence factor of the OSWR method will be strictly smaller than 1 (see
Section 1.8.4 below), and we can provide a convergence factor of the coupled Parareal-
OSWR algorithm. Thus, in what follows we will consider overlapping subdomains.

1.8.1 Domain decomposition and notation

We consider a decomposition of £ into two subdomains
Q) =(-00,8), Q;=(0,+00),
where 6 > 0 is the overlap between the subdomains. We set
6,=06 and 6,=0. (1.59)

We consider the Robin interface operator 43; for i = 1,2 defined in (1.2). Then, prob-
lem (1.1) can be reformulated as the following equivalent multi-domain problem [39],
with u; =g, and ug; = ugljg,, i =1,2:

Lu; =f in Q; x (0, T),
ui(', O) =Up; in Qi? i= 1, 2, (160)
(Bu;)(6;,) =&  on(0,T),

with
‘gi I:(%ﬂlj)(6i,') on (O, T), ]:3—1, i= 1,2 (161)

As in the nonoverlapping case, in (1.2) p is a free parameter chosen such that: a) a
Robin subdomain problem of type (1.60) is well-posed, b) it leads to a fast converging
algorithm.

In what follows we will use the notation & := (&,,&,) for the exact Robin data
on (0, T) associated to the exact solution u of (1.1).

1.8.2 Existence and regularity results

We consider the spaces Z;, i = 1,2, and % defined in Section 1.1.2 and the regular
space H().
We recall below some useful regularity properties from [84].

Lemma 1.16. (Regularity of problem (1.60))
Leti=1ori=2 Ifus € %; f € L*(0,T;L%(%;)) and &; € %, problem (1.60) has a
unique solution u; in H*(Q; x (0, T)) and there exists a constant C independent of u,

f,and &; s.t.

”ui”HZJ(Qix(O,T)) < C(”uo”%i + ”f”LZ(O,T;LZ(Q[-)) +11&illa)-
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Lemma 1.17. (Trace theorem)
Ifu € H*'(Q; x (0, T)), then u(-,T) € H'(Q), (B;u)(6;,-) € ¥, i = 1,2, and there
exists a constant C s.t.

I(B;u)(0;, o < Cllullg21(,x(0,ry, 1=1,2.
and

lluC., Tl < Cllullgzi@ x>, 1=1,2.

1.8.3 Optimized Schwarz Waveform Relaxation Method
Following the notation of Section 1.3, the method is defined using, fori =1,2 :

* the solution operator .#;(.#,uy;,&;), i = 1,2, that maps the available Robin con-

dition &; and initial condition u,; to the subdomain solution u;8:

I"'xHY Q) x ¥ — H>(Q; x %)
(yau(),ia 51) - uj,

where u; is the solution of the following Robin problem in ; x .#

M (1.62)

ZLu;= f inQ; x.#,
ui(-, 0) = U, in Qi’ i= 1,2, (163)
(Biu;)(6;,))= &  on.SL.

* the transmission operator 93;, i = 1,2, that maps the available neighbor subdo-

main solution u; € Hz’l(ﬂj x #), j = 3—1, to a new Robin datum &; € % :

€ =(%Bu;)(6;,") on L.
Using the definition of .#;, problem (1.60)-(1.61) can be rewritten as
u; =//li(ﬂ,u0’i,§i), i:1,2, (1643)
gi:(’%iuj)(5i") on ﬂ’ ]:3—1, l:1,2 (164b)

The OSWR algorithm for solving problem (1.64) (or equivalently (1.1)) is as fol-
lows.

Algorithm 5 (OSWR)

Choose an initial Robin data £° = (£9,£9) on .#, for example &% = (B;ug,;)(5;,-), i = 1,2.
for{=1,2,... (OSWR iterations)
1. Solve the local space-time Robin problems by calculating

u = (I, 551, i=1,2. (1.65)
2. Update the Robin interface term Ee = (5‘1, Eg), with
& =(Bui)6;,)) ons,  j=3—i, i=12. (1.66)

end for

Remark 1.18. By definition of .#; and uf in (1.65), the interface condition is

(Bul)(5;,) =& i=1,2. (1.67)

8the operator .#; should depend also on f but we omit it here to simplify the notations.
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1.8.4 Stability and convergence

We suppose that f € L2(0, T; L2(Q2)), and will use the notation of Section 1.3.1.
Let (uf , Ef), i = 1,2 be defined by (1.65)-(1.66). For the convergence analysis below,
we recall the following notations of Section 1.3.1 for the errors, fori =1,2 and £ > 1:

Cf = §f —&;, where &; is defined in (1.61), and we set ¢t= (¢, Cg), (1.68)

ef = uf —u, where u is the solution of (1.1), (1.69)

Theorem 1.19. Consider Algorithm 5. If uy € H'(Q) and E° € %2, then there exists a
constant p < 1, independent of uy and E°, such that, V£ > 1

IE* N2 < P> NIE° a2 + Crlluollir ey + 11 lz20,7:2()
(1.70)

12 Dllngay + 112G T,y < CaBHIE o + ol ) + 11 1l20,7:12(0)-
1.71D)

with p = /p.

Proof. The proof of Theorem 1.19 extends the one of Lemma 5.7 in [50], obtained for
uy € H?(Q), to the case uy € HY(Q). By linearity of M;, from (1.64a) and (1.65),
the error ef = uf —u, i = 1,2, at iteration { of the OSWR method, satisfies ef =
Mi(£,0, C'f_l), with Cf_l = Ef_l —¢&; and f = 0. Equivalently, ef is solution of the

following problem

Zel= 0 in Q; x %,
e!(,0)= 0  inQ, i=1,2, (1.72)
%ief(éi,-)z Cf_l on .#.

From (1.64b) and (1.66), we have Q’f = %ief((ﬁi, -), i =1, 2, and thus the transmission
conditions on .# in (1.72) also read

Bie'(5;,) = @ief—l(éi,) on#, j=3—1i, i=1,2. (1.73)

Now we use Fourier transform as in Section 1.3.1, and extend (1.72)- (1.73) to &
in the following way :

e for £ = 1, the Robin condition in (1.72) is with ¢ ? € % and we can extend { ?
by zero to H %(%) to obtain a function, denoted by ¢ ?, vanishing on (—o00,0), and on
(T,+00), for i = 1,2. Then we can extend equations (1.72) to %, and their solutions,
denoted by (é}, é;), vanish on (—o0,0) and coincide with (e%, e%) on (0, T).

e for £ > 2, we define the Robin trace Ef—l = ,%iéf_l(&,-) on {6;} x &, which
belongs to H%(%), vanishes on (—o00,0) and coincides with %ief_l(éi, ) on {&;} x
(0,T), fori =1,2. The subdomain problems (1.72) are extended on 2; x % as follows

et= 0 in Q; x %,
&(,00= 0 in Q;, i=1,2, (1.74)
B4 (6,)= {1 ona,
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and their solutions vanish on (—oo, 0) and coincide with (eg, eg) on (0, T). In particular,
by definition of Z f_l above, the transmission condition (1.73) has been extended on
{6;} x Z in (1.74) as follows :

%iéf(Ei,-)z,%iéf_l(éi,-) on®, j=3—i, i=1,2. (1.75)

Note that for £ > 1, the property if—l €H 411(933) implies that the solution ef of
problem (1.74) is in H>!(Q; x ), and thus the new Robin datum 4 f, defined above, is
still in H 3 (%).

Then, using Fourier transform in time, we solve in each subdomain the ordinary
differential equation

iwe! — 10,8 +ad el +bef =0, i=1,2, (1.76)

with the characteristic roots r— and r* defined in (1.36), and the subdomain solutions
éf € L%(,), i = 1,2 are given by’

2 . + 2 _
&l = ﬁ+pg§—1(w)er =) gl = ﬁ+p§g_1(w)er ooe=1, 177
then, replacing (1.77) in the transmission conditions (1.75) leads to
50 _ 5r$0—1
Ve 1, (gg) = (M ) ( e_&f@_l). (1.78)
Cz 1/E+p e Z:l
Using (1.36) and the following identities
1 1 1 6
or- = 55(r_ —r)+ E5(r_ +rf)= 55(r_ —r)+ 2—(11},

1 1 1 o
—6rt = 55(1‘_— rt)— E5(r_ +rt) = 55(1‘_— rt)— 2—3,

one obtains

& = V@)™,

&4 = v/po(@le I, e
2
with py(w) := (%) eS0T,
Thus, setting éj = (&, é’g), we have
Ve=2, & =pylw)d (1.80)
From (1.80), by induction we obtain,
& =po(@)’, vez1 (1.81)
Then, setting
p := sup |[po(w)l, (1.82)

WER

Note that here the term “0," in 9; is multiplied by v while this is not the case in [50]. Thus éf is
slightly different here, from the one of [50].
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we have 0 < p < 1, and denoting ZL] = (&, Z:’g), from (1.81) and (1.82), we get

220 130
(14 ”(H%(%))Z <p'lIg ||(H%(‘%))2, Vi>1.

From the above inequality, and using that Z’ 0— 0O a.e. on (—o0,0) and on (T, +00), we
obtain

~20 ) 0
< , {>1.
114 II(H%(%))z Joid ({4l P% v
526
Now, using that [|£%]]4: < || II(H%(Q))z, then we have

122 a2 < P41IZ0 w2, V¢ > 1 (and also for £ = 0). (1.83)
This can be rewritten by introducing explicitly the error:
IE* ~Ellaz < P IIE® ~Ella,  VE=1. (1.84)

From Lemma 1.17, the norm of &; is bounded by the norm of u;, which is itself
bounded by the norm of u. Then, using Lemma 1.1, it is also bounded by the norms of
Uy and f. One then gets (1.70) using simple triangular inequalities in (1.84).

From the regularity of the subdomain problem (Lemma 1.16) for the error (1.72),
we have

”ei%“HZ’l(Qix(O,T)) <ClIEH Yy

Then, from (1.79), one gets (note that the value of C changes from one inequality to
the other)

lle2 |20, x0,7) < CIIEH gy < CﬁllC?e_zllg (with j =3 —1)
and then, with (1.83)
||€i2€||H2,1(Qix(o,T)) < Cﬁ2£_1||5?||@/-

Then, from the triangular inequality, one has

w2 g, xc0,19) — i 21 g, x (0,19 < N2 2o, xc0.7y)
< Cﬁ%_l(llg?ll@ +11&lla). (1.85)

Then, again, from Lemma 1.17, one has
12 C, Tllar, < Cllu? (9, x(0,7)- (1.86)

Then, using again the stability results, the norms of &; and u; are bounded by those of
ug and f, so that (1.85) and (1.86) lead to

||ul.2[(., Tlla, < Cz(ﬁze_lng?”@/ +luolla + I1f 11220, 7522¢0))5

which implies (1.71), with C, independent of £, uy and &°. O
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Remark 1.20. The result of Theorem 1.19 can be extended to the case (20 + 1). We have
first that

174 Tl < (P2 NEa + luollar + 11 llz2qo,msz20)- (1.87)

For the Robin terms, one could give a more dedicated bound

16267 1, < 2V 3212910, + ¢y (ol iy + 1 2o, 7:22(0)

_ ' (1.88)
||§%€+1||9y <e 5“/(2”)1)2“1”62”@ + c1(lluolleey + I 220, ;22(0))
As in Section 1.3, in the sequel we will denote in compact form
(up,u5,€") = OSWR,(#, up, £°), (1.89)

where u%, ué, and EL = (& f)izl’z are the output after L iterations of algorithm (1.65)-
(1.66) with initial condition u, and initial Robin data &, on .# (due to the overlap, one
cannot define a global function u® as in Section 1.3).

1.8.5 Coupled Parareal-OSWR method

In the Coupled Parareal-OSWR algorithm, incomplete iterations of the OSWR method
are performed. Thus, at each parareal iteration, the output of the fine solver (i.e. the
OSWR method) is not in H'(£2). In the case of nonoverlapping subdomains, this is not a
problem since the coupled algorithm is based on initial conditions U ,’1‘ in the local regular
space & (defined in Section 1.1.2), at each parareal iteration k and time window .#,
(see Section 1.4). However, in the case of overlapping subdomains considered in this
section, the functional space for Uff is H!(£2). Consequently, we need a correction step
that will build, from the OSWR output, a function in H'(£2). This correction is defined
as follows : Let Q5 :=]0, 5[ be the overlap, and let u; € &;, i = 1,2. We define the
correction operator ¢ from (27, Z,) to H'(Q) as follows :

%(ul, uZ) =u withu= Uiy + Ususy, (190)

where, fori =1,2,and j =3 —1,

1 in Ql\QIZ’ 1 in Qz\ﬂlz»
5— x
U = 5 X in Qq9, and Ug = g n 10, (1.91)
0 in Q, 0 in Q.

From the formulation of the correction, one gets immediately that, if u; € H'(£2;) and
u, € HY(Q,), then 1t € H(Q) and that there exists a constant C such that, Yu; €
H'(Q;),u; € H'(Q,)

16 (w1, u)llp, (@) < CUlur a0y + luallmq,)) (1.92)

Using the notation of Section 1.4, the Parareal-OSWR algorithm with overlapping sub-
domains is defined, using the coarse propagator ¢ of Section 1.2 and the incomplete'’
fine propagator OSWR; defined by (1.89), as follows :

%In the sense that L will be smaller than the required number of iterations to converge.
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Algorithm 6 (Coupled parareal-OSWR)

1. Choose an initial data (U°),cpong With UJ = u, and U? an approximation of u(-, T,), for
example US =Y(SL_1, Ur?—l)’ forn=1,2,...,N.
0,0

2. Choose an initial Robin data (52’0)ne[[o,N]], with 52’0 = (& l’n,gg’ﬁ) on .#,, for example
0,0 _ 0 s
gi,n - ('%iUn)(éi’ '): L= 132
for k =0,1,... (Parareal iterations)
1. On each time interval .¢,, n=0,1,...,N—1:

Calculate (u’f:ﬁ, ugjﬁ, 5’;’L) = OSWR, (4, Uff, Eﬁ’o). (1.93)

kL |

2. Perform the correction on u;”, :

lvlﬁ’L = %(ulfjﬁ(: Tn+1)’ U;{jﬁ(: Tn+1))- (194)

3. Set U(’)<+1 = u, and do Parareal corrections:

UKL =it + (5, U — 9(5,, UD). (1.95)
Update the interface term: & ﬁH’O =& fi’L. (1.96)

end for

1.8.6 Convergence factor of the Parareal-OSWR method

The theoretical results below are based on Theorem 1.19, and thus we suppose that the
number of iterations L of the OSWR method is even, with L > 2. However, these results
can be extended to the more general case of any integer L > 1, by using Remark 1.20.

As in Section 1.5, we need the following notation.

Notation for error estimation

Let u be the solution of problem (1.1), and (u?’ﬁ,ug’i,gﬁ’e)lgs ;, be the sequence of

iterates through the OSWR step (1.93). We define, fork =0,1,...,andn=0,...,N—1:
. ET]: = U:f —u,, n=0,...,N, where u, =u(., T,),

. ef.f’f = uff — ulg,, the error in H?Y(Q; x (0,T)) at each iteration ¢ inside

step (1.93), i=1,2,for{=1,...,L,
o (Mi=gR g fort=1,...,L, where £, = (B,u)(51, Ty), (Bou)(52, T)).

Then, by linearity, the algorithm on the error reads
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Algorithm 7 (Coupled Parareal-OSWR algorithm on the error, with overlap)
1. Define initial data (E?),cfong with E§ =0, E® := 9(#,_,,U° ) —u,, n=1,2,...,N.
2. Define initial Robin data (¢ g’o)ne[[O,N]], with ¢ 2’0 = (¢ %g, g:g) on .#,, where { 2’: =
(BE2(5;,), i=1,2.
for k =0,1,... (Parareal iterations)
1. On each time interval .¢,, n=0,1,...,N—1:

Calculate (e’fﬁ, e’;:ﬁ, Cﬁ’L) = OSWRL(ﬂn,ErIf, {’;’0). (1.97)
2. Perform the correction on eﬁ’L :
v k k,
es’L = (g(eljrl{(-; Tn+1); ez’,Ll(-’ Tn+1))' (198)

3. Set E(’;H = 0 and do Parareal correction:

k+1 _ sk, o1 k k
EMl =t + 4(9, EMT —EN). (1.99)
Update the interface term: ¢ ﬁ*m = ’;’L. (1.100)
end for
We recall the definition
0=4p, (1.101)

where p is defined by (1.82).

Convergence factor

As in Section 1.2, we set EX := (”Ell{”Hl(Q)’ ||E’2‘||H1(m, cee, ||E1’§||H1(m)t, and also denote

1 k,0 k,0 k,0 t
¥, = H4(%,), n € [0,N —1], and &* := (|Igy a2, 167 IIg;/lz,...,IIC,\;_lllqy]g_l) . We
will use the following element-wise notation, for U,V € &N

U<V << U, <V, Yne[1,N],
W :=max(U,V) < We 2" and W, = max(U,,V,), Vn€[1,N].

We suppose that ¢ is an operator on H'(Q) that verifies (1.45), and consider M defined
by (see [56])

T
M;=1 1 i<t 1<ijzn.
0 ifj>1i

Then we can prove Lemma 1.21, from which we get Theorem 1.22 and the upper esti-
mate for the error of the Parareal-OSWR method in Corollary 1.23.

Lemma 1.21. Let & verify (1.45), and 5 be defined by (1.101). There exist constants C;
and C, such that

k
E* < (11 + GIME* + C1Gf (I 1 MM BPES 4+ G~ U+ 1 M)p DR,
i=1
(1.102)
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Theorem 1.22. Let p be defined by (1.101). We set

v := max (Clczﬁ_l, 11+ Cot+ /(1 + C22)2 +471C1Cop71p ) ’ (1.103)
and
C0:=Inax(E0,g%§0), (1.104)
with Cy,C, from (1.102), and p := $*. Let I be the identity matrix in Z". Then
EF < (yM + pDFC,, (1.105)
with p < 1.
Corollary 1.23. Denote by C = ||Cy||oo and m := | max IM|| o, we have
min(kN—1) - '
max, IEXIr1(@) < Cmmax(1,yV") ZOI (i)ﬁk_’, (1.106)
i=
and consequently ||Erlf|| H1(q) tends to 0 when k tends to infinity.
Proof of Lemma 1.21. From (1.99) the error verifies
IEN i) < 19020 B = Elln o) + 1€ 11 (o) (1.107)
Here ek L is the error, with correction, at Parareal iteration k and iteration L of the OSWR

algonthm on .¢ :=.#,, with initial condition E kK ¢ H'(Q), initial Robin conditions { E’O .
Let L > 1, then we apply (1.70) and (1.71) with 2{ =L, uze = bl 521 = Ck’L After

i,n’
that, we use the inequality on the norm of the correction (1.92) with u; = el . ( 1)

andu—e“

We obtam
I8 a2 < BEIEK Nl a2 + CrllER () (1.108)
185 iy < Co(B"MIEE gz + NEE Nk )- (1.109)
Using now condition (1.45) on ¢ and (1.109) in (1.107), we get
IEK iy < iIEST = EXllnay + CalB T IER a2 + I ER Il (),
which implies, using the triangle inequality,
||En+1 @) < TillE +1||H1(Q) +(ri+ Cz)”E ey + C2B™~ 1||§k 0||@2 (1.110)
From this we obtain, for p =0, 1, ..., n, by induction on p,

1
IS ey < 75 ||E’<+1||H1(m+m+CZ)ZY1||E,1 Mgy +Cap™™ 1Zy1||e: g
i=0 i=0

Using the above inequality with p = n, together with ||E§+1|| i) = 0, we get, for
n=0,1,.,N—1:

n n
[ v [,— [ k,O
X iy < (i + ) DL PIER oy + Cop ™ D v IR 2
i=0 i=0
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or equivalently, in matrix form (using again the fact that ||E§|| Hi@) = 0),
EF < (v, + C)MEX + C,p 1 (1 + v, M)ZE. (1.111)
Moreover, from (1.100) we have { ,I;’L = ’:IH’O, and thus (1.108) also reads
125200z < BHIE Nz + CLIE s (1.112)
which implies
”CEH’O”?I/HZ < ﬁL”Cﬁ’OnyHZ + C1||E,l:||H1(Q) + C1Y1||E§_1||H1(Q) +-t CIYT_lnEi{”Hl(Q)
or equivalently, in matrix form,
g < pek + o ME-. (1.113)

Inserting (1.113) in (1.111) we obtain, for p =0, ..., k, by induction on p,
p . .

EM < (1 + CIME  +C1Cp ™ (47 MIM Y S7ES +Cop ™ (1 71 M)+ VR,
i=1

In particular, for p = k we get (1.102). O

Proof of Theorem 1.22. The proof is done by induction on k :

e For k = 0, by definition of C,, we have E° < Cy, thus (1.105) holds for k = 0.

e For k > 0, we suppose that (1.105) holds up to k, and we show that it holds for k+ 1:
from (1.102) we have

k
E“T < (y1 + C)MEF + C,Cop {41, MM Y PIEER 4 Cop 711+ 1, M)p R4 DEEO.
i=1

Using the induction hypothesis in the above inequality and 5 = p, we obtain

EXT < (yy + CM((yM + p1)FCy)

k
+CCp T I+ Y1M)MZﬁl (M + pDFICy ) + Cop ™M (T + 71 M)pF1E0.

i=1
(1.114)
Moreover, we have
k ) ) k ) )
YMD 5 (M4 DN = (M4 D= D) Y o (M + pDF
i=1 i=1
=(yM+ gDk — g L. (1.115)

Inserting (1.115) in (1.114) we get

EX < (r1 + M ((rM + DGy
C1Cop7t . y ) o )
+ 2221+ 1M (M + pD)F — BFI) Co + Cop M T+ 7, M)BF1L0,
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or, equivalently,

CiCyp~!

EXT < ((ry + C)M+ (IT+7,M)5 ) (yM+ pD*Cy

‘— . C
+Cop 7 (14 YlM)PkH(CO - ?1(:0)-

C
By definition of C, in (1.104) we have { 0_ —1C0 < 0. Thus we obtain
Y

C1Cyp57t
E < (11 + COM+ 222 (14 1, M)5 ) (M + SDFC,
Y

or equivalently,

1

C1Gp~ 4 C1Cyp7! )

EF < ((Yl +C+ 11 fIM + ——2"—p5I)(yM + D C,.
Y

c,C 51 C.C x—1
The definition of y in (1.103) implies 1t2b <1landy,+Cy+ Yl—l 2P p <
Y

— >

thus
ET < (yM+ D (yM + pDFC,

which gives (1.105) at step k + 1, and ends the proof of Theorem 1.22. O

Proof of corollary 1.23. From (1.105) we have

k
k S
Ek < ~k—1i, ingl )
<> (4]t rme,
i=0
Using that M' = 0 for i > N, the above inequality also reads

min(k,N—1) k
k < ~k—i, ingl

i=0

Setting C = ||Cy|| o0, We obtain

min(k,N—1)
k xk—i i (i
max [IEXllio) < C ZO (i)f’ Y IM | o (1.116)
1=
Then with m = Jnax IM!|| o (note that m doesn’t depend on k) we get
SISN—

min(k,N—1) k
max ||E§||H1(m <Cm Z (i)ﬁk—lyl’

1<n<N £
i=0

k
from which we obtain (1.106). Using that 0 < i < N —1, the term (l) is a polynomial

in k of degree less than or equal to N — 1. Hence ||ET]§||H1(Q) tends to O when k tends to
infinity since g < 1. O
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1.8.7 From the operator view point

In this part we will try to write the algorithm using the operators between functional
spaces. We then try to establish the same results as in [54].
For the error analysis, as the source term f is 0, and from the linearity, the spaces

1 1
% = H4(T,, Ty4+1) can be considered as %, = H4(0, AT).
We define the following operators
Y. X ->X
U—9U)=u,

where u is the solution of the following problem
u—U
AT
with homogeneous Dirichlet boundary conditions.

Let & = (£1,&,) € (%)% We recall the OSWR method with vanishing source terms
using L iterations: let (5(1), Eg) =(&,,&9), wesolve, forf =1,...,L: fori=1,2,

— v, u+ad,u+bu=0inQ

2 =0 in @ x(0,AT),
uf(,0) =uglg, in
Bu;(5;,-) =& ' on (0,AT),

with the update of the Robin data on (0, AT)
£ =Bl (6:,9).
From this we can define the incomplete fine solver operator
OSWR; : & x (%)* = & x (#%)?

that maps (uy,&) to (aL,gL), where t* = %(u%(.,AT), ué(.,AT)) (€ is the correc-
tion defined in subsection 1.8.5), &L = (§L,§§). We observe that OSWR; (uy,§) =
OSWR;(0,&) + OSWR; (ug,0). Here, on the right-hand side, we have four parts, the
most important part here is the second component of OSWR; (0, &), which can be ex-
pressed as 2L&

2 (%) = (%), 2(81,82) = (B1(u)(61), Bo(ur)(53))

and (u;) is the solution of
YWw;) =0 in  Q; x(0,AT),
ui(" O) =0 in Qi:
‘%iui(aia') = gi on (O)AT)
In other words, £ is the output of one OSWR iteration, with zero initial condition and
source term. It was shown before from Theorem 1.19 that (2%) tends to zero with

convergence factor g.
We define also the output at final time

(&)= 6(us(, AT),uy(-, AT))

Then, the first component of OSWR; (0,&) is S (EX71), with X171 = 2871(&).
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Remark 1.24. The arguments that follow remain valid also for the non-overlapping case,
in which we do not have a convergence factor p < 1. In that case, the space & should
be replaced by L2(R), there is no correction then, and & is only to glue two subdomain

1
solutions. The space of Robin terms % is then replaced by L?(0, T) (not H4(0, T)), and
the sequence & 2k still converges to zero via an energy estimate (see Section 1.3).

We then define the operator
PX X, P:X— (%)

which are the first and second components of OSWR; (i, 0) respectively. We now recall
briefly the incomplete fine solver on the error: provided Es and § ﬁ’o, one solves, for
6=1,2,...,L

g(e;(f) =0 in Q;x(0,AT),
kio .
ei,n ('a 0) = E,’: |Ql. n Qi,
k¢ k,—
‘%iei,n (6i’ ) o= gi,n ' on (0,AT),
with
kL kL
Cin = Bieg”; ,(6;,7), on(0,AT).
and then we define éﬁ’L = ‘é(ef’nL(., AT), e:"nL(_, AT)).
Equivalently, we have

(&8*.8h") = OSWR,(EL,EY°)
We can write each component as
&t =2 (E) + 72170,
€y =2 (E)N+ 2.

Therefore we can rewrite the error formulation of the coupled Parareal-OSWR method
with all the above operators, as follows :

Exil = 9( 9, BN = (5, ED) + P (ES) + 7 21 ().

We can simplify the above equality by using the notations ¥(.#,, EX*1) = %(ET]:H) and

n> £y

.%’(Es) = %(Eﬁ) —9(4,, E,’i). Then, the error expression becomes
EN = 9(EX) + R(E) + 7 241 (E3). (1.117)
Moreover, from the update formulation of the Robin terms, we have
L0 =2 (B + 20, (1.118)

from which one gets

24" = 2t () + 221,
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‘QkL(gyl{O) — QkLg(Eg)+£(k+l)L(cg,O).

Then, summing the above expressions, we get a telescopic sum, and therefore
k . .
QL(gﬁ,O) — Z QIL!@ (E,]:_l) + Q(k-Fl)L (g?l,O)’
i=1
from which we obtain, using (1.118),

k
§k+1,0 — Z Q(k—i)Lg(Ei )+ Q(k+1)L(§0,O).
n n n
i=0
Replacing this term in the error expression (1.117), we obtain

k—1
ETI:I% = %(Es-ﬂ) + ‘%(Erl:) + Zyg(k_i)L_l,@(E;) + yQ(k+1)L_1(Cg’O)-
i=0

From this, we use the same trick as in the analysis of the Parareal method :
k—1

GEF) = PED +9R(EE )+ 9 ) g2k P(E )+ 9y 20100
i=0
k—1 . ‘
(gn(Eiﬁ-l) — (gn-f-].(E(l)(-i-l) + (gn‘%(E(l)() + (gn Z yQ(k—l)L—lg(Eé) + %nyg(k+l)L—l(gg,0)
i=0

— %nyQ(k-‘rl)L—l(gg,O)

We obtains then by taking the telescopic sum

n k=1 n n
E,ﬁ} = Z %n_q%(Eg) + Z Z %”—ng(k—i)L—lg(Eé) + Z g1 o g(k+1)L—1 (;2,0).
q=1 i=0 g=1 q=0

(1.119)

We recall the error vector EX = (Ek,E;‘, e, E]’f])t and the operator matrix of Parareal
M: 2N - N

0 0 0 0 0 0)
Id, 0 0 0 0 0
¢  Idg 0 0 0 0
M=| ¥ ¢ 1dy O 0 0
g]\}—B (gl\.f—ll- (gl\']—S %1\}—6 . : (.) 0
\%N—2 gN=3 @N—+ N5 .. 14, 0 }
We define also
[1dy O 0 0 0 0)
Y  1d, 0 0 0 0
' ¢  Idy 0 0 o0
M=| ¢ ¥ ¥  Idy 0 0
gzx}—z %&—3 (gm (gz\}—s o Id.% 0

\gN—l gN—z %N—B gN—4 e (zg Id%
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Similarly, we define R: Y — &N, s (#,)*)N — &V

2 0 0 ... O g 0 0 0

O 2 0 ... 0 0 & 0 0
R=|0 0 £ ... 0. ¢=|0 0 & 0.

0O 0 0 ... 2 0O 0 O 5

andP: &V — (@02)1\,, Q: (@OZ)N — (@Oz)N

¥ 0 0 ... O £ 0 0 ... 0

o £ 0 ... 0 o 2 0 ... 0
p=(0 0 £ ... 0|, Q=0 0 2 0.

o 0o o0 .. Z# 0 0 0 .. 2

Then, from (1.119) the error in vector and operator form can be rewritten as
Ef! = MRE* + MS [Z Q(k_l)L_lPEl:| + MSQU+DL-1g0, (1.120)
i=0
with B® = (¢0°,8%%,...,4Y° ).
We have the following lemma

Lemma 1.25. The error at iteration k + 1 for k > 0 can be expressed as
EF*! = MC 1 E° + MD,, ;B® + MSQU+DI~1B0, (1.121)
with Ciiq : ()N — (Z)N, Dyyy (@/OZ)N — ()N lower triangular matrices.

Proof. We prove equality (1.121) by induction on k.
For k = 0, we have

E' = MRE® + MSQ*'B°.
Then C; =R and D; = 0. The property is true for k = 0.

We suppose that the property is true for 1,2,..., k. We prove that it is true for k + 1.
Indeed, we have

k
Ek+2 — MREk+1 +MS |:Z Q(k+1—i)L—1PEi:| + MSQ(k+2)L_1BO.
i=0

For i > 1, replacing E' by the induction formulation, we get

Ef"2 =MR[MCy1E° + MD; ;1 B® + MSQ+1L~1B0]

k

+MS [Z Qk+1-01-1p [, E® + MD,B° + ﬁSQiL—lBO]]
i=1

+ MSQ(k+1)L—1PEO + MSQ(k+2)L—1BO.

Therefore, we obtain

k
Ciip =RMCy,; + S [Z Q(k“_i)L_lPMCi] +sQU+DL-1p,
i=1
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k
Dy4» = RMDj.,; + RMSQU+ D1+ § % " QUk+1-0l-1p [MD, + MsQ'~!].
i=1

The matrices Cy,, and D, are made from product and sum of lower triangular ma-
trices, thus they are themselves lower triangular too. O

To simplify the lemma, we assume that B? is constructed from E, that is there exists
an operator . : & — (%,)? such that gg,o = J{(ESH). Denoting

A 0 0 0

0 % 0 ... 0
K=|0 0 X ... 0|

0 0 0 .. X

we get B® = KE®. Then the expression in the lemma becomes
EFt! = MC 1 E° + MD;, ; KE® + MSQU-+DI~1KEC,

Finally, setting M = MC; + MD.K + MSQ*/~'K, we have EX = M, E°.
We obtain the following corollary

Corollary 1.26. M, is a lower triangular matrix, with the diagonal & 25*=' . Conse-
quently, its spectral radius tends to zero at the same rate of p* - the convergence rate of
the OSWR method.

Proof. As M is strictly lower triangular, and C* and D¥ are lower triangular, then the
matrix (MCj + MD;K) is strictly lower triangular. Therefore, M is lower triangular,
and its diagonal is the diagonal of MSQ*} 'K, whose terms are all equal to & 25717
We then get that the spectral radius of My, is also & 2%~ which tends to zeros at
the rate of 2 | i.e., pt. O

The rate of convergence of the spectral radius is quite nice and coincides with the
rate of the OSWR method. However, as this spectral radius is not the norm of M, the
rate of convergence of this spectral radius is not the rate of convergence of the coupled
algorithm. In the convergence analysis in the previous section, we showed that the error
of the coupled method is bounded by $*! times a polynomial in k. In the numerical
tests, one observes that this polynomial in k could affect a lot the practical convergence.
In particular, for advection dominated test cases in subsection 1.6.2, it is shown that
the convergence of the coupled method is singular, dominated by Parareal, and very
different from the linear convergence of OSWR.



Chapter 2

Space-time domain decomposition
for the incompressible Stokes
problem

Several studies on spatial domain decomposition approaches have been carried out
for the steady Navier-Stokes equations. These works concern various aspects of
domain decomposition (DD) methods: DD as algebraic methods for the discrete
matrix system (e.g. [19], [21], [20], [70], [103], [115], [75], [67], see also [101])
optimization-based DD (e.g. [60], [76], [42]); DD on vorticity equations with fourth
order discretization ([106], [99], [100]); non-overlapping DD via a penalization on
the interface, [28], [29]; DD for reduced order model ([112], [6]) and the Schwarz
method.

Among those DD approaches, the Schwarz method interests us most. It can be
done on both discrete ([58],[113], [87], see also [88] for Oseen) or continuous ([33],
[16]) formulations and use Robin transmission conditions. On the other hand, when
one considers applying this method on evolutionary problems, the equations have to
be discretized in time first to get space problems at each time step before doing any
domain decomposition. Hence, similar time-discretizations for all sub-domains are
compulsory, which causes a limit on the adaptation of the method. To overcome this
limit, we pay attention to the Waveform Relaxation technique for domain decomposi-
tion, which allows flexibility in time discretization on each sub-domain by exchanging
data through a space-time interface. The corresponding method, called Schwarz
Waveform Relaxation (SWR) Method, are wildly used and analyzed for advection
reaction diffusion equation equation, as introduced in the previous chapter.

For the application of SWR on the Navier-Stokes equations, we are aware of the
proceeding [34] and the PhD thesis [35] which treat the compressible Euler and Navier-
Stokes equations and proposed an algorithm and various numerical experiments. How-
ever, until now, there exists no convergence analysis for the incompressible Navier-
Stokes equations. We contribute to the understanding of the behavior of the method by
attacking representative, though simpler, model problems. To begin with, we analyze
the method on the evolutionary Stokes equations, a simplified variation of the evolu-
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tionary Navier-Stokes ones in which the convection is simply discarded. We shall see
later that while the convergence analysis of the SWR for the Stokes equations can be
performed in a similar manner as that of parabolic equations, it has however its own
obstacle related to the pressure. Next, we extend the analysis to the evolutionary Os-
een equations, a linearization of the Navier-Stokes equations in which the convective
velocity field is considered as a given datum.

The chapter is organized as follows. In the first section, we present the model prob-
lem, the existence and uniqueness of its solutions, and its multi-domain form. Since the
multi-domain formulation leads to the study of the Stokes equations with Robin bound-
ary conditions, we study this setting in Section 2.2. Next, section 2.3 is dedicated to
the algorithm. An important observation that seems to have been overlooked in previ-
ous works will be given in section 2.4. Indeed, we show that, in general, the pressure
calculated by the OSWR algorithm will not converge to the monodomain solution. In
section 2.5, we obtain a convergence result on the velocity through an energy estimate,
and in section 2.6, we propose a simple technique to recover the pressure from a con-
verged velocity. In section 2.7, a Fourier analysis is done to get a formulation for the
convergence factor of the OSWR algorithm. Then, numerical illustrations for the un-
steady Stokes system follow in section 2.8. In the next step, in Section 2.9 we apply
similar techniques to the Oseen equations. The final two sections are discussions about
the Parareal and coupled Parareal-OSWR for the Stokes equations.

2.1 Presentation of the model. The multidomain formulation

For a domain Q € R2, and for a given viscosity coefficient v > 0 that we suppose
constant and uniform, and for a given initial condition u,, we denote respectively by
u, p and f the velocity, the pressure and the source term in the incompressible non-
stationary Stokes system:

Jdu—vAu+Vp =f in Qx(0,T)
Vu =0 in Qx(0,T)
u(.,t=0) =u, in Q
u =0 on JdOx(0,T)

2.1)

This system does not have a unique solution: if (u,p) is a solution, then (u,p + c) is
also a solution, for any constant c¢. Then, for uniqueness, one needs, for example, the
zero-mean condition on the pressure
J p=0. (2.2)
Q

We then denote by L2(Q2) = {p € LZ(Q),J p =0}
Q

Next, we shall introduce the following spaces, which are the completions, in H!(£2)
and in L2(2), respectively, of the set of compactly supported € ° functions with van-
ishing divergence:

v={ue[H(D] Vu=0},
(2.3)
H= {u IS [LZ(Q)]Z,V-u =0,u-nzg=0o0n 89}.
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We denote by V' the dual space of V. We recall here Proposition IV.5.13 in the book [18]

Theorem 2.1. Let Q be a connected, bounded, Lipschitz domain of R?. For any uy € H
and f € L? ([0, +oo[, (H}(Q))?), problem (2.1)-(2.2) has a unique solution such that,

loc

forany T >0
(u,p) € (L2((0, T), V)N 6°([0, T], H)) x W™1°°((0, T), L(€2))

and it holds that
d,ue L%((0,T),V").

Theorem 2.1 shows us the well-posedness of (2.1) only in the distributional sense.
We recall next the existence and regularity properties of the strong solution, which is
given in [78, Theorem 1, Page 86].

Theorem 2.2. Let Q be a bounded domain domain of R? with twice continuously differ-
entiable boundary. For any ug € V and f € L2((0, T), L2(2))?), problem (2.1)-(2.2) has
a unique solution (u, p) such that

ue 6°([0,T1,V)NL2(0,T),(H*(Q))?), d,ue L*((0,T), L*(Q))?,
p € L%((0,T),H (Q)).

Remark 2.3. There are other results with different hypothesis and regularities. For ex-
ample, [18, Theorem V.2.1 ] states a regularity result for the Navier-Stokes equations that
only requires a continuously differentiable boundary.

In order to apply a domain-decomposition strategy for this problem, we decompose
M

Q into M non-overlapping subdomains Q;, i.e. ©;NQ; = @ and Q= Uﬁl For
i=1

i=1,2,...,M, we denote by .% the set of indices of the neighbouring su]:l)dornain(s)
of Q;: it holds that j € .4 if and only if [0Q; N dQ;| > 0, where |- | denotes the one
dimensional measure. We denote by I the interface (if it exists) between ; and Q;,
n;; the unit normal vector on Tj;, directed from €; to Q;. Note that this implies that

nij = —n]-i.

j?

Denoting by u;, (uy);, p; and f; the respective restrictions of u, uy, p and f to Q;,
the monodomain problem is equivalent to the following multidomain one

ou; — vAu; + Vp;, =f; in Q;x(0,T)
Vu =0 in Q;x(0,T)
) 2.4
u(,t=0) =(up); in
uy =0 on (0QNaN;)x(0,T)

withi=1,2,..., M, together with the physical transmission conditions on T} j X (0, T),
JE€ Y4,
ui = 11]'

vanijui Xn; = v&‘nﬁuj X nj; (2.5)

Vanijui ‘N —pi = Vanﬁuj ‘Nj; —Ppj
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. can be rewritten as

The condition u; = u;

ui‘nl‘j :—u]"nji
uanij =—uj><nﬁ

Hence we can write the transmission conditions on T}; x (0, T) as

Wij - Ryj = —W; "M
uJ' X ni]- = —u]' X njl'

(2.6)
vanijui ‘Njj—pi = v@nﬁuj ‘Mji —Pj

vanijui Xn; = vﬁ,,ﬁuj X nj;
. 4 .. .
For any choice of (a;j, aj;, Bij, Bji) € (R+*) , those conditions are equivalent to the

following Robin transmission conditions on I3; x (0, T) =Tj; x (0, T):
(O, 0 -y — py) + 0y - nyy = (VO Wy - ny;—py) +u; -y

a;i(vOp ;- nj; —py) +u; - ny = (v u; -y —pi) ;- 2.7

ﬂijvanijui X nl'j +ui X nij = ﬂijvanijuj X nij +u] X nl'j

ﬂji vanﬁuj X nﬁ +u] X Tlﬁ = /3]1 Vﬁnﬁui X nﬁ +ul’ X njl'

Finally, the zero-mean condition for the pressure is equivalent to

M
> J p; =0. (2.8)
i=1J9;

This setting requires that we should study the Stokes system in a domain where
Robin boundary conditions are applied on a part of the boundary. This is what is done
in the next section.

2.2 The Stokes problem with Robin boundary conditions

We now consider a domain, still denoted by €, for which the boundary is decomposed
into two parts: dQ = I'; UTy, with |Tz| > 0. Let n be the outgoing normal vector on I};
we consider the following system, with a >0 and 3 >0

Ju—vAu+Vp =f in Qx(0,T)
Vau =0 in Qx(0,T)

u(,,t=0) =y, in Q
u =0 on Ipx(0,T)
a(voyu-n—p)+u-n =g on Iyzx(0,T)
pviuxn+uxn =& on Izx(0,T)

2.9)

where f is at least in [LZ(Q x (0, T)):|2, g and & are at least in [LZ(I‘R x (0, T))].

In order to set this problem under an appropriate (parabolic) variational form, we per-
form the following calculations: Let v be a (smooth enough) test function that vanishes
on I, and whose divergence vanishes on 2; we have, on the one hand

—vf Au~v:vf Vu:VV—vJ Jyu-v
Q Q a0
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= vf Vu:Vv—vf Jyu-v
Q Tx

=vf Vu:Vv—vf (8nuxn)-(v><n)—vf (Gu-n)(v-n)
Q 153 Iz

where Vu : Vv = trace (Vthu) and

pr-vz—J pV-v+J pv-nzf pv-n
Q Q El) Iy

on the other hand. Hence, grouping integrals on I; and using Robin boundary condi-
tions, we obtain

—vf Au-v+f Vp-v= vf Vu: Vv
Q Q Q

—J (vanuxn)-(vxn)—J (vo,u-n—p)(v-n)

Iy Ix

= vf Vu: Vv (2.10)
Q

+1J (u-n)(v-n)+lJ (uxn)-(vxn)
a Iy B Ir

—lj g(v-n)—lj &+ (vxn).
a Jr, B Iy

We then define the following spaces: Vj, is the subset of velocities in |:H 1(9)]2
that vanish on the Dirichlet boundary and whose divergence vanish in 2, and H, is its
completion in |:L2(Q):|2

Vo ={ue[H'@)]" ,u=00nT),vVu=0},
2.11)
Hp ={ue[13@)] ,un=00nT,,Vu=0},

equipped with the H! and L? norms, respectively.
We can define the following bilinear form a(:,) on V,, x V, and, for a.e. t € (0, T)
the following linear form c(-) on V,

a(u,v) = v(Vu, Vv), + é (u-n,v-n), + % (uxn,vxn), (2.12)
1
B
where (-, -)p denotes, for any set D (whatever the space-dimension of D) the standard
L? product on D. In the same way, we shall use the notation || - ||, for the associated
L?(D) norm. All terms in the definition of the forms a and ¢ are well-defined for (u,v) €
Vp % Vp. The fact that ¢ depends on ¢ is due to the fact that f, g and £ may depend on
time.

Vp is dense in H, and the embedding V), € Hj is continuous. We can identify Hj,
with its dual space, and we are in the situation where V, C H, = H g C Vp, which is the
classical setting for parabolic equations (see e.g. [41, Section 6.1], [22, Page 218]). In
this context, these references state the following result:

c(6,9) = (10, Vo + = (g(0, v+ )y, + 5 (E(O,v x g, 213)
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Theorem 2.4. Let a be a mapping a : (0, T) x Vp x V, — R be such that a(t, -, -) is bilinear
for almost every t € (0, T) and such that the following properties are verified:

* The function t — a(t,u,V) is measurable for all (u,v) € Vg
* 3M € Rsuch that |a(t,u,v)| < M||ully, [|vlly, for almost every t and for all (u,v) €
2
155
e dm > 0 such that a(t,u,u) > mIIuII‘Z/D for almost every t and for all u € V.

Let t — c(t,-) be an element of L%((0, T), Vl;). Then, if uy € Hy, there exists a unique so-
lution u € (L*((0, T), Vp) N 6°([0, T1, Hp)), with d,u € L*((0, T), V},), to the following
problem
(atu,v)vlf)’VD +a(t,u,v) =c(t,v), ae. t€(0,T),VveVp, (2.19)
u(0) = u,. (2.15)

We shall apply this result to our setting, with the simplification that the bilinear
form defined by (2.12) does not depend on time. We obtain the following result:

Theorem 2.5. Let f € L2((0, T), [LZ(Q)]Z), g, € L?((0,T),L%(IR)), and uy € Hp. Leta
and c be defined by (2.12) and (2.13), respectively. Then, problem (2.14)-(2.15) admits
a unique solution u € (Lz((O, T),Vp) N €°([0, T],HD)), with d,u € L2((0, T), VLS).

Proof. We shall show that a and c verify the hypothesis of Theorem 2.4. First, it is
well-known that, as soon as [Iy| > 0, then

1 1
2 2)\2 2 2 2)\2
lally, := (II7uli? + )2 ) = (IValZ + la-ali? + o xn|? )

is a norm equivalent to the H'! norm on Vj, and we shall therefore work with this norm.
Next, the following properties hold for the bilinear form a:

11
e let M = max| v, —, — |, then
a p

|a(u, v)| < Mllully, [[vlly,, Vu,v € Vp, (2.16)

. 11
* letm=min( v,—,— | >0, then
a f

a(u,u) > m||u||2D,\7’u€VD. (2.17)
Indeed, as far as the first inequality is concerned, we have

1 1
la(u, V)| < v[IVullg[Vvliq + —llu-nllg lIv- nllg + Zlluxnlig [[v < allg,

B
< M (IIVullaIVVlg + u-allgIv-ally, + [l x allg v x i)
1 1
2 2 2)2 2 2 22
<M (IVal2 + lu-ali2 +fluxnl2 )* (1VvlI2 +[lv-all2 + v a2 )

< Mllully, [1vlly, -
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Then, as far as the second inequality is concerned, we have
1

2 2
> m ([1vull + llu-nll? + lluxnl? )

1

a(u,w) = v|Vullg + —llu-nlf + Zlluxnly
2

> mljul?,

We then show that, for a.e. t € (0,T), the linear form c(t,-) is continuous on Vj,.
Indeed, VveV,

1 1
(e, V)| < [If(E)llelIvile + =g (Ig v - nllg, + ZIIEI5 ]IV % nllg,.
a B
Then, by equivalence of the H'(£2) norm with || - |ly,, there exists a constant C; s.t.

VVE VD

IVlle < IVllgn@p < Cillvily,-

Hence, Yv eV,

1 1
(e, V)| < GOl allvily, +{ =I&Ollg, JIVlly, +{ ZIEWIlg, | Vly,
a B
1 1 (2.18)
<[ GOl + (e, + 5 HE, |l
Moreover, thanks to the hypothesis on the time dependence of f, g and &, the quantity
1 1
CIfOlq + — 18 (DI, + Z 1€,
a B
is square integrable on (0, T), and we can now apply Theorem 2.4, which finishes the
proof. O

Remark 2.6. Since V is continuously and densely embedded in Hp, the fact that u €
¢°([0, T],Hp) is a consequence of the fact that the space

W (Vp,V)):i={v:(0,T) — Vp;ve L*((0,T),Vp); 3,v € L*((0,T), V})}

is included in €°([0, T],Hp), as stated, for example, by [41, Lemma 6.2 ] and [Theorem
1.5.13][18].

This has the important implication that it is legitimate to consider u(t) € Hp, for all
t € [0, T]. Moreover, the following integral equality holds for all t € [0, T] and for all
(u,v) € [#(Vp, V})T* (see [41, Lemma 6.3] and [18, Theorem I1.5.12]):

f ((Beuls), V(D v, + (@ev(s), u(sDhvy v, ) ds = (u(e), W(£))g — (u(0), v(0))g. (2.19)
0

Now, since we have obtained the velocity u from the constrained variational prob-
lem (2.14)-(2.15), we shall construct the pressure by relaxing the divergence free con-
dition on the velocity test functions, and we shall therefore consider the space

xp={ve[H'@)] . v=00nTp,},

equipped with the above-defined norm || - ||, . Like often with the Stokes problem, we
shall rely on the surjectivity of the divergence operator, and on general properties of
surjective mappings in Hilbert spaces. More precisely, we shall use the following results
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Lemma 2.7. The mapping B from X, into L*(Q) defined by B(v) = —V -V is continuous
and surjective.

Proof. This is a special case of [41, Lemma 4.9] (with, using the notations of [41],
891=FD,802=0, 393=@andaﬂ4=FR). L]

Lemma 2.8. Let L be in £(E;F) and LT be its adjoint in £(F';E'), then if L is surjective
in F, then Im LT is closed in E'.

Before stating the next Lemma, we recall the following definition (see, e.g. [18,
Definition IV.2.1]) and properties (see, e.g. [18, Remark IV.2.1])

Definition 2.9. Let E be a Banach space with dual space E’; then for any subset A C E,
we define A* C E’ as follows:

At i={¢p €E,Vx €A ($,x)p =0}
Proposition 2.10. IfAC C C E, then C*+ C A*.

Proposition 2.11. If Ais a linear subspace of E, then (AH*r =Aifand only if A is closed
in E.

Moreover, we also recall the following general result
Lemma 2.12. Let L be in £(E;F), then (ImLT)* c KerL

Proof. If f € ImLT)*, then (L"q,f)p g =0forallq € F'. Thus (q,Lf)p r =0 for all
q € F’, which means that Lf = 0, and thus f € KerL. O

From these results, we obtain the following Lemma, which will be useful in the
construction of the pressure field:

Lemma 2.13. Let BT be the adjoint operator of B, from L2(£) into X}, Then for any {
inX 1’3 that vanishes on Vj, there exists P € L?(2) such that { = BT P.

Proof. Since B is in £(Xp;L?(£2)) and since B is surjective (see Lemma 2.7), then it
holds that (ImBT) is closed in XZ) (see Lemma 2.8), and that ((ImBT)l)L =ImB7 (see
Lemma 2.11). Now, using Lemma 2.12 and Proposition 2.10, we obtain that (KerB)* c
((ImBT)l)L =ImBT. Soif ¢ in Xi) vanishes on V, = KerB, then £ is in (KerB)' and
so in ImBT, which exactly means that there exists P € L?(Q2) such that £ = BT P. O

Using this result, we can now state

Theorem 2.14. With f € L((0, T),[LZ(Q)]Z), £,g € L2((0,T), L3(IR)) and u, € Hy,
there exists unique p € W™1°°((0, T), L*(2)), u € (L*((0,T),Vp) n€°([0, T1,Hp)),
with 8,u € L((0, T), V) such that (u, p) verifies problem (2.9) in the sense that

* uverifies (2.14)-(2.15)

« p=23,P with P € L°((0, T), L%()) satisfying

t

f C(S,V)dS-(ll(t),V)Q+(u0;V)Q_J
0

a(u(s),v)ds :—J P(t)V-v , YveXp. (2.20)
0

Q
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Proof. Let u be the solution of (2.14)—(2.15), and consider, for this u, the function t —
a(u(t),v) and the function t — c(t,v) where a and c are defined by (2.12) and (2.13).
Then their definitions can be straightforwardly extended to consider v € X, and, for
any t € (0, T), the following element of X ]’3 is well-defined:

b(t,v):zJ c(s,v)—(u(t),v)g+(u0,v)9—f a(u(s),v)ds , YveXp.
0 0

Indeed, one has that

f a(u(s),v)ds Sf Mlju(s)llx, lIvlix, ds
0 0

—_

t 2
< Mﬁ[f ||U(S)||)2<Dd8] Ivllx,
0
< Mﬁ”u”LZ((O,T),VD)”V”XD
and

1

< fo (Clllf(s)lkz + illg(s)ler + 5

J c(s,v)ds
0

||<s(s)||rR) Ivlly,

< 1livllx,
with
VT JT
11=GC ﬁ”f”Lz((o’T)’[LZ(Q)]Z) + 7||g||L2((0,T),L2(FR)) + ?HgllLZ((O,T),Lz(FR))-

In addition, since u belongs to 6°([0, T],Hp), then

~—(u(t),V)Q + (uO:V)Q| < 2||u||L<>°([0,T],[L2(Q)]2)||V||Q < 2C1||11||L°°([0,T],[L2(Q)]2)||V| |XD-

This leads to the fact that
|b(¢t, V)| < BlIvllx, (2.21)

with
B = 2Cy[ull oo, r1 122 + 11 + MY Tl 200, 7.v, )-

Moreover, from (2.14) and (2.19) (with v not depending on time), we obtain that
b(t,v)=0forallve V.

Thus, using Lemma 2.13, we conclude that, for all t € (0, T), there exists P(t) €
L?(Q) satisfying

b(t,v) = (B"P(t),V)x; x, = —(P(t), V- V)q = —f P(t)V-v, VveXp. (2.22)
Q
Moreover, the surjectivity of the divergence mapping leads to the following inf-sup con-
dition: there exists v, > 0, s.t.

B
inf sup % =1v,>0, (2.23)

g2 vex,, |IVllx, llqll 12
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which implies, for all g € L(£2)

(Bv,q)
Yz”‘l”LZ(sz) < sup 2
vex, [IVilx,

We take ¢ = P(t). From (2.22), (Bv,P(t))q = (BTP(T-):V)X;),XD = b(t,v), together
with (2.21), we get

b(t,v) < p

1
IP()ll12(0) < — sup = —.
Y2 vex, ||V||XD Ya

We conclude that P(t) € L°°((0,T),L%(©2)). Then, we define the pressure
p=08,P € H*°((0,T),L*()).

It remains to show that p is unique. Consider the case uy = 0 and ¢ = 0. Then, we
have u = 0, and (2.20) leads to | P(t)V-v=0 Vv € Xj. From the surjectivity of the

Q
divergence mapping, one gets that , for all ¢, P(t) =0, and then p = 0. O]

2.3 Optimized Schwarz Waveform Relaxation Algorithm

We consider now the OSWR algorithm based on Robin transmission conditions. Denote

9 then at each step

by f; = flg, and ug; = uylg,. Provided starting Robin terms g?j, i

¢ > 1 of the algorithm, we solve M subdomain problems

atuf — vAuf + fo =f; in Q;x(0,T)

vV =0 in x(0T)
Uf(., t= O) =Up; in Q;

aij(va"ijuf ‘g —p)tupen; = gfj_l on Tj;x(0,T)
Bij vanijuf XM+ uf xnj; = gf on [};x(0,T)

u = on (39;n39)x(0,T)

L

with i = 1,2,...,M, and then we update the new Robin terms on the interface [j; %
(0,T)

{

gij = aij(vanijué. nl—pf) +uﬁ . nl’j (224)

j J
¢ _ 14 14
gij = [31] vﬁnijuj X nij + u]- X nij, (225)

with j € 4.

Remark 2.15. As seen in the previous section, the space regularity of the velocity field
is HY(;) and that of the pressure field is L2(€);). Thus, ifgfj_1 and Efj_l have Lz(Fl-j)
regularity, then update formulas given by (2.24)—(2.25) would return new boundary data
gfj and Sfj with a lower regularity, which is not satisfying for an iterative algorithm. Thus,
we rewrite the update formulas as follows
Qs s
gfj = a_l] (aﬁ(vé’nﬁuﬁ ‘M —pf) +u§ . nﬁ) — luﬁ ‘M +u§ ‘N

Jt Jji
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— lglffl Y tyton. (2.26)
ji Jj ot
aj' a]‘i
Bi Bij
£fj— =y (ﬁﬂva u X nj; +u X n; ) l]uf.xnjl-+uf.xnij
Bji Bji
ﬂl] ﬁ +ﬂ"
—1 ij JU_ ¢
/5 gﬁ ﬂ—u X nj; (2.27)
ji ji

In this update formulation, the regularities of gfj and €fj depend only on the regularities
of gfi_l, Efi_l and uﬁ, whose trace is L((0, T),H%(l"ij)).
Now, we may express the iterative algorithm in the following way. We first define
Vi={ue[H'(Q)],u=00n20;n3Q, V-u=0in 0},
H,={ue[L12(Q)]*,u-nsq =00n8Q;N3Q, V-u=0in0}.
X; = {u € [Hl(Qi)]z,u =0ondQ; N aﬂ} ,

Then, we set

a;(u,v) = v(Vu, Vv)g + Z u n;,v- nu)F (u XMij, VX nij)rij:
jes i (2.28)
Z(t v)=(f, V)Q +Z (glj 'V nl]) ﬂ (gll v U)I‘--’
jes; Qij ti !

and the algorithm reads: for all £ > 1, given glJ o1 §fj ! on each space-time interface
7 %(0,T), solve, foreachi=1...M:

<8tuf,v>v_,’vi + ai(uf,v) = cf(t,v), ae. te(0,T),VveV,,
. ! (2.29)
ui (0) =Up;

and then construct pf = 3tPi[ which is such that

t t
(uf(t),v)ﬂi - (uo’i,v)gi + J ai(uf(s),v)ds — (Pf, V-v)q, —f cf(s,v)ds =0,
0 0

VVEXi.

(2.30)

Finally, update the data by using (2.26)—(2.27) on the space-time interfaces.
With this formulation, we can state the following result

Theorem 2.16. Suppose that g?j,i?j S L2((O,T),L2(l"ij)) and ugplg, € H;. Then, the
OSWR algorithm is well-defined and for all ¢, uf € L%((0,T),V)) n ¢°([0, T], H;) with
duf € L*((0,T),V/), pf € W5°((0, T), L*(Q))) and g}, &f; € L*((0, T), L*(T;))

Proof. By theorem 2.14, if gfj_l, Efj_l e L%(0,1), Lz(Fij)), then one gets
u e 1%(0,7),V) n ¢°(0,T],H) with dul e L*(0,T),V/) and p! €
Wwte((0, T), L3(2,)).

Using the trace theorem, the normal and tangent traces of uf onTI;; x (0,T) are in
L((0, T), L3(T};)). Hence, gfj, gfj € L2((0, T), L(T3))).
The proof is then carried out by a simple induction. O
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Remark 2.17. The OSWR algorithm is constructed without considering the last condition
(2.8), hence it may not converge to the exact solution. We shall show in the next section
that, indeed, the pressure in each subdomain may not converge to the restriction of the
monodomain pressure.

2.4 First observations on the two subdomains case

We now take a look at the simplest case M = 2, in which we can use the indices ; and ,
instead of 1, and 5; and I' =T, =T,;.
The divergence-free condition of the velocity in each subdomain leads to

f uf'naﬂ,—:():fuf'ni , 1=1,2. (2.31)
o0, r

The update of Robin terms for the normal components can also be written as

. a;+a;
e _ % g i Joe
8§ =—8 — u;-n;.

aj

Integrating over I', and taking (2.31) into account, we get

a; _ —
Jgf:_lfg;flzjgfz_ (2.32)
r aj Jr r

Therefore, a necessary condition for the convergence of the algorithm to the mon-

odomain solution is
0 _
J & _f 8i
r r

with g; = a;(vd,, u-n;—p)+u-n;, in which (u, p) is the monodomain solution of prob-
lem (2.1). This condition cannot be achieved in practice because the quantity g; is not
known.

To understand more about the behaviour of the algorithm, we now study the one-
dimensional case.

The one dimensional case

Let 2 =(—1,1) and I = {x = 0}, the OSWR algorithm applied to the one-dimensional
Stokes problem can be written for the error (difference between the monodomain so-
lution and the iterative solution at step £ of the algorithm) as: provided g? , gg , at each
step £, we solve, fori =1,2

atuf - vaxxuf + 8xpf =0 in Q;x(0,T)
8xuf =0 in Q;x(0,T)
uf(.,O) = in  Q
w((-1),) =0  on (0,7T)
a;(v9,u;(0,.) —p{(0,)) + (=1)*'uf(0,.) =g{" on (0, T)

then update on (0, T), with j =3 —i

g{(t) = a;(v3,u$(0, £) — p(0, 1)) + (=1)" "' u(0, 1) (2.33)
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We check if (uf, pf ) tends to zeros or not. The second and third conditions on the
velocity simply lead to uf = 0 for all £. The first equation implies then J, pf =0, so
pi (x, t) := pj (©).
From (2.33) and the transmission conditions, we get
a .
¢ _ ¢ _ T 1
8 =—ajp; = Egi

1

20+1
i

and then gize = g?, g = %g](.). Therefore, the algorithm converges if and only if

j

gl =g =0.
This will not be the case in general since the above algorithm is written on the error
and thus g? contains the Robin term of the unknown monodomain solution. Thus,
we have shown that the algorithm may not converge even in the most simple case.

1
¢ 20 0 20+1
> pp t ;gj and p:

However, these arguments point out that u :

1o

+ —g; are zeros.
@i

We will try to obtain similar results for higher dimension cases.

2.5 Convergence of the velocity via energy estimate

In this section, we prove that, under sufficient regularity conditions for the solution
(u, p) of problem (2.1)—(2.2), then the velocity fields uf converge to ulgi.

Theorem 2.18. Let (u, p) be the solution of problem (2.1)-(2.2); let u; := ulq_. Suppose
that all conditions in Theorem 2.2 are satisfied.

Let g?j and §?j be in L((0, T), LZ(I‘ij)) and let uf be the velocity component of the solution
of the OSWR algorithm defined in Section 2.3. Then, if a;; = aj; and B;; = fj;, the
sequence uf converges to u; in 6°([0, T1,H;) N L%(0, T, V;).

Proof. Suppose that all conditions in Theorem 2.2 are satisfied. We denote by p; = p|q, -
Then, as (u;, p;) is regular enough, we can define on any space-time interface I};; x (0, T)

8ij = &ij(Vy, ;- ny; —py) +u; - my; (2.34)
Eij 1= VPij0n, W X My +u; X Iy (2.35)
and they both belong to L*((0, T), L*(T;;)).

We recall here that the strong regularity of (u, p) leads to the multidomain transmission
conditions (2.7), which implies

&ij Aij
~~=—( i(vo u--n~~—p‘)+u--n~)——u‘-n~+u‘-n‘-
8ij . aﬂ(v n;; =y i J j i a. ot j
Jt Jji
;i ai-+a-l~
I P Rk B (2.36)
a‘. a.4
ji ji
_ ﬂii 2 /51]'
gij - ﬂ_ (ﬂjiv njiuj X n]'l' +u] X nﬂ)—ﬂ—uj X nﬁ +u] X nij
Jt Jji
ij /51] ji
= _gji_—uj X nj; (2.37)
Bii Bji
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Moreover, (u;, p;) is the strong solution of each local Robin boundary problem

Ju; — vAu; +Vp;, =f; in Q;x(0,T)
Vuu =0 in Q;x(0,T)
u(,t=0) =uy; in
uy =0 on (0QNaN;)x(0,T)
(v, u~-n—pl-)+u--n»- =g;j on I;x(0,T)
/Sljva w; xn+u xn; =¢&; on IG;;x(0,T)

which can be set under the following variational formulation, which is very similar
to (2.28)-(2.29):

(Oeu;, )y v + a;(u;,v) = ¢(t,v), ae. t€(0,T),VveV,
o (2.38)
ui(o) =Up,;
with
1
ci(t,v) = (£, v)q, +Z gl],v nll) +— (Sl],vxn]) (2.39)
]ey ] ﬂl]
Denote by
ef = uf—ui; hfj:giej_gij) ijzgfj_gij- (2.40)

From (2.28), (2.29), (2.38), (2.39), then ef verifies

(atef’v>\/i’,\/i +ai(ef,V) = Z a_(hlf :V'nij)l“l-]—‘i' Z B (CU ,V X nij)l“l-j
jeg Hi jes U (2.41)
ae. te(0,T),VveV,,

ef(0)=0

All integrals on T}; are well defined since g;; and &;; are both in L2((0, T), L*(T; i), and
since we have proved that this is also the case for gfj and gfj as soon as it is true for
{=0.

With a;; = a;; and f8;; = f8;;, the update formulas (2.26), (2.27) and (2.36), (2.37)
for the Robin terms on T;; x (0, T) lead to

1/, 1/,
ef ‘n;; = 5(“' k) el xny = E(ij =gh). (2.42)

Choosing ef as test function in (2.41), one gets

(9 e , e )v’v + v(Vel,Ve )o, + Z —(e nl],e nl]) Z —(e xnu,el X nj)r.,

JES; Qij jes /51] Y
_Z_(hu ,e nu)r +Z/3_(CIJ ,€; nij)rij-
jeSI jeg M1
(2.43)
On the boundary T;;, replacing (2.42) into (2.43), one gets

1

(A ( onl (=1 _ 3l pt=1_ 1l

(8tei,ei)vi/,vi+v(Vei,Vei)Qi+ZEja](h —h]l,hl] —h )Fu
JE€S
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+ Z 5 o7 et =,

J €4

_ Rl pt-1 gt -1 _ ot
__Z l] ’h hji)rij+ Zﬂu(gu ’Cu ng)F’j'

]eﬂ, ]eﬂ,
Equivalently
1 1
(Bee, ey, + VIIVell, + 2 S L ne R+ D L, I7,
< o < o (2.44)
. .
=—Z |“||2 PSS e Iz
41 455 By Y

with the norms here denoting the L? norms.
Next, adapting (2.19) to €;, we get

T
2J (Brel €Yy, = el (T, ~ llel (O3,
0
Multiplying (2.44) by 2 and integrating on (0, T), we obtain

T
1
||ef(T)||éi—||ef(0)||§zi+2vf Vel ||Q+Z J IR + > J [[A1ES
]Gﬂ al] ]Eﬂ ﬂl]

f IRGHIE + f —IIg5; 1||2
1] ﬂ
]eﬂ jES ij

(2.45)

Taking into account that ef(O) = 0 and summing over all subdomains Q;, we get

M M T M 1 T

4 2 212 £ 12
lellei(~,T)IIQi+2vz f ”Veillnﬁzz z/si]f I
1= =

i=1jey;

+2.2,

M 1 T

L2 £—1)12 13—1 2
> 2a.f IR =0 > 5% f 12+ f RS2 .
i=1jes, tjJo lljeﬂ ij 1116] @ij

The terms

r {—112 (‘T (=12
ZZ 35, ) 1 +ZZ I I,

i=1 je.g, ij J i= 1]6&5 0

and

M ('T
112 —12
||c§l 12 +ZZ ||h§i I7,

=1j ﬂ ll]Eﬂ

express the same quantity: the total energies on all interfaces of all Robin terms at step
(£ — 1), which we denote by Eﬁ"l. Hence, the above energy estimate becomes

Zue‘f( |2 +2VZJ Ivel||2, +Ef = E5!

i=1
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Summing from £ =1 to £ = L, we get

L M L M T
ZZI|ef(.,T)||éi+2vZZf Ivef||2 (6)dt + Ef = EY
i 0

=1 i=1 (=1i=1

L M L M T
As E} > 0 for all L, the sums ZZ ||ef(., T)||522i and ZZJ ||Vef||§zi are bounded;
0

. e=1i=1 e=1i=1
hence ||ef(T)||s2]i and ||Vef||éi(t)dt tend to O when £ — oo.

0
In addition, in (2.45), we can integrate on (0, t) instead of (0, T), and we get for all
te(0,T)

L M
D> leb 3, <ED.

(=1i=1

This first leads to the convergence of ||ef ()llg, to O for all t and thus to the convergence
of ef to 0 in ¢°([0, T1,H;), but also to the fact that, integrating on (0, T), it holds that

L M T
ZZJ lef (013, dt < TES.
0

{=1i=1
T

This implies that f ||ef (t)lIédt tends to 0 when { — +00o. Then, summing with
0

dt tends to O,

T T
J IIVeflléi(t)dt that also tends to 0, we have that J ||ef(t)||[2H1(Ql_)]2
0 0

or, in other words, that ef tends to 0 in L2((0, T), V;). O

Remark 2.19. Unfortunately, in general, we do not have the convergence of Btuf in Vi’.
Indeed, from the first equality in (2.41), and since ai(ef ,V) tends to O, the convergence
of atuf is equivalent to the weak convergence of hfj and { f} However, we have given in
Section 2.4 an example from which we infer that this is not the case, in general (see (2.32)).

On the other hand, we notice that for all v e [H(l)(Qi)]z, the right-hand side in the
first equality in (2.41) vanishes. Then we get

Corollary 2.20. Let all hypotheses of Theorem 2.18 be satisfied. Denote by W; = {u €
[H(l)(ﬂi)]z,v-u =0in Q;}. Then, atuf tends to d,u; in L*((0, T), W,).

Proof. In the constrained formulation of the error, Eq. (2.41), taking the test functions
in W; CV;, we get

(8tef(t)7 v)Vil,Vi + ai(ef(t):v) = 0;
which exactly means that
(atef(f),ﬂwi’,wi + (Vef(t), Vv)g, =0.
Then

18.€{()llw < IVef(0)llg,
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and thus

T T
fo ||3tef(t)llﬁ,i/dt SL Ivef (O3 dt.

As the right-hand side tends to 0, this proves the corollary. O

t

Now, we prove a convergence result for the pressure. We set P(t) = f p(s)ds and
0
P; = P|g, and denote the error by Df (t)= (Pf — P;)(t). Then we can state

Corollary 2.21. Let all hypotheses of Theorem 2.18 be satisfied. Then for all t € [0, T]

1
it holds that ||D{(t) — ﬁj Df()lly2q,) — O when £ — oo, with L3() = {p €
1 Q;

Lz(Qi)DJ p = O}
Qi

Proof. As (u;, p;) is the strong solution of the Robin problem with B.C. g;;, &;;, then P;
verifies a variational formulation similar to (2.30)

t

(u;(£),v)g, — (uo,iaV)Qi +f a;(u;(s), v)ds — (P;(t), V - v)q, —f ci(s,v)ds =0
0 0

VVEXl'.

(2.46)

Then, from (2.30) and (2.46), taking the test function v e [Hé(ﬂi)]z C X;, the bound-
ary terms in cf (s,v) and ¢;(s,Vv) vanish and then cf (s,v) —c;(s,v) also vanishes. Then
we get

(Df(t), V-v)q, = (ef(t),v)nl_ +J ai(ef(s),v)ds ,Vve [Hé(ﬂi)]z. (2.47)
0

As (¢, V- v)q = 0 for all constants c and v € [Hé (Qi)]z, the above formulation implies

t
1
(Df(t)—|Q|J Df(t),v-v)ni:(ef(t),v)ﬂ_+f ai(ef(s),v)ds,vve[Hg,(g,.)]z.

il Jo, ' 0

(2.48)
1
Since (Df 0 |f Df) € L3(;), we recall that the divergence mapping from
i Q;

[Hé(ﬂi)]z to Lé(ﬂi) satisfies inf-sup condition: there exists y5 s.t.

) fﬂ qV-v
inf sup =v3>0. (2.49)

qEL(Z)(Q‘)VG[Hé(QJ]Z ||V||[Hé(ﬂl)]2 ||q ”LS(QJ

Hence

t
¢ 1 ) 1 |(Ef(t), V)Qi + fo al‘(ef(S), V)dSl
he "3 ve[mi@]’ Vit
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We apply again the continuity of q;(.,.)
t t
IJ a;(ef(s),v)|ds < le llef()llx, lIvllx,ds < Mi”V”[Hémi)fﬁ”ef||L2((0,T),Xi)
0 0

as well as the fact that, for all ve [Hé(ﬂi)]z

(e v)g, | < et (Ol 1Vl < Co el (Ol IVl

Therefore
1 ( 1 ( JTlle!
ID; — o D; ||L§(Qi) < T [Cp,-”ei(t)“ni + M;vTlle; ||L2((O,T),Xi)]
il Jo,
From the convergence of the velocity, we get the corollary. O

2.6 Recovering the pressure

1
We introduce the notation (p), = @J p dx for the mean value of a function on a
o

domain ¢ (whatever the space dimension of &).
We denote by df := p; —p'. In the previous section. In this section, we suppose
that, fora.e t € (0, T)

. ||df — (df)ﬂillni — 0 for all i when { — 400

. ((df)rij — (df)gi) tends to O for all 7, all T};, when £ — + 00

ij>
. ((hfj)rij + aij(df)rij) — 0 for all i, all T;;, when £ — +00
where hf ;s defined in (2.40).

Remark 2.22. Those above hypothesis can be implied from the stronger regularity and
convergence of the velocity. Indeed, suppose that (ef,df ) is the strong solution of the
following Robin problem

o,el —vAe! + Vdii =0 in £;x(0,T)
Ve =0 in :x(0,T
ef(.,tzol) =0 in Qz o0
ef =0 on (0QNaN;)x(0,T)
aij(vanijef “MNy; —df) +ef ‘n; = hf. on T;;x(0,T)
ﬂijvanijef X n +ef Xn; = Zjé on Tj;x(0,T)

with the following convergence

0
lle; ||L°°((O,T),[H2(Qi)]2)

_)O’

‘
19 e; Il 00 (0, 7,112 12)

— 0.

From this, we get, for a.e. t € (0,T), IIVdf(t)Ilgi — 0, which implies the first and second

hypothesis.

This also implies the convergence of trace of the velocity: for a.e. t € (0,T), we have
lleti; v@nijef(t) N+ ef(t) . nl-j||rij —> 0 that leads to the third hypothesis.
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One can rewrite these three hypothesis on the error as

||(Pf—Pi)—((Pf)Qi—(Pi)ai)”szi —0, (2.50)
((pf—pihj)—((pf—pi)ni)—>0, (2.51)
[(g5r, — (gi)r, | + @i (pf = pidr, — O (2.52)

Expression (2.50) shows that pf (t) will tend to p;(t) if and only if the mean-value of
pf(t) on €; tends to the mean value of p;(t). However, no constraint was imposed on the
mean-value of pf(t) in the algorithm, since, thanks to the Robin boundary conditions,
such constraint is not necessary to obtain local well-posed problems at each iteration.
In Section 2.4, we observed cases in which pf does not converge to the monodomain
solution p;. In this section, we build a modified pressure f)f such that f)f(t) tends to
p;(t)in L3(Qy),i=1,...,M.

Then, we are interested first in the mean-value of p;(t), which we denote by X;(t) :=
(pi(t))q,. Then, we rewrite (2.50) using these notations as

(P (6) — (P ())q, +Xi()) — pi(D)ll2¢q,) — O (2.53)

when { — oo.
From (2.53), we see that the right approximation to calculate at each iteration (that
tends to p;(t)) is (pf(t) - (pf(t))gi +Xi(t)). However, we do not know how to cal-
culate X;, and thus to calculate pf(t) — (pf(t))ﬂi + X;(t) in (2.53). A similar question
was raised in the thesis of Lissoni [87, Theorem IV.3.9] at the discrete level, within a
Schwarz algorithm applied at each time step of a time marching scheme for the numer-
ical approximation of the incompressible Navier-Stokes equations.
We introduce below a new quantity Yil(t), fully computable at any given iteration £,
that tends to X;(t) when £ tends to infinity, from which we will define fnf which tends
to p; in L3(Q,).

To ease the presentation, we shall set |Tj;| = 0, a;; = 0 and gfj =0if j & £.
Moreover, we introduce the constant matrix

M
A=(a;j1<ijem> With aq; = Z ITijlayj, and a;; = —|Tj;laj; if j #1i
=L

together with the constant vector C = (|, |Q5],-..,|2y|) and the sequence of vectors
(BY),, with B = (B, BS,...,BY,)" defined as

B_Z| [gu :I Z' [gﬂ aﬁ(pﬁﬂj]

Theorem 2.23. We recall that we are in the case a;
the following

ij = ajj, hence Ais symmetric. We have

(i) For all ¢, the following system
Avt =B,
ovl o (2.54)

has a unique solution Y* € RM.
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(ii) Moreover, we have Y* — X := (X1,X4, -+ ,Xy) in RM, and for all ¢
1,42 M

IB{ = pilli2a;) — O, when £ — oo, with p{(t) := p{(t) = (p{ (1))q, + Y (0).
(2.55)

Proof of (i). The proof of Theorem 2.23—(i) relies on two main steps:
(a) Existence of solutions to the system Avt = Be,

(b) Existence and uniqueness of a solution to system (2.54) thanks to the additional
constraint CY! = 0.

Let us start with (a). Since A is symmetric, existence of at least one solution to the
system AY* = B is equivalent to proving that B! € Im(A) = (Ker(A))*. Therefore, we
first start with the determination of Ker(A).

Let Y =(Y1,Y,,...,Y,)" € Ker(A). We have Zainj =0, foralli=1,2,...,M. As

j=1
M
a;j = aj;, we have q;; = — Z a;j, which implies
=LA
M M M
— — 2 _ 2
0= ay¥%i= D ay¥Yi+ai¥?= D, a1 —Y2).
j=1 J=Li J=Lj

Summing the above expression in i, and with a;; = a;;, we obtain

ji

M
ST ST av— v =S a - ¥ =0

i=1 j=1,j#i i<j

As a;; < 0 for all (i,) with i # j, and a;; < 0 as soon as subdomains i and j are

neighbours, this implies that Y¥; = Y; for any pair of neighbouring subdomains i and j.

Since Q2 is connected, this finally implies that all Y; are equal i.e. Ker(A) = vect(e) with
M

e=(1,1,...,1,1). Then, B’ € (Ker(A))" is simply equivalent to B! - e = ZBf =0.
i=1
This is proved in the following way:

M M
ZEBf:Zl: Z' (glJ ) Zl (g]l aﬁ(pﬁ)ﬂj)
i= i= =
M M
=2, 2 Mg, >3l
i=1 j=1 i=1 j=1
M M
_ZZ| |<g]1 ZZ' |a]l p]
i=1 j=1 i=1 j=1
= Z |Fij|(gfj>rij— Z |rji|<g§i>rﬁ
1<i,j<M 1<i,j<M

5 (B ot 5B
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M
By denoting Q; = Z Tijla;;, we get
j=1

Z ZQ {P{)a

Let us now turn to (b). From (a), we know that there exists at least a solution to
AY' = B, Moreover, let Y* be a given solution to this system; all other solutions may
be written as Y = Y* + ue, with u € R. Existence and uniqueness of the solution to
(2.54) follows from the fact that Ce =*|Q| # 0: we have CY = CY* + uCe and then, as

cy! =0, it follows that Y! = y*— O

||M§

€2
Proof of Theorem 2.23—(ii). It relies on the two main results:
(¢) B* > AX inRM,
(d cx =o.
Let us prove (c): from the divergence-free property of u;, we have

OZJ V'ui:f ul"nagi :ZJ ul"nij. (256)
Q; 29 jeg J I

L

Moreover, from the definition of g;; in (2.34) and the physical transmission condi-
tions (2.6), we have

|Fij|<gij)1"ij |g]l> f (8ij—gji) = J u; - ny;. (2.57)

Hence, from (2.56) and (2.57) we get

D In i), = 2 Til(gir, (2.58)

JES; JES;

(2.52) is equivalent to
(gl]) +a; <Pf —pi)r, — (&ij)r,- (2.59)

From (2.51), we may replace (pf _Pi>1}j by (pf —Pi)gq, in (2.59), then multiply by |Tj|
and sum over j € .%, for a given i to obtain

Zl [gl] T <ple ] Z| |gu . (2.60)

JES; JES;

In exactly the same way, we also obtain

Z |T5;1 [(gfi)rﬁ + aji(Pf —Pj>Qj] — Z IT;:(gjidr, - (2.61)
jeS; jes;
Using (2.60), (2.61) and (2.58), we obtain
Z| [ gU S ta; (Pe>ni—aij<Pi)szi]

JES;
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—Z |Tj: [ gﬂ aji(Pf)Qj _aji(pj)ﬂj] —0,

JES;

or equivalently

Zl [gu ]Z' [gﬂ aﬁ(ppﬂj]

JES; JES;

—e§h|%n — > Iilaji(p)e,-

JES; JES;

This is exactly B¢ — AX.
Let us now prove (d): We have

M M
J P ZZJ p; =Z|Qi|<l?i>ni =0
Q i=1JQ; i=1

ie. CX=0.

We now prove Theorem 2.23-(ii): From Theorem 2.23-(i), and (c) and (d), we
have A(Y® —X) — 0 and C(Y* —X) = 0, which implies that (Y* —X) — 0 when
¢ — oo. Then, from (2.53), with a triangle inequality, we get (2.55). O

Remark 2.24. In the general case of M subdomains, the calculation of f)f is done only once,
at the last OSWR iteration. It involves solving the coarse problem (2.54) when M > 2,
and is given by an explicit formula when M = 2 (see Corollary 2.26), thus the cost of
calculating the modified pressure is negligible.

Remark 2.25. Recovering the correct pressure could also be performed from the fact that
V(pf — p;) tends to zero when £ — oo. Indeed, for a given 2;, choosing first an arbitrary
point x; € ;, then one may write

1
Pi(x)=Pi(Xi)+(X—Xi)'J Vp; (x; + t(x—x;))dt , Vxe€Q,.
0

Then, one could replace Vp; by fo to obtain approximate values of the pressure at each
point x. However, this formula holds on a given subdomain ;. In order to relate values of
the pressures in Q; to those in a neighboring subdomain §2; through this kind of formula,
one needs to choose a point on the boundary T;; that will serve as the point X; in the subdo-
main Q, and so on. At the discrete level, there are several drawbacks to that: this requires
further communications between subdomains, the pressure gradient at the boundaries may
not be easy to define (e.g. when the pressure is defined as a piecewise constant field like in
the Crougzeix-Raviart finite element), and finally there are many ways to go from one cell
to another in the mesh, and, due to round-off errors, this may lead to different evaluations
of the pressure at a given cell in particular in very large scale computations.

In the two-subdomain case, the calculation of f)f can be done by the following ex-
plicit formula.

Corollary 2.26. Let M = 2, in which case we denote by | and , instead of 1, and 5; and
I' =Ty5 =T,;. Werecall also that we are in the case a = a1, = a5;. We define, fori =1,2
and j =3—1,

4

LIy ol . 1o
Bl = bl 1o | el (e | = T oo, — T plho

N
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Then f)f tends to p; when £ tends to infinity.
Proof. For M = 2 we have
Bi = —Bﬁ =T [(gf)r + a<p1)91]_ |T’| [(g@r + a(Pz)nz],
a_[ @ —ar]
—a|l|  «a|T|
C=[lol Il
System (2.54) for M = 2 has unique solution given by
Q| T 1
v = | ZUeb— (e + (o, — 6n,) |
12,1
YZZ = al a((g£>r - (gf)r) + ((Pg)az - (Pg)gl) .
From theorem 2.23, we have
V4 V4 V4 V4 |Q2| |:1 l l :| |Qll V4 |Q2| l
— +Y =pl+—|— — —— ——=
p1 <p1>Ql 1 p1 |Q| a(<g1>l" (gz)l") |Q| <p1>Ql |Q| <p2>§22 — D1
¢ 0 ¢ |Q1||:1 ¢ ¢ ] 1], , 10|,
- +Y, =pi+—|= — —-— —-—=
pz <p2>92 2 pz |Q| a((g2>l" (g1>1") |Q| <p1>Ql |Q| <p2>92 — P2
O

2.7 Convergence factor via Fourier transform

In this Section, differently from what was presented in Chapter one, we do not intend to
study rigorously the convergence of the OSWR iterative process through Fourier trans-
forms. We proved convergence of the velocity via energy estimates in Section 2.5 and
showed how to recover the pressure in Section 2.6. The aim here is to find a way to
choose conveniently the parameters (a, #) that play an important role in the actual rate

of convergence in numerical experiments.

Consider Q = 2. We consider two subdomains, in which case we denote by ; and
, instead of |, and 5; and I' = I}, =I5} = {x = 0} x R. We denote u = (u, v) the two

components of the velocity, f = (f;, f5). Recall here the Stokes problem

Ju—vAu+d,p =f, in Qx(0,T)

ov—vAv+3d,p =f, in Qx(0,T)
ou+dyy =0 in Qx(0,T)
u(.,t=0) =uy in Q
v(,t=0) =y, in Q

u,v —0 when |[(x,y)|— o0

To simplify notations, we do not use gf , Cf , we write the OSWR algorithm as follows:
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starting with u?, v?, p?, at step £ > 1, provided uf‘l, vf_l, pf_l we solve
8tu€ - vAuﬁ + 3Xp’i = f in Qx(0,T)
8tvf - vAvf + 3yp€ =fy in Qx(0,T)
deul +o,vi = in Qx(0,T)
u‘i(., t=0) =u in Q
vf(., t=0) =v, in Q
al(vaxug —pli) + u‘i = al(vﬁxug_l —pé‘l) + ug_l on I'x(0,T)
vfq axvf + vf =vf; 8xv§_1 + vé‘l on I'x(0,T)
ug,vf -0 when |(x,y)| - oo
and
8tug - vAug + 8xp§ = f in Qx(0,T)
8tv§ - vAvﬁ + E/’ypg =fy in Qx(0,T)
axug + ayvg = in Qx(0,T)
ug(., t=0) =u, in Q
vﬁ(., t=0) =v, in Q
az(vaxug —pg) - ug = az(vﬁxuﬁ_l —pﬁ_l) - uli_l on I'x(0,T)
v[ﬁzaxvﬁ — vé = [528xvf_1 —yi on I'x(0,T)
ué,vﬁ -0 when |(x,y)| - oo

By linearity, let f, = f, =0 and uy = v, =0 and u, v, p below denote the errors.
Taking the Fourier transform in time and in y-direction with time frequency «w and
space frequency k, and, for simplicity, we still keep notations u, v instead of i, ¥, we get

iwug - vaxxu‘i + vkzug +J,p=0 (2.62a)
iwvf — vﬁxxvf + vkzvf +ikp =0 (2.62b)
deul +ikvt =0 (2.62¢)

Take aa—x(2.62a) +ik(2.62b) we obtain
iw (8Xu€ + ikvf) — VOyy (8xu’i + ikvf) + vk? (8xu€ + ikvf) + 8xxp€ — kzp{i =0
By using (2.62c), the above equation becomes an equation involving only the pressure
Oyxpy —k?pi =0 (2.63)
whose general solution is given by
p! = A exp(|k|x) + B¢ exp(—|k|x).
As pﬁ must be bounded at x = —oo, this implies that B! = 0. Thus, we have
pg = A exp(|k|x). (2.64)
Next, equation (2.62a) can be written as

iwu‘i — v(axxuli —kzu‘i) = —A’|k| exp(|k|x)
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which is equivalent to

. A[
8xxuli — (kz + 2) u‘i = —|k| exp(|k|x). (2.65)
2 12
Denote by A the square root of k* + L9 with positive real part, then the solution of the
y
homogeneous equation is given by
u! = ¢t exp(Ax) + D' exp(—Ax).

As ul; tends to O at infinity, the solution uﬁ of the homogeneous equation is

ug =c! exp(Ax) (2.66)
On the other hand, we assume that one special solution of (2.65) has the form u‘i’s =
Cf exp(|k|x). We insert this solution into (2.65) and we get
Al
k2Cf exp(|k|x)— kZCf exp(|k|x) = 7|k| exp(|k|x)
i.e.
iw Al
——C! exp([k|x) = — |k| exp(|k|x)
v v
then
ol = i|k|A’
s w :
As a result, the general solution of (2.65) is given by
i|KkjA
uli = &exp(|k|x)+ce exp(Ax). (2.67)
w
We can now replace vf = i@xug to get
¢ _ —kA ¢
vi= ” exp(|k|x) + D* exp(Ax). (2.68)
with
ACt = —ikD". (2.69)
For ug,vﬁ,pé, we replace |k| by —|k|, A by —A then we get
p5 = B exp(—lk|x) (2.70)
—i|k|B*
ug = ik exp(—|k|x) + E¢ exp(—2Ax) (2.71)
¢ _ —kB" ¢
vy = exp(—|k|x) + F* exp(—Ax). (2.72)
w

with the same relation
(—A)E! = —ikF*. (2.73)
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On T x (0,T), in the Robin B.C., we replace (u’i,vf,pi) and (ué,vﬁ,pg) in terms of
A, ct,pY) and (Be, EL FY respectively, we get

ZAE Af
al( A | act— ) kA | o
w
.2 2pf—1 o -1
=a1(vlkB +v(—7L)EZ_1—BZ_1)+—l( kDB | pe-1
w «w
_klk|AL !
ﬂlv(M+ADe)+(£+D )
w w

1 {— _1.pl—
D) ()
w w

Reordering the terms, in each side, and using (2.69) and (2.73) we get

2 .
w A
7,12 .
z(al(vl|k| 1 llkl)Be 1 ( alvik+&)F’Z—1
w A

(—/51 yKIKL_ E)A‘ +(B1vA+1)D"
w w

klk| &k
(/51 vL — —)BH +(=pyvA+1)F
«w w

This boundary condition can be written in the matrix form

A€ Bﬂ—l
//l(a1:/51)( ):W(alﬁﬁl)(pe—l) (2.74)
where )
al(vi—l) ikl —alwk—%
My, Br) = k] k"’ (2.75)
—py——— PrvA+1
w w
and ) ' ‘
()tl(vﬁ—l)—M —alvik+&
_ w w A
N(ay, Br) = Kkl k (2.76)
Pryv——— —p1vA+1
w w

Doing the same for Robin B.C of Q,, we get

k%B* i|k|B
az(vl —vAEf—B€)+&—Ee
w w
: 2Al—1 . Al—l
= a, (vlk Foactt—ptn | HRAT e
w
k|k|B¢ —kB!
ﬁzv(L—ka)—(—+F£)
w w

plplal-1 oAbl
:ﬁzv(—k|k|A +AD5‘1)—( kA +D[_1)
w w
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Using the relation, in the matrix form, this boundary condition can be written as

¢ -1
AM(ay, fBs) (ﬁe) = N (ay, Bs) (25_1) (2.77)

where % (a,, #5) and A (a,, B,) are defined by replacing parameters (a;, ;) in (2.75)
and (2.76) by (a,, B).
By using (2.74) and (2.77), we obviously get

Af AZ—Z
(Dl) z%(aliaZ)ﬁbﬂZ) (Dl—z) (278)

where

R(ay, oy, Br, Bo) = M (ay, )N (ay, Br)A(ag, By) A (g, Bo) (2.79)

It is obvious to see that for k = 0, the matrix has an eigenvalue equal to 1, i.e., the
algorithm does not converge. This observation synergies with those arguments in the
one-dimensional case and the convergence through energy estimate.

One-sided case

We shall now study the case (ay, ;) = (a,, B2) = (a, ), in order to find a suitable
expression of the eigenvalues of &, which will be the basis for an efficient choice of
(a, B). Denote

) . 2
a(vi—l) —avik iavh —iavk
P(a) = w = w (2.80)
_k 1 _k 1
w w
i ik
_ w A
208)= B vk[K] (2.81)
— fByvA
w

Then
AM(a,p)=2(a)+2(), H(a,p)=2(a)—2(p)

Moreover, we have det(#?(a)) = —a # 0, i.e. P(a) is always invertible. Then

MIIN =(P+2) (2 —-2)
=(2Z2+2)'22 - (2 +2))
=—I+2(2+2)'>
=—I+2[2 Y2 +2)]!
=—I+2[I+2 2]

Hence, instead of calculating the eigenvalues of .# ~1 .4, we are going to calculate those
of 712 because if (e, 1) is an eigenpair of # ' 2, then it may be easily checked that
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(e, M) is an eigenpair of .# 1A .
1+u

We have first that

1 iavk — _ivk
-1 -1 a
P =— . 2 | =
a | kK iavd —k  —ivA?
w w @ w
Then
[ 1 ivk —_i|k| %
P lg — a o w
\L ivA B vk|k| _Bva
aw w w
. . 2k2 k .
(K B Kpeka
_ aw w ad
ik|lk| iBv*A%k|k| ik? ipv2A3
-, -
aw? w? awA w
. . 2 .
det(2(B)) = BrilklA B vik=|k]| _ ﬂ”l|k|u2_k2) _ Bkl
w wl Aw A
SO
k
det(212) = Blk]
al
and

k| iBv*k3|k ik?  ipv2A3
_M_i_lﬂv ||+1 _iBv

trace(? 1 2) =
aw w aw w

Hence, the eigenvalues are the solutions of the following quadratic equation

k| ifvk3|k ik* i viA3 k
Mz_(_uﬂsv K, ik BTN L BIK
aw a

0 2.82
w awA w A ( )
We see immediately that in (2.82), for fixed (a, 3, w), then k and —k give the same
quadratic equation, hence same spectral radius for Z.
Hence
R(k, = Z(k,
max o (9 (k, ©2)) = max o (R (k, )

with p(.«) denotes the spectral radius of a matrix .«/. To get a similar result for w, we
fix a, §, k and consider the above matrices with variable w only.
Let A and A’ be the square roots of k? + @ and k-2 respectively. Then, we have
v v
1 1
Re(1) = Re(1”) and Im(A) = —Im(A’). The same is true for 2 and I
In addition, one gets

Re (trace (9‘1Q(w))) = Re( ik’ ) —Re(iﬁ Vzlg)
awl

w

_ —Im(k—z) _Re(iﬂ V2 A(k2 + iw))
aw w
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:—Im( K )+Re([5v27t)+lm(ﬂVZAk2)
a w

wl
2 2.2
= —k—Im(l) + B1*Re(1) + pvk Im(A)
aw A w
Replacing w by (—w) and then A by A’, one has
2 27.2
Re(trace (' 2(—w)))=— k Im (l) + Bv?*Re(1) + vk Im(1")
a(—w) A —w
2 272
= —k—Im(l) + Bv*Re(1) + Pv Im(A)
aw A w
= Re(trace (# ' 2(w))).
Similarly, for the imaginary part
27.2 2 27.2
Im(trace (712 (w))) = — <L 1 BYKIKL K pe (1) + B?m(2) — LK Re(2).
aw w aw A w
Then,
_ k| Bv2Kk2|k| k? ( 1 )
I t 1.9 — = — + R _
m(trace (# (—w))) a—a) — a—) e Y
27.2
+ B Im(A) — Pvk Re(1))
)

= —Im(trace (Z ' 2(w))).

In the end, we get that trace (21 2(—w)) = trace (#-12(w)). Doing the same for
det 712, we have

Re(det (# 7' 2(w))) = Re(det (7' 2(—w)))
Im (det (# 7' 2(w))) = —Im(det (2 ' 2(-w)))

and thus det (? 1 2(—w)) = det (Z-12(w)).

We conclude from this that the solutions of (2.82) when we change w to —w are
simply the conjugated of the solutions with w.

From this argument, let u be an eigenvalue of 2! 2(w) then [ is an eigenvalue
of #12(—w). And then, since

1-u
140

2

1—u|
1+u B

then 4! A (w) and 4 ' A (—w) have the same spectral radius. Then, the optimiza-
tion of the convergence factor needs only to consider k > 0 and w > 0.

max o (#(k,w)) = Jhax e (2(k, w)).

Stationary case

If we consider the semi-discrete problem, which is presented in the thesis of Cherel [33],

1
one can replace iw by N then, the above expression becomes (i =—At)
w
Atlk Atk? k
u?— J—Atﬁaﬁkzuq— + AtB?A3 M+M=0
a aA aA
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1
with A = \| k2 + AL > |k|. We have an obvious observation that
v

A
(ﬂ — Atp Kk —
a

Atk?

+ Atp vzk?’) >0

and

Blk]|

— =0
al

1 —
The quadratic equation has 2 roots with positive real parts. Then, we get IH—MI <1
W

It implies that the spectral radius of .# ~'.# is less than or equal one.

We observe also that for k = 0, y = 0 is one solution and when k — o0, one solution
tends to infinity. Hence, it is only with a bounded k, which means 0 < k_;;, < k <
kmax < +00 that we can have that the spectral radius of .# ~'.# is strictly less than 1.

2.8 Numerical results

In this section, we present some numerical experiments that illustrate the performances
of the OSWR method of Section 2.3, with Freefem++ [66]. For the space discretization
we use the nonconforming Crouzeix-Raviart Finite Element method in 2D (i.e. piece-
wise linear element continuous at the midpoints of the edges of the mesh for the velocity
u = (uy,u,), and piecewise constant P, element for the pressure p), and the backward
Euler scheme in time is considered. In the context below, we use the term "monodomain
solution" to denote the discrete monodomain solution that would be obtained on the
same mesh without domain decomposition.

In Section 2.8.1 some results are shown on the convergence of the OSWR algorithm,
without and with modification of the pressure as in Section 2.6. In Section 2.8.2 we
illustrate the influence of the choice of the Robin parameter on the convergence prop-
erties of the algorithm, and then in Section 2.8.3 we present results on a more realistic
test case.

2.8.1 Recovering the pressure: a rotating velocity example

We set Q =]0,1[x]0,1[, v =1, T = 1, and consider the Stokes problem (2.1). We
choose the right-hand side f and the values of the boundary and initial conditions so
that the exact solution is given by

u(x, t) = (—(t? + 1) cos(my) sin(mx), (t2 4 1) sin(my) cos(mx)), (2.83)
p(x,t) = cos(t)(x?—y?), VxeQ, Vte(0,T), (2.84)

see Figure 2.1.

The domain Q is decomposed into two subdomains as in Figure 2.2, and three differ-
ent meshes will be considered (as shown on Figure 2.2), with mesh sizes h = 0.0625,
h = 0.0312, and h = 0.0156, respectively. To each mesh, the associated time step
is At = h. The mesh sizes on the interface are hy = 0.0417, hy = 0.0208, and
hr = 0.0104, respectively.

Next, we analyse the evolution of the errors, of the pressure p and the normal
and tangential components of the velocity u, and u,, during the OSWR algorithm.
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Figure 2.2: Example 1: mesh 1 (left), mesh 2 (middle), and mesh 3 (right)

In Figure 2.3, we plot the evolution of the relative errors, of p, u, and uy, in the
L°°(0, T; L2(£2))-norm, between the OSWR and monodomain solutions, as a function
of the number of OSWR iterations, for mesh 1 and mesh 2. We observe that the method
converges for the velocity but not for the pressure, as expected (see Section 2.4). In
Figure 2.4, we have considered the OSWR algorithm with the modified pressure of Sec-
tion 2.6, at each iteration. This figure shows the evolution of the relative error in the
L°°(0, T; L2(£2))-norm, between the OSWR and monodomain solutions, as a function
of the number of OSWR iterations, for mesh 1, mesh 2 and mesh 3. We observe that
the method now converges both for the velocity and the pressure, accordingly to the
result of Section 2.6.

Remark 2.27. Even if we calculate a modified pressure at each iteration, we do not use
it in the transmission conditions of the algorithm presented in Section 2.3, thus this does
not change the velocity, as shown on Figures 2.3 and 2.4 (on the top).

Remark 2.28. Here the pressure is modified at each iteration to illustrate the convergence
of the multidomain solution to the monodomain solution. A consequence of Remark 2.24
is that in practice one needs only to modify the pressure at the last OSWR iteration, which
makes the cost of the modification negligible.
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Figure 2.3: Example 1: relative errors (for u,, u, and p) versus iterations, for mesh 1
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Figure 2.4: Example 1: relative errors (for u,, u, and p) versus iterations, for mesh 1
(top left) mesh 2 (top right) and mesh 3 (bottom), with the modified pressure

2.8.2 Optimized Robin parameters

In this section we assess the performance of the Robin parameters a;, a,, 1, B, of the
OSWR method. These parameters are chosen to optimize the convergence factor of the
algorithm, and are called "optimized parameters". More precisely, they are calculated
by minimizing the continuous convergence factor of Section 2.7. In the context of the
Stokes problem, better results can be obtained by minimizing the semi-discrete in time
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counterpart of the continuous convergence factor, as described below.

2.8.2.1 Methodology based on the convergence factor

Let us recall the definition of the matrix £ by formula (2.79) of Section 2.7. We defnie

ﬁc(al) a27ﬂ1:ﬂ2) = };n Q(‘%(al) a27ﬂ17ﬂ25k) w)):
e

ax
n iy s
I<k<7,7Sw=<3z;

where p(.«/) denotes the spectral radius of a matrix ./. We restrict the max over
bounded strictly positive parameters to take into account the fact that in actual cal-
culations, only a bounded range of frequencies and wavelengths are present on the
numerical grid.

We consider the following cases :

* Optimized Robin parameter : a; = ay = f#; = 8, = a, where a, verifies
p.(a.)=minp.(a),
a>0
with p.(a) :=p.(a,a,a,a).

* Optimized Robin-2p parameters : a; = a, = a., f; = ff, = B, where (a., f8.) is
such that

pc(aw ﬂc) = a>r{)1,i[3’n>0pc(a’ ﬂ);
with p.(a,B) := p.(a,a, B, ).

* Optimized Robin-2sided parameters : a; = ff; = a., a, = 8, = B. where (a., f8.)
is such that
pclac, )= min p(a,p),

a>0,>0
With pc(a, /5) = ﬁc(ai ﬁ: a, /5)'

One can also consider the semi-discrete in time counterpart of the continuous con-
vergence factor to better capture the discrete time frequencies : we replace in the ex-
pression of & the term iw by its discrete counterpart using the implicit Euler scheme,

) _ e—icoAt ) ) )
that is we replace iw by A Equivalently, we replace in the expression of &
1— e—iwAt
the term w by @ :=—i ( ~: ), and we set

‘%At(ali Ao, /:515 /32: k: CJ)) = %(ali Ao, ﬁlJ ﬂZ’ k: 6) (285)
Then, as above, we define

play,as, B, B) := Q(‘%At(ahabﬁl:ﬂbk:w)):

=
~la Q)

X
<k< <

=13

T
O)SE

=13

>

and consider the following cases, where “SDT” means “Semi-discrete in time” :
* SDT-Optimized Robin parameter : a; = a, = 31 = 35 = a* where a* verifies
p(a®) =minp(a),
a>0

with p(a) :=p(a, a, a, o).
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* SDT-Optimized Robin-2p parameters : a; = ay = a*, f; = By = B* where
(a*, B*) is such that

¥ @k} :
p(a*, B )—a>r{)1’1ﬂn>0p(a,/3),

with p(a, B) := p(a,a, 3, B).
* SDT-Optimized Robin-2sided parameters : a; = ff; = a*, ay, = f, = ™ where
(a*, ) is such that
* k) .
p(a Jﬂ )_a>n(‘)1,1/5n>0p(a)ﬁ))

with p(a, B) := p(a, B, a, B).

In our experiments below, the domain Q is decomposed into two subdomains
as in Figure 2.2, and we consider either the meshes 1,2,3 of Figure 2.2, either the
meshes 4,5,6 of Figure 2.5, where the mesh sizes on the interface and time steps are
hr = At =0.0625, hy = At = 0.0312, and hy = At = 0.0156 respectively.
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Figure 2.5: Example 2: mesh 4 (left), mesh 5 (middle), and mesh 6 (right)

Next, in order to analyze the convergence behavior of the method, we consider
the Stokes problem with homogeneous initial and boundary conditions (i.e., the solu-
tion converges to zero). We start with a random Robin initial guess on the space-time
interface (i.e. that contains all space-time frequencies) and compute the error in the
L°°(0, T; L?(£2))-norm for the pressure p and for the normal and tangential compo-
nents of the velocity u, and u,. We show the error in p, u,, u, (in logarithmic scale)
after fifteen OSWR iterations for various values of the optimized parameters.

Remark 2.29. The convergence of the error on the pressure to zero can be obtained either
by taking a random Robin initial guess with zero mean value on T x (0, T) (without any
modification of the pressure), either by taking any random Robin initial guess on T x (0, T')
and by modifying the pressure as in Section 2.6.

2.8.2.2 Robin case

In this part, only one Robin parameter a is considered, and we take a; = a5y = f; =
B, = a. Next, for an optimized choice of a, we consider and compare the results
obtained with the optimized parameter a = a, and the SDT-optimized parameter a =
a* described in section 2.8.2.1.



2.8. Numerical results 97

e Case v=1 - We take v = 1 and consider mesh 4 (i.e. hy = At = 0.0625). In
Figure 2.6, we plot the evolution of the continuous convergence factor p. (on the left)
and of the semi-discrete in time convergence factor p (on the right), as a function of
the Robin parameter a. The optimized values a,. (blue circle) and a* (red star), shown
on Figure 2.6, are calculated using the function fminsearch of MATLAB [1].

—pc P |
* pla*)
[0}
/ ° pc( C) / Bl
‘ ‘ ‘ 02 ‘ ‘ ‘ ‘ ‘ ‘
0.3 0.4 0.5 0. 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
o) o)

Figure 2.6: Case v = 1. Left: continuous convergence factor versus a (black curve)
with theoretical optimized value a, (blue circle); Right: SDT convergence factor
versus a (blue curve) with theoretical optimized value a* (red star)

In Figure 2.7, we plot the evolution of the relative errors, of p, u, and u,, in the
L°°(0, T; L(£)))-norm, after fifteen OSWR iterations, for various values of the Robin
parameter a. We also show the values of the errors with the optimized parameters a.
(blue circle) and a* (red star). On the left figure we take a random Robin initial guess
with zero mean value on I x (0, T') (see Remark 2.29). We see that a, and a* are close
to the Robin values giving the smallest error after the same number of iterations. In
Figure 2.7, on the right, we take any random initial guess on I' x (0, T) (i.e. with all
space-time frequencies) and modify the pressure as in Section 2.6. We see that a* is
again close to the Robin values giving the smallest error after fifteen iterations, while
a, gives a larger error. We also observe, for both cases, that the convergence can be
significantly slower if a is not chosen well.

e Case v =0.1 - In Figure 2.8, we show the evolution of the continuous convergence
factor p. (top line) and of the semi-discrete in time convergence factor p (bottom line),
as a function of the Robin parameter a, for mesh 4 (left), mesh 5 (middle), and mesh 6
(right), respectively. The optimized values a, (blue circle) and a* (red star), are shown.
We observe that both a. and a* decrease as hy and At decrease, and a. and a* differ
from about a factor 5.

In Figure 2.9, we plot the evolution of the relative errors, of p, u, and u,, in the
L°°(0, T; L(£2))-norm, after fifteen OSWR iterations, for various values of a, for mesh 4
(left), mesh 5 (middle), and mesh 6 (right), respectively. We also show the values of
the errors with a, (blue circle) and a* (red star). We take any random initial guess on
I' x (0,T) (i.e. with all space-time frequencies). We see that a* is close to the Robin
values giving the smallest error after fifteen iterations, for the three meshes, while a.
gives a higher error in all cases. As for the case v = 1, we observe that the convergence
can be significantly slower if a is not chosen well.
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Figure 2.7: Case v = 1. Relative errors after 15 iterations (for u,, u, and p) versus a,
with their values at a, (blue circles) and at a* (red stars). Left: starting from a
random initial guess with a zero mean value on I x (0, T) (with non-modified
pressure); Right: starting from any random initial guess on I' x (0, T) (with modified
pressure)
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Figure 2.8: Case v = 0.1. Top: continuous convergence factor versus a (black curve)
with theoretical optimized value a. (blue circle); Bottom: SDT convergence factor
versus a (blue curve) with theoretical optimized value a* (red star); Left : mesh 4;

Middle : mesh 5; Right : mesh 6

e Case »=10.01

We now consider the case v = 0.01 and mesh 5 (i.e. hy = At = 0.0312). In
Figure 2.10, we show the evolution of the continuous convergence factor p, (on the left)
and of the semi-discrete in time convergence factor p (on the middle), as a function of
the Robin parameter a, as well as the optimized values a, (blue circle) and a* (red star).
We observe that a, is significantly smaller than a*. We also observe from Figure 2.8

(middle) and Figure 2.10 that a, and a* increase as v decrease.

In Figure 2.10, on the right, we plot the evolution of the relative errors, of p, u,
and u,, in the L°°(0, T; L2(£)))-norm, after fifteen OSWR iterations, for various values
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Figure 2.9: Case v = 0.1. Relative errors after 15 iterations (for u,, u, and p) versus
a, with their values at a. (blue circles) and at a* (red stars), starting from any
random initial guess on I' x (0, T') (with modified pressure); Left : mesh 4; Middle :
mesh 5; Right : mesh 6
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Figure 2.10: Case v = 0.01. Left: continuous convergence factor versus a (black
curve) with theoretical optimized value a, (blue circle); Middle: SDT convergence
factor versus a (blue curve) with theoretical optimized value a* (red star); Right:

Relative errors after 15 iterations (for u,, u, and p) versus a, with their values at a,
(blue circles) and at a* (red stars), starting from any random initial guess
on I' x (0, T) (with modified pressure)

of a, as well as the errors obtained with a, (blue circle) and a* (red star). We take any
random initial guess on T' x (0, T'). We see that a* is close to the Robin values giving the
smallest error after fifteen iterations, for the pressure, and nearly close for the velocity,
while a, gives a higher error for p, u,, u,, far from the Robin values giving the smallest
error.

2.8.2.3 Robin-2p case

In this section, two Robin parameters a and f are considered, and we take a; = a, = a
and f3; = B, = B. Next, for an optimized choice of a and 3, we compare the results
obtained with the optimized parameters (a, ) = (a,, .) and the SDT-optimized pa-
rameters (a, ) = (a*, f*) described in section 2.8.2.1.

e Case v=1 - In Figure 2.11, we show the evolution of the continuous con-
vergence factor p. (on the left) and of the semi-discrete in time convergence factor
p (on the right), as a function of the Robin parameters a and f, for mesh 1 (i.e.
hr = 0.0417, At = 0.0625). The optimized values (a.,3.) (blue circle, on the left
figure) and (o, 8*) (red star, on the right figure), are also plotted.

In Figure 2.12, on the top two lines, we plot the evolution of the relative errors, of
u, (left), u, (right), and p (middle), in the L°°(0, T; L?(£))-norm, after fifteen OSWR
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iterations, for various values of a and f3, for mesh 1. We also plot the values of the
errors with (a,, 8.) (blue circle) and (a*, B*) (red star). We take a random initial guess
with zero mean value on I' x (0, T') and the pressure is not modified. We see that both
(a*,B*) and (a., B.) are close to the Robin-2p values giving the smallest error after
fifteen iterations.

In Figure 2.12, on the two bottom lines, we do the same simulations as on the top
two lines, except that we start now from any random initial guess on I' x (0, T) (i.e.
with all space-time frequencies), and consider the modified pressure. We observe that
the results are similar, in particular both (a*, *) and (a., f.) are close to the Robin-2p
values giving the smallest error after fifteen iterations. As for the Robin case, we observe
that the convergence can be significantly slower if a@ and 8 are not well chosen.

5020~
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91'0-

0.08 0.1

Figure 2.11: Case v =1 (Robin-2p). Continuous (left) and semi-discrete in time
(right) convergence factors versus a and 3 with their respective theoretical optimized
values (a,, 8.) (blue circle) and (a*, f*) (red star)
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and p (middle). Top two lines : random initial guess with a zero mean value
on I' x (0, T) and non-modified pressure; Bottom two lines: arbitrary random initial
guess on I' x (0, T) and modified pressure
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e Case v=0.1 - In Figure 2.13, we plot the evolution of the continuous con-
vergence factor p. (on the left) and of the semi-discrete in time convergence factor
p (on the right), as a function of the Robin parameters a and f, for mesh 4 (i.e.
hr = At = 0.0625). The optimized values (a., 8.) (blue circle, on the left figure)
and (a*, 3*) (red star, on the right figure), are also shown. We observe that these op-
timized values are very different : we have (a., 8.) = (5.98701072,5.942410"2) and
(a*, ") =(3.0931107},2.86411071).

In Figure 2.14, we plot the evolution of the relative errors, with any random initial
guess on I' x (0, T) with modified pressure. These errors of u, (left), u, (right), and
p (middle), in the L°°(0, T; L?(£2))-norm, are calculated after fifteen OSWR iterations,
for various values of a and f3, for mesh 4. We also plot the values of the errors with
(a, B.) (blue circle) and (a*, f*) (red star). We observe that (a*, 3*) is nearly close
to the Robin-2p values giving the smallest error after fifteen iterations, while (a., f8.) is
far from this value.
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Figure 2.13: Case v = 0.1 (Robin-2p). Continuous (left) and semi-discrete in time
(right) convergence factors versus a and 3 with their respective theoretical optimized
values (a,, B.) (blue circle) and (a*, f*) (red star)
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2.8.2.4 Robin-2sided case

In this part, two Robin parameters a and 3 are again considered, and we take a; =
p1 = a and ay, = 35, = . We compare below the results obtained with the optimized
parameters (a, ) = (a,, B.) and the SDT-optimized parameters (a, ) = (a*, %) de-
scribed in section 2.8.2.1.

e Case vy=1 - In Figure 2.15, we plot the evolution of the continuous conver-
gence factor p. (on the left) and of the semi-discrete in time convergence factor p
(on the right), as a function of the Robin parameters a and f3, for mesh 1, as well
as the optimized values (a,, 8.) (blue circle, on the left figure) and (a*, f*) (red star,
on the right figure). We observe that, unlike the previous choices of the optimized
parameters (Robin or Robin-2p), the numerical calculation of the SDT Robin-2sided
parameter (a*, %) requires to be careful in the choice of the initial data and of the
number of space-time frequencies, for the inputs of the function “fminsearch” of MAT-
LAB. This can be explained by the shape of the isovalues of the convergence fac-
tor p (see Figure 2.15 on the right). Moreover, the numerical optimized values are
(a., B.) = (3.38021072,3.38021072) and (a*, B*) = (3.72141072,3.72141072), and
thus correspond to Robin values (i.e. a, = 8, and a* = 8*). We also observe that
(a., B.) and (a*, B*) are close.

* pla*,5%)

« [

Figure 2.15: Case v =1 (Robin-2sided). Left: continuous convergence factor versus a
and f with theoretical optimized value (a., .) (blue circle); Right: SDT convergence
factor versus a and 3 with theoretical optimized value (a*, 3*) (red star)

In Figure 2.16, on the top two lines, we plot the evolution of the relative errors, of
u, (left), u, (right), and p (middle), in the L°°(0, T; L%(£2))-norm, after fifteen OSWR
iterations, for various values of a and f3, for mesh 1. We also plot the values of the
errors with (a., 8.) (blue circle) and (a*, *) (red star). We take a random initial guess
with zero mean value on T' x (0, T') and the pressure is not modified. We see that both
(a*,B*) and (a., B.) are close to the Robin-2sided values giving the smallest error after
fifteen iterations, and that (a*, 3*) is a little closer to these values.

In Figure 2.16, on the bottom two lines, we do the same simulation as above, except
that we start now from any random initial guess on I' x (0, T), with the modified pres-
sure. While the results are similar for the velocity u, and u, the shape of the errors are
very different for the pressure p, with a thin layer containing several minima, where a
zoom is given on Figure 2.17.
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Figure 2.16: Case v =1 (Robin-2sided). Relative errors after 15 iterations versus a
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(right) and p (middle). Top two lines: random initial guess with a zero mean value
onI' x (0, T) and non-modified pressure; Bottom two lines : arbitrary random initial

guess on I' x (0, T) and modified pressure
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Figure 2.17: Case v =1 (Robin-2sided). Zoom on the last line of Figure 2.16

e Case v=0.1 - In Figure 2.18, we plot the evolution of the continuous conver-
gence factor p, (on the left) and of the semi-discrete in time convergence factor p (on
the right), as a function of the Robin parameters a and f3, for mesh 4, as well as the
optimized values (a., 8.) (blue circle, on the left figure) and (a*, 3*) (red star, on the
right figure). The numerical optimized values are (a., f,) = (5.98181072,5.9818 10™2)
and (a*, *) = (3.0832107%,3.0832107 1), and thus correspond to Robin values (i.e.
a. = fB. and a* = 3*), and to the optimized Robin values found in Section 2.8.2.2.

[0}

Figure 2.18: Case v = 0.1 (Robin-2sided). Left: continuous convergence factor versus
a and 3 with theoretical optimized value (a., 8.) (blue circle); Right: SDT
convergence factor versus a and 8 with theoretical optimized value (a*, 3*) (red star)

In Figure 2.19, we show the evolution of the relative errors, of u, (left), u, (right),
and p (middle), in the L°°(0, T; L?(2))-norm, after fifteen OSWR iterations, for various
values of a and f3, for mesh 4. We also plot the values of the errors with (a,, 8.) (blue
circle) and (a*, B*) (red star). We take any random initial guess on I" x (0, T) and the
pressure is modified. We see that (a*, f*) is close to the Robin-2sided values giving the
smallest error after fifteen iterations, while (a., .) is far from these values. Moreover,
as for the case v =1 above, we observe that the shape of the errors are very different
for the pressure p, with a thin layer containing several minima.
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Figure 2.19: Case v = 0.1 (Robin-2sided). Relative errors after 15 iterations versus a
and f, with value at (a,, B.) (blue circle) and at (a*, 3*) (red star), for u, (left), u,
(right) and p (middle), starting from any random initial guess on T' x (0, T) (with
modified pressure)

2.8.3 A more realistic test case

In this example we take v = =l with Ze = 200, and T = 5. The mesh is given on
Figure 2.20, with 22232 mesh efements. The domain is decomposed into two subdo-
mains, with the interface at y = —0.9, see Figure 2.20, where domain 1 corresponds to
the green and yellow parts, and domain 2 to the black part. The time step is At = 0.05.

We set Q = [—2.625,1.625]x[—0.9,—0.6]x (0, T). The domain [—2.625,1.625] x
[—0.9,—0.6] corresponds to the yellow part of the mesh on Figure 2.20 and corresponds
to the location where the source term f in the Stokes equations does not vanish. Two
different values for this source term will be used in the numerical tests that follow.
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A >

Figure 2.20: Example 3: mesh and domain decomposition into 2 subdomains (green
and yellow parts for domain 1, and black part for domain 2)

2.8.3.1 Optimized Robin parameters

In this part we discuss the choice of the Optimized Robin parameters. If not specified,
the initial data for the function fminsearch of MATLAB is @ = 0 (Robin) or (a, ) =
(0,0) (Robin-2p or Robin-2sided).

In Figure 2.21, we consider the Robin case (i.e. a; = a; = f/; = B, = a) and
plot the evolution of the continuous convergence factor p, (on the left) and of the
semi-discrete in time convergence factor p (on the right), as a function of the Robin
parameter a, as well as the optimized values a. (blue circle, on the left figure) and a*
(red star, on the right figure). The numerical optimized values are a, = 3.2283 102
and a* = 6.6063 107, and differ from about a factor 20.

Pe P
* pla¥)
0.999 0.98 + 1
o plor) p
0.998 0.96
0.997 0.94
0.996 0.92 +
0.995 0.9 r
0.994 0.88 . . .
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 0.5 1 1.5 2
¥ o)

Figure 2.21: Example 3 (Robin). Left: continuous convergence factor versus a with
theoretical optimized value a. (blue circle); Right: SDT convergence factor versus o
with theoretical optimized value a* (red star)

In Figure 2.22, the Robin-2p case (i.e. a; = a, = a and f3; = 3, = ) is considered
and we show the evolution of the continuous convergence factor p. (on the left) and
of the semi-discrete in time convergence factor p (on the right), as a function of the
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Robin parameters a and f3, as well as the optimized values (a., 8.) (blue circle, on the
left figure) and (a*, f*) (red star, on the right figure). The numerical optimized values
are (a,f.) = (3.22841072,3.22561072) and (a*, f*) = (6.6035107},6.2908 107 1),
and thus are nearly close to the optimized Robin values (i.e. on the axis a = f3).
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Figure 2.22: Example 3 (Robin-2p). Left: continuous convergence factor versus a and
p with theoretical optimized value (a,, .) (blue circle); Right: SDT convergence
factor versus a and 3 with theoretical optimized value (a*, 3*) (red star)

In Figure 2.23, the Robin-2sided case (i.e. a; = f#; = a and a, = 3, = ) is con-
sidered and we plot the evolution of the continuous convergence factor p, (on the left)
and of the semi-discrete in time convergence factor p (on the right), as a function of the
Robin parameters a and 3. For the optimized value (a., 3.) (on left figure), we consider
two initial inputs for the function fminsearch of MATLAB : (a, ) = (0,0) that gives
the optimized value (a?, ﬁco) =(1.27321072,5.72541072) (blue circle), and (a, ) =
(0.03,0.03) that gives the value (a!,}) = (5.7254107%,1.27321072) (green dia-
mond). This is due to the symmetrical shape of the convergence factor p.. A conjecture
is that the true optimized value (a,, f.) is on the axis a = 3 (i.e. corresponds to the op-
timized Robin value above), and that fminsearch find wrong values. There is no longer
this problem for the optimized value (a*, *) (red star, on the right figure), whose nu-
merical value obtained with fminsearch is (a*, B*) = (6.606310},6.60631071). It
corresponds to the optimized Robin values above, of Figure 2.21.

In conclusion, for this example, we expect that using more than on parameter
(Robin-2p or Robin-2sided) will not give a significant improvement compared to the
Robin case, and thus we will consider only optimized Robin parameters in what fol-
lows.

2.8.3.2 Case f constant

In this example we take f=—2 in Q.

In Figures 2.24 and 2.25, we plot the evolution of the horizontal and vertical com-
ponents of the velocity respectively, at times t = 1,2,3,4,5, with a fixed colorbar. We
observe that the stationary state is not reached yet. In Figure 2.26, the pressure is also
shown, at times t =1 and t = 5.
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Figure 2.23: Example 3 (Robin-2sided). Left: continuous convergence factor versus o
and 3 with theoretical optimized values (a /3 ) (blue circle) and (ac, ﬁ ) (green
diamond); Right: SDT convergence factor versus a and 3 with theoretical optimized
value (a*, B*) (red star)

Figure 2.24: (Case f constant) - Horizontal component of the velocity u, at
t =1,2,3,4 and at final time t = T = 5. The colorbar is the same for all figure and is
shown on the bottom right
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Figure 2.25: (Case f constant) - Vertical component of the velocity u, at t =1,2,3,4
and at final time t = T = 5. The colorbar is the same for all figure and is shown on the
bottom right
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Figure 2.26: (Case f constant) - Pressure p at t =1 and at final time t =T =5
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In Figure 2.27, we consider the Robin case and show the evolution of the rela-
tive errors, between the OSWR and monodomain solutions, of u,, Uy, and p, in the
L°°(0, T; L%(£2))-norm, versus OSWR iterations, for a = a, = 3.2283 1072 (blue, red,
and cyan curves) and a = a* = 6.6063107}. For a = a*, the curves of u, and p are
quite close, with a faster convergence for u,,. For a = a,, the curves of u, and u, have
almost the same speed of convergence, with a slower convergence for p for the first
iterations. Moreover, the convergence is much slower with @ = a, than with a = a*.
This illustrates the importance of the effect of the numerical scheme used in the time
direction.

-2
2516 L2-L error on uy (o)
— 4+ L%-L™erroron u, (a))
3 — & L2L™ erroron p(a)
-3.5¢ L2-L error on u, (%)
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L2L™ error on p (a*)
45 | L | |
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iterations

Figure 2.27: (Case f constant) - Relative errors (for u,, uy and p) versus iterations,
with modified pressure and optimized Robin parameters a, (blue, red, and cyan
curves) and a* (green, magenta and black curves)

2.8.3.3 Case f variable in time

In this example we take f = —2(sin(7tt) + cos(47t)) in Qf.

In Figures 2.28 and 2.30, we plot the evolution of the horizontal and vertical com-
ponents the velocity respectively, at times t = 1,2,3,4,5, with a fixed colorbar. In
Figure 2.29, the pressure is also plotted, at times t =1 and t = 5.

In Figure 2.31, we plot the evolution of the relative errors, between the OSWR and
monodomain solutions, of u,, u,, and p, in the L°°(0, T; L?()))-norm, versus OSWR
iterations, for the optimized Robin parameters a = a, = 3.228310 2 (blue, red, and
cyan curves) and a = a* = 6.6063 107! (green, magenta and black curves). For a = a*,
the curves of u,, u, and p are quite close. For a = a., the convergence is much slower
than the one with a = a*. This illustrates once again the importance of the effect of
the numerical scheme used in the time direction.
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Figure 2.28: (Case f variable in time) - Horizontal component of the velocity u, at
t =1,2,3,4 and at final time t = T = 5. The colobar is the same for all figure and is
shown on the bottom right
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Figure 2.29: (Case f variable in time) - Pressure p at t =1 and at final time t =T =5
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Figure 2.30: (Case f variable in time) - Vertical component of the velocity u, at
t =1,2,3,4 and at final time t = T = 5. The colobar is the same for all figure and is
shown on the bottom right
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Figure 2.31: (Case f variable) - Relative errors (for u,, u, and p) versus iterations,
with modified pressure and optimized Robin parameters a, (blue, red, and cyan
curves) and a* (green, magenta and black curves)
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2.9 Extension to Oseen equation

In this subsection we extend the OSWR approach to the time-dependent Oseen equa-
tion. As in the case of the Stokes equations, we write the multi-domain formulation, we
study the well-posedness in the subdomains using Robin boundary conditions, we write
the SWR algorithm and then we prove the velocity convergence through an energy esti-
mate and perform a Fourier transform to get the formulation of the convergence factor.

2.9.1 The Oseen equations. Multidomain formulation

The time-dependent Oseen equation has the following form

du—vAu+(b-V)u+Vp =f in Qx(0,T)
Vu =0 in Qx(0,T)
u(.,,t=0) =uyin Q (2.86)
u =0 on JNx(0,T)
with the divergence-free convection field b € L°°((0, T), L°°(Q2)).
We recall the following spaces
v={ue[H(D] Vu=0},
H={ue[12(@)]",u-n=00n22,vu=0}, (2.87)
2
x={ue[H}(@]},
For u,v € V, one has the following expression
1 1
((b : V)u, V)Q = E (b : vu; V)Q - 5 (b . VV, u)Q
Then, we can write the constrained variational form of (2.86) as:
find (u, p) € L*((0, T), V)N 6((0,T),H) x W~1°°((0, T), L5(€2)) such that
» d,ueL?((0,T),V") and u verifies
ou,Viyy +A(u,v) =(f,v)g, Vvev
(O, v)yy (u,v) = (f,v)q (2.88)

u(t = 0) = Uy,

with A(.,.) a bilinear form defined on X D V

A(u,v) = »(Vu, Vv)q + % (b-Vu,v)g— % (b-Vv,u)q

* p=29,P,with P € L°°((0,T), L%(Q)) satisfying

t

Au(s),v) = (V-v,P(t))q = f (f(s),v)q, VveX
0
(2.89)

(u(t),v)q —(ug,v)g + J

0

Theorem 2.30. When u, € H, problem (2.88)-(2.89) admits a unique solution.
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Proof. One has
A(u,u) = v(Vu,Vu)g,

hence A(., .) is coercive. In addition, the inequality
1 1
lE (b-Vu,v)g— 3 (b-Vv,u)q| < Clbll o ((0,1), L0 ()2 ([ Vullallvlig + I VVlgllullg)

implies the continuity of A(., .). Then, following similar arguments as in Section 2.2, one
gets the well-posedness of (2.88) and the existence of the pressure satisfying (2.89). [

We have now the solution of the variational Oseen equation. However, in order to
define the Robin transmission conditions, we need more regularity. Unfortunately, the
analysis for the time-dependent Oseen equations are not well-presented in the current
literature. The Oseen equations themselves in fact are usually considered as a simplified
version of the Navier-Stokes system, whose strong regularity has been studied well; it
is generally believed that the results obtained for the latter are also valid for the former.
Therefore, at this point, we suppose that we have the following strong regularity.

Hypothesis 2.31. With the domain £, the advection b, the source term f and the initial
condition u, regular enough, the Oseen equation(2.86) admits a unique solution u €
L*((0,T),V)NL*((0,T),H*(Q)?), p € L*((0, T), L3(2)) N L*((0, T), H'(Q) with du €
L%((0,T),H).

The above regularity hypothesis allow us to rewrite the monodomain problem into
the following equivalent multidomain one. We denote by b;; =b - n;;.

Ju; —vAu; +(b-V)u; + Vp; =f; in Q;x(0,T)
Vau =0 i Q. x(0, T
i in  £;x(0,T) (2.90)
u(,t=0) =(uy); in
uy =0 on (d0QNaN;)x(0,T)
withi=1,2,...,M, together with Robin transmission conditions on T}; x (0, T)

1
ai]' 'Vanijui . ni]' —Dpi— Ebi]’ui -ni]- +ul' -nl-]-

1
aij VanijUj'nij—pj bl]uJ n +Uj'nij
1
i v&’ u;-nj;—pj— 2bﬂu1~nﬁ +u;-nj
1
=Jv8un —Di— bun+un]
1
/jij Vanijui X nij— Ebijui X nl»]- +u; X nij
= 2 1b
= Bij VOn, Wj X Nyj— Sbyju; XAy |+ X ny;

1
Bji (vanlulxnj =bjiu; xn; )+u X nj;

1
= ﬂ]l (v@nﬁui X nﬁ — Ebﬁui X nji) +u; X nﬁ
(2.91)



2.9. Extension to Oseen equation 117

2.9.2 Oseen equation with Robin boundary condition

We now consider a domain, still denoted by 2, for which the boundary is decomposed
into two parts: 9Q = I, UTy, with || > 0. Let n be the outgoing normal vector on Iy;
we consider the following system, with a >0 and >0

Ju—vAu+(b-V)u+Vp =f in Qx(0,T)
Vu =0 in Qx(0,T)
u(,,t=0) =uy, in Q
u =0 on Ipx(0,T) (2.92)

a(vanwn—p—%(b-n)u-n)+u~n =g on Iyzx(0,T)
ﬂ(vanuxn—%(b-n)uxn)—kuxn =& on Izx(0,T)
We recall the spaces that were used for the Stokes problem
Vo ={ue[H Q)] ,u=00nT),vu=0},
Hp ={ue[13@)] ,u'n=00nT,,Vu=0}, (2.93)
Xp={ue[H(@] ,u=00nT,},

equipped with the H! and L? norms, respectively.
Integrating by part and taking into account the fact that b is divergence free and
v =0 on I};, we obtain

(b-Vu,v)g = %(b -Vu,v)g + % (b-Vu,v)q
1 1 1
= (b-Vu,vg— 5 (b- Vv, ug + 5 (b-mu vy,
1 1
= §(b~Vu,V)g—§(b~Vv,u)n
1 1
+ 5((b-n)u-n,v-v)FR + 5((b-n)ux n,vxvp .

Taking into account the boundary condition, we define the following bilinear form a(-, -)
on Vp x Vp, and the linear form c(-) on V}

1
a(u,v) =v(Vu,Vv)g + > (b-Vu,v)g

. . . (2.94)
——(b -Vv,u)g+—(u-n,v-n)p, + = (uxn,vxn),
2 a R R
o(t,V) = (Vo + - (g,v-n)y +%(5,vx nr, (2.95)

Taking u as test function, one has
1 1
a(ww) = (Y, Vu)g - (W muen)y + 5 (@xmuxn)y,
a

hence, as shown for the Stokes equations, a(.,.) is coercive.
The inequality

1 1
|5 (- Vu,v)g =2 (b- Vv, u)g | < Clibll oo 0,1, oo (VullalIViia + [VVila]lulla)
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leads to the continuity of a(.,.). Then, following similar arguments as for the Stokes
equation, on can show that

Theorem 2.32. There exists unique p € W~ 5°°((0,T), L%(Q)) and u € (LZ((O, T),Vp)
n%°([o, T],HD)), with 8,u € L%((0, T), Vl;) such that (u, p) is solution of problem (2.92)
in the sense that

* u verifies

(atu,v)vé% +a(t,u,v) = c(t,v) for almost every t € (0, T) and all v € Vp,
(2.96)
u(0) = uy. (2.97)

» p=3,P with P € L°°((0, T), L%(Q)) satisfying

t

a(u(s),v)ds =—J P(t)V-v, VYveXp. (2.98)
Q

f C(S)V)_(u(t)7v)ﬂ + (UO’V)Q _J
0

0

2.9.3 Optimzed Schwarz Waveform Relaxation Algorithm

We can now establish a space-time DD algorithm for the Oseen equations:
Provided starting Robin terms g?j, & ?j on the interfaces T;; x (0, T) (regular enough), at
step £ > 1, we solve M subdomain problems

atuf — vAuf +(b- V)uf + fo =f in Q;x(0,T)
vul =0 in  Q;x(0,T)
w(,t=0) =(u); in

14 4 4 _ 01
aij(vﬁni,ui -nij—pl- Zbuul n; )"‘ui -ni]- _gl] on Fl] X (0, T)

1
ﬁl](va ul xny;— b ul xn;; )+u xn; =&;' on T;x(0,T)

ijHi
uf =0 on (dQ;NaN)x(0,T)
(2.99)

withi=1,2,...,M and then we update the Robin terms on the interfaces T}; x (0, T)

e = [ . . — —— e . ..
gij—aij(vﬁnijuj n;; pJ blju] n; )+uj n;j
(2.100)
0 _ 14 _ = 4

£ij—[3’ij(v3nijuj X n;; qu] X n; )Jru X ng;,

with j € 4.
We rewrite next the algorithm using a variational formulation. We recall the notations

used for the Stokes equation
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Then, we set

1 1
a;(u,v) = v(Vu, Vv)q + > (b-Vu,v)q — 5 (b-Vv,u)g,
1 1
+—(u-n v-nij)r +—(u><n
. ; i

al] v i ﬂ
1
4 _ (-1
(V)= (EV)g, + 2, — (g hvony), +

vx "if)rij’ (2.101)

o (g xny)

ij>

jev, il i Py

L’
and the algorithm reads: for all £ > 1, given gfj_l, gfj—l on each space-time interface
I;; x (0, T), solve, foreachi =1,...,M:

<8tuf,v>v.,)vl + ai(uf,v) = cf(t,v), ae. te(0,T),VveV,,
) irVi (2.102)
u; (0) =Up;

and then construct pf = ﬁtPi[ which is such that

t t

ai(uf(s),v)ds — (Pf,V~v)Qi —J cf(s,v)ds =0, VveX,.
0

(uf(t),v)ﬂi — (uO,i’V)ni +f

0
After that, we update Robin terms using the same trick as in Remark 2.15

a aij+aji

¢ ij g—1 ¢
=t — 2wt ns 2.103
Bij oo BitBii
¢ _ P PGP
‘Eij = ﬁﬁgﬁ ﬁji u; Xnj (2.104)

2.9.4 Convergence of the velocity via energy estimate

Theorem 2.33. Let (u,p) be the solution of the Oseen equations (2.86) which is sup-
posed to verify Hypothesis 2.31. We denote by u; = ulg. Then, if a;; = aj; and
Bij = Bji, the sequence uf defined by the OSWR algorithm in Section 2.9.3 converges
to u; in 6°([0, T],H)) N L*((0,T), Vi).

Proof. Denote by p; = plg,. From Hypothesis 2.31, (u;, p;) is regular, so we can define

then the following traces in L2((0, T), Lz(l"ij))

1
gij = aij(vanijui . nij —Di— E(b . nij)ui . nl'j) + u; - ni]’ (2105)

1
&ij = ﬁij(vanijui X nj— E(b-nij)ui X n;j)+u; X n; (2.106)

We recall here that the strong regularity of (u, p) leads to the multidomain transmission
conditions (2.91), which implies, similarly to the Stokes section

aij al’j + (le'

g=—Llgi— -y ., (2.107)
aji a]‘i
By, Buyth

Ej= 28— ———2u;x (2.108)

Bji Bji o
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Moreover, (u;, p;) is the strong solution of each local Robin boundary problem

du; —vAu; +(b-V)u; + Vp; =f; in Q;x(0,T)
Vau =0 in Q;x(0,T)
ui(., t= O) = uO’l’ in Qi
uy =0 on (d0NaN;)x(0,T)
aij(vaniju n;—p;— 2b w;-n;)tu-on; =g; on T;;x(0,T)

b W xn;+u xn; =§&; on I;x(0,T)
We have that u; verifies the following variational formulation

(Geu;, v)yr v +a;(u;,v) = ¢;(t, v) for almost every t € (0,T) and all ve V,
e (2.109)
1;(0) = ugg,

with

1
ci(t,v) = (£, v)g, +Z (gl],v nl])F /5” (gij,vxnij)rij, (2.110)
jew i ij

Denote by ef = uf —u;, hfj = gf]- — &ij> ij = gfj —&ij
From (2.101), (2.102), (2.109), (2.110), then e! verifies
(el V), +a(el,v)= > a—(he Lveng)p, + Z 5 — (5 vxny)y, VYvev.
jeg U jes, i
ef(0)=0
(2.111)

All integrals on Tj; are well defined since g;; and &;; are both in L2((0, T), L*(T; i)
and since we have shown that this is also the case for gfj and Sfj as soon as it is true
for{ =0

With ajj = aj; and ﬁij = ﬁji, formulas (2.103) and (2.104) (2.107) and (2.108)
for the Robin terms on [}; lead to

1/,
el ny= (he T—nt) | el xn;= 3 (¢61=24). (2.112)
Choosing ef as test function in (2.111), one gets

(9 e ,€; ) v+ v(Vel,Ve )o, + Z —(e nl],e nl])rIJ + Z —(e X nl],ee X nl])ru

JES Qij jES ﬂl]
— -1 -1
Z h e “nyj)r, + Z B (¢ e X ), -
Jev“I jes i

(2.113)

From here, one can follow exactly the same steps as in the energy estimate of the Stokes
equations. O

Remark 2.34. The proof above remains true when the vector field b has a negative
divergence. One obtains a similar energy estimate with an additional positive term
—((V-b) ef, ef)ﬂl on the left-hand side.
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2.9.5 Convergence factor via Fourier transform

We then rewrite the algorithm on the error in exactly the same way as for the Stokes
equations in Section 2.7, with additional notations for the convection terms b = (a, b),
alp =b-nr, ag = a(x =0).

8tuf + aaxuf + bayuf — vAuf + 8Xp§Z =0 in Q; x(0,T)

ﬁtvf + aaxvlfZ + bayvlfZ - vAvf + ﬁypf = in Q; x(0,T)
axuf + ayvf = in Q; x(0,T)
u(,t=0) =0 in Q;
vi(,t=0) =0 in Q;

uf,vf —0 when |[(x,y)|— oo

with transmission condition on I" x (0, T)

ocl(w'}xu1 pl—laou )—|—u1 = a,(vo, ue 1—p2 aou2 1)+u
B1(v0y V1 00V1)+V1 B1(v0y V _%ao"z 1)+V€ '

ay(vo,ul — pz—laouz) uz—az(va uy” 1_P1 aqouy ) —uy™!
Ba(vo, V2 a0V2) = Bo(voy V _‘a0V1 )_Vl

At this point, we cannot simply take the Fourier transform: we have difficulties with a
and b if they are non-constant. We can consider first the case where a, b are constant
in y and t. Then we get
lcou +ad, u + blku - vaxxu + vkzu —l—axpl =0
lwv +ad, v + blkv — v@xxv + vkzv + 1kp =0
8xul. + lkvi =0
uf,vf — 0 when |x| — oo

To avoid ODEs with non-constant coefficients, let a, b be constant in x also, thus a; = a.
We can then write the solutions of the system as

u‘; = A exp(|k|x) + B exp(r,.x)

iw + bik
pg =— (% + a)AK exp(|k|x)
(_ l|k|
V] = AL exp(|k|x) + exp(r+x)
k k
and
ug = C! exp(—|k|x) + D exp(r_x)
. T
- (% = a) C* exp(—k|x)
otk ¢
v, = P exp(—Ika) + TD exp(r_x)
. . 2 . . 2 . a+A
with r,, r_ the roots of the equation —vr<+ar + (iw+ bik+ vk*) =0, i.e. r, = 2y

—A
r_= a2 , A is the square root with positive real part of a® + 4i v(w + bk) + 4v°k>.
y
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Replacing these terms in the transmission conditions, one gets
oy [ VIkIAC + vr, BE + (12 4 o) Af — 24f — 4B¢ |+ A" + B

=a [—v|k|C€_1 +or DL 4 ( lwl-il;?lk a) ct-1_ %Ce—l _ %Df_l] yctl 4 pt1

/51[1»L]i<'|k|A‘+v%mB‘—gM gﬁBé]+wA€+%B‘

=B, [ Bvlklct + vizr Dt + gt — g leptt | Mt 4 Beptt,

a, [—kaIC‘} +yr_D' + (—% + a) ct—gct- %DE] —ct-Dp°

=a, [v|k|A“ +yr, B + (—"“’;fl’ik + a)A‘—1 — a1 gBH] A1 g1

Bo [ B vlkiCt + vier Dt + g8t — gLz pt] 4+ Bt — Z=pt

=ﬁ2|:v%|k|Af—1+v%r+B€—1_%%Af—l_ T+B[ 1:| %A“‘l—%B“‘l.

NID

Factorizing the above expressions, we get

[al(v|k|+%+%)+1]Al+[a1(vr+—%)+1]3€

Z[al (—vlkl—m+g)+1]ﬂ_l+[a1(vr_—g)+1]D€_l

IN 2 2
. . 2 . .

[ﬁl(vik—a;:l) l':']AZ [/31( %—l;?%%}sl

B allkl) l|k|] -1 ir2  ar_ R
[az(—vlkl—%+§)—1]Cl+[a2(vr_—§)—1}De

_ iw + bik ay -1 _ay —1

—[az(v|k|+—|k| +2) 1]A +[a2(vr+ 2) 1]B

. ailk| i|k| irE iar_ ir_

[ (v )+ Jet e~ 5 ) - )

_ ) ailkl) llkl] = 1r2 _lary iry | o4

_[ﬁz(”k ok )T ) TP % )" & |°

We change the sign of the third and fourth equations, then we can rewrite

iw+bik a a
[al(v|k|+T+§)+1]AE+[(X1(W+—§)+1]B€
:[al(—vlkl—w+9)+1]C“1+[a1(vr_—g)+1]DH
IN 2 2
_ ailkl) l|k|}e ir2 dary\ iry ],
[/31(1)1k ok P A+ By vk oy + P B

, ailkl) l|k|] 1, ir2 dar_\ ir_] o,
[/51(” ok Pl S 1 T R
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[az(—vlkl—lwl—;flk E) ] az Vr_ ——)—1}De

. iw+bik a -1 a —1
—[az(vlkl ] 2) ]A a1 Vry 2) 1]B

s S8 e [, (12t
:[/52( k—%)—%]A‘ ! [ﬂz(v——i;%)—i%}#—l

We can rewrite this expression as

[1 +X(ay) + %a AL 41+ Y(ap)] B

[1 X(ap) + 24 ! ]cf L [1—Y(a)]D""

ilk| [1+W(ﬁ1)—% A€+T+[1+Y(/31)]B€
= =M [1-wep- 22 e = p -yt

[1 +X(ay)— %} Ct +[1+Y(ay)] D"

=[1-X(a) - 22 JA7 +[1-V(a)]B

k
—ilk|
k

B ewen+ 2ot ZEna v

=W+ B2 |44 S p-vipppt

where

X(a)= a(vlkl + e l-;;lbik), Y(a)= a(vr+ - %) = —a(vr_— %), W(a) = av|k|

From this, we define four matrices

- | R o I (CY)
a, =1ilk +

P rween- B2 Frnev:
opertae oy | _TXET ] v ]
10pt ay, P1) = k ir_

S BT )
opettan oy | KT Oy ]
10pt]2 (as, Ba) = | i|k| Poa] —ir-

_T[HW(ﬁz)*T] (147 (8]
optioten by | _LTXET ) v
10pt]2(ay, Br) = | —; _t .
25 P2 - lk|k| |:1—W(/52)+@] :Jr[l—Y(ﬁz)]
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Then, one has

14 -1 4

-1
e )| | = @B G s 2| | = 20| )
and then
{ {—2
[2(] = R(ay, B1, a2, B2) [2@—2}

with ‘%(als /51’ a2, ﬂZ) = '//t_l(ab ﬂl)ﬂ(ala ﬂl)g_l(ab ﬁZ)‘Q(ab /52) The conver-
gence factor is the square root of the spectral radius of %.

In this formulation, if a = 0, then r, = —r_, which implies #(a, ) = Z(a, ) and
A(a,B) = 2(a,B). Then, like in the case of the Stokes equations, one can simplify
the formula in the "Robin-2p" case a; = @, = a and f3; = ff;, = B. In that case, we
obtain Z(a, ,a,3) = [9’ “Ha, B)2(a, ﬁ)]z. On the other hand, in the case a # 0, we
get A (a, B) # 2(a,B) and Z(a,p) # 2(a, 3), hence we cannot easily simplify the
formulation even in the Robin-2p case.

2.10 Parareal for the Stokes equations

2.10.1 Algorithm

Consider a decomposition in time of (0, T) into subintervals : [0,T] = Uﬁ’;&ﬂn, with
= (TyTp1)sn=0,....N—1,and 0 =Ty < T < ... < Ty, < Ty = T. For
simplicity, we consider a regular decomposition of (0, T) i.e. such that T,,,; —T,, = AT.

Over each such interval generically noted as .¢ := (tq, t;), we shall consider two
propagation operators, a coarse and a fine one. Before describing the Parareal Algo-
rithm, we shall state an important remark that will allow us to make sure that it is
well-defined. We first recall the functional spaces (2.3) that are relevant for the veloc-
ity component of the solution of the Stokes equations

V={ue[H(D],Vu=0},
H={ue [Lz(ﬂ)]z,v'u =0,u-nyzqg=0o0ndN}.

Remark 2.35. The Stokes problem (2.1) only needs a velocity field as initial condition at
t = to (no need for an initial pressure), and Theorem 2.1 shows that if this initial velocity
field belongs to the space H defined by (2.3), then we can consider the value of the solution
u at time t, as an element of H, since the solution is in 6€°([to, t,],H). Therefore, we
shall denote by

* 4(#,U,) avelocity field in H that provides a rough approximation of u(:, t,), where
u is the velocity component of the solution of the Stokes equations with initial con-
dition u(', to) = UO € H.

* Z(H,U,) a velocity field in H that provides a more accurate approximation of
u(': t])‘
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Under the conditions that uy € H and that both ¢ and & have inputs and outputs in H,
then, by an immediate recurrence, the following plain Parareal algorithm [82] is well-
defined

Algorithm 8 (Parareal)

Choose an initial data (Ug)ne[[o,zv]] with Ug = u, and U an approximation of u(:, T,,), for
example : U%:= ¥(%,_,, 0% ), forn=1,...,N.

for k =0,1,... (Parareal iterations)
Set USJr1 = u, and perform the correction iterations

U = 9(9,_, U ) + 2(9,_,,UF_ ) —9(g,_,,U*_), n=1,..,N. (2.114)

end for

For the coarse solver, for simplicity, here we consider the one deduced from the one
step Backward Euler method, i.e., ¥(.%,,v) € H D V is the velocity component of the
solution of the following equation: find (u,p) € V x LS(Q) such that

uA_—Tv —vAu+Vp=f1(.,T,,) in Q
or, equivalently,
B VAU+VP=f(, Tyiy) + — in Q. (2.115)
AT AT

We recall now the following classical result, given in [18, Theorem IV.8.1]
Theorem 2.36. For f € [H_I(Q)]2 and A > 0, the generalized Stokes equation
Au—vAu+Vp=f (2.116)
admits a unique solution (u,p) € V x L(Z)(Q) verifying

llullg +1pllz2 < [l (2.117)

Hence, if v € H and if (., T,;;) belongs to [H_l(ﬂ)]z, the coarse solver is well
defined since the velocity component of the solution of (2.115) isin V C H.

In what follows, we shall consider for the sake of the analysis that the fine solver
is the exact one, i.e., for a given v € H, we define Z(%,,v) = u(:, T,,1), where u
is the velocity component of the solution of the evolutionary Stokes equations: find
(u> P) € (Lz((Tn: Tn+1)9 V) n Cgo([Tn: Tn+1]’H)) x W_l,oo((TnJ Tn+1)) L(Z)(Q)) such that

dou—vAu+Vp =£fin Q x (T, Tpy1)

. (2.118)
u(-,T,)=vin Q.

From Theorem 2.1, u(T,,;) is well-defined in H, then so is the fine solver.
Both coarse and fine solvers being well-posed and mapping H into itself, we can
state the following result:

Theorem 2.37. Consider uy € H and f € L2((0, T), [Lg(ﬂ)]2). The Parareal method ap-
plied on the evolutionary Stokes equation is well-defined, furthermore, forn=1,2,...,N,
one has U’:l €H forall k eN.



126 Chapter 2. Space-time domain decomposition for incompressible Stokes problem

2.10.2 Convergence

Similarly as for the previous Chapter, We first obtain Lipschitz constants for the coarse
and the fine solvers, that is, we show that there exist constants y4, ¥, s.t., for all initial
conditions (u,v) € H

19(#,0) = 4(I,V)llg < 71llu—vly,

(2.119)
I(F = 9)(F,0) = (F =9IVl < vallu—vy.

From linearity, it is sufficient to consider for ¢ and & the case of a source term f = 0.

Even though we do not deal in this Chapter with the evolutionary Stokes equations
for the case Q = R?, we will start with this case here as we can use the Fourier trans-
form in space for the analysis. For this case, we replace the homogeneous condition
on the boundary by the condition that the fields vanish at infinity. The spaces V and H
are defined similarly as before, with this modification in the boundary conditions. We
admit that the evolutionary Stokes solution is well-posed and that the coarse and fine
solvers are also well-defined.

Lemma 2.38. For Q = R?, we have (2.119) with y; < 1and y, < 1.

Proof. Denote by u = (u,v) and p the solution of the Stokes equations with initial
condition uy = (ug,vy). Applying the Fourier transform in x and y directions, with
wave numbers k,, k,, one gets

d,0 + v(k§+k§)ﬁ+1k =0,
a0 + v(k§+k2)f/+zk =0,
ik, 4+ ik, v =0,

1(0) =1y,

v(0) = 9.

Denote by w = ik, V — ik, i, then, with w, = ik, ¥, — ik, {y, we get the following ODE
for w

W+ v(k2 + ki)w =0
Ww(0) =y,
which has the solution w(t) = exp(—v(ki + kf,)t)v“vo. Then, from the system

ik, v —ik, i =W,

ikl +ik, V=0

we get

ik, w ky Wo ik, (ik, vy — ik, 1)
n_ _ 2, 72 2,12 y y
= 2 +k2 =exp(—v(k; +k )t) k2 = exp(—v(k; +ky)t) 2 +kf, s
N 1 9 19 keWo 5 1o —iky (ik, D — ik, o)
V= 2 +k2 =exp(—v(k; +k )t) ky =exp(—v(k; +k )t) 2 +k}2,
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The divergence-free property of u, under Fourier transform is ik, 4, + ik, ¥y = 0. We
use this in the above expressions to obtain

U= exp(—v(ki + k}zl)t)ﬁo,
V= exp(—v(ki + ki)t)f/o.

Then, for the fine solver

F(S£,4y) = exp(—v(ki + kf,)AT)ﬁO.

Similarly for ¢, one gets

1 .
Uj.
1+ v(k2 +k2)AT 0

Y(L,uy) =

In the L2-norm, this first implies through the Plancherel equality

19(Z, up)ll[L2w2)2 < T1lluollfL2(r2)

1
with y; = max . Generally, one gets v; = 1, but in the discrete prob-
MR Tk T k2)AT Y oneges T P

lem, when k,, k, are bounded away from 0, then y; < 1.
In addition

I(F —9)(Z, up)ll 2wy < T2lluollfr2(re)

1
with v, = max |exp(—v(k? + k*)AT) — . For a more detailed bound
v2 = pax lexp(=k AT~ s +K2)AT
on y,, see Chapter 1. O

Let us now turn to the case in which Q is a bounded domain. We first recall the
eigenvalue theory of the Stokes operators [18, Theorem IV.5.5, page 279]

Theorem 2.39. There exists an increasing sequence of strictly positive real numbers
(Aj)jens, tending to infinity and a sequence of functions (u;)jens orthonormal in H, or-
thorgonal in V, forming a complete family in H and V, and a sequence of functions (p;) jen
in LS(Q) that satisfy

Using this and (2.117), we obtain

Lemma 2.40. For Q bounded with Lipschitz boundary, we have (2.119) with y; < 1 and
Y2 <1.

Proof. Let u, be in H, we can express it using the basis (u;)jen- in (2.120)
i>1

The solution of the evolutionary Stokes problem with initial condition u, can then be
expressed as

u(t) = Z a;exp(—vA;t)u;

j>1



128 Chapter 2. Space-time domain decomposition for incompressible Stokes problem

p(t) = vZ a;exp(—vA;t)p;

j=1

Then, the exact fine solver gives

F(F,uy) = Z a;exp(—vA;AT)u;
j>1

In addition, the coarse propagator solves a generalized Stokes problem of form (2.116),
and its solution is

1
99100 =3 1 Jo

j>1
Using those expressions, we get the Lipschitz constant for ¢4 and (Z — %)

1

= - <
=05 w,an

1, y,=max{(1+ vAjAT)_l —exp(—VvA;AT)} < 1.
j

O

With these Lipschitz constants, we obtain now the convergence of the Parareal
method applied on the evolutionary Stokes equation:

Theorem 2.41. Consider the Stokes equation (2.1) with uy € H. The Parareal method
applied on this equation converges with a rate similar to the case of the parabolic equation.

2.11 The coupled Parareal-OSWR Algorithm for the Stokes
equations

We now propose a coupled Parareal-OSWR algorithm on the Stokes equations. For
simplicity, we consider here only two sub-domains 2, Q,, and then T} , =T, ; =T. We
simplify the foot indexes ;, and 5; by ; and ,, and denote also & = (£, &5),8 = (g1, 2)-

As in the previous Chapter, we shall choose the OSWR algorithm to be used as the
fine solver in the Parareal algorithm, and perform only a few iterations of OSWR at each
Parareal iteration. Since we shall use unconverged velocity fields as initial conditions in
the coarse solver, their normal components will not necessarily be continuous across T’;
this has the important implication that the resulting velocity fields will not be globally
divergence free on 2, but only locally divergence free on each ;. This may lead to low
regularity pressure fields in the coarse solver. Fortunately, as only velocities are used
during Parareal iterations, this low regularity poses no problem.

We recall the notations of Section 2.3

Vi={ue [Hl(Qi)]z,uz Oon dQ\Il', V-u=0in Q;},
H; = {ue[L2(Q)]",u-ngg =00n dQ\T, V-u=0in 2},
X; = {ue [Hl(ﬂi)]z,u =0on 8Qi\1“}.

According to the above argument, we will use the following new space

K={ue[L2],ulg, €H;}. (2.121)
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With an initial condition U in this space K, the coarse solver for the time-dependent
Stokes problem from T, to T, defined from the one-step Backward Euler method is
well-defined: for Ue K, ¢¥(.#,,U) € X CK is the solution of
u—"=U
AT

—vAu—Vp=f,, Vu=0; (2.122)

We cannot directly apply Lemma 2.40 concerning the generalized Stokes problem be-
cause U € K and K is not included in H; however, using a simple energy estimate based
on (2.122), one still has the following Lipschitz property: there exists a constant y; < 1
s.t. Yuandve K

19(4,0) = 9(L,V)llk < 71llu—vlk. (2.123)

Note that in the case of K, we do not state a Lipschitz constant that is strictly lower
than 1 as in the case of space H. The norm on K is nothing but the L? norm, we can
use the notation ||.||, instead.

Then, we set, for a.e. t € (T, T41)

1 1
a;(u,v) =v(Vu,Vv)q + —(u-n,v-n)p+ — (uxn,vxn)g,
L a: .

1., 1, (2.124)
k.t _ k-1 k-1
on (69 = (6, V)g, + — (g vom) + 5 (g vxn) .

A 1

The algorithm can be written as

Algorithm 9 (Coupled Parareal-OSWR)

o es 0 . 0 _ 0 . .
i}.{aCrlrllE(;s; éu:l ;n(;tza; dat:lJ O(Un))nfeo[[l?’r,\l,]]:vvllt%l‘ U(])V . u, and U, an approximation of u(-, T,,), for
n n—1>~n—-1/ LR
2. Choose an initial Robin data (§ 2’0, gg’o)ne[[o,N_l]]. For example, if we have already run the
coarse solver, then we also have calculated the approximate pressure Pf forn=1,...,N,
then (§2°, g%%) with n € [0,N — 1] can be constructed, e.g., from U® and P°.

n
for k=0,1,... (Parareal iterations)
1. On each time interval .¢,, n=0,1,...,N—1,
for £ =1,... ,L (OSWR iterations) solve, for each i = 1,2:

i,n’ i,n’

k¢ k.t k.t
<8tu< V>Vi/:Vi +a;(u,v) = Cin (t,v) for almost every t €]T,,, T,;1[ and all ve V;,

o 5 (2.125)
ui:n(Tn) = Unlﬂi
and, with j =3 —i, update the Robin term as
ke % ge—1 4T g
8in = a_j in _—aj u; n, (2.126)
Bi ke Bi +ﬁj k¢
ght = Hight=1_ u xn;. (2.127)
Ln ﬂ] J,n /3] J,n
end for
2. Set Ug“ = u, and do Parareal corrections:
U = ub (-, T) + 9( 5, UR ) — 9( 9, UN). (2.128)
Update the interface term: &0 =¢g%f and  ght10 = ght, (2.129)

end for
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In both Parareal and OSWR methods, the algorithms are written using only the
velocity, so is the coupled Parareal-OSWR algorithm. If needed, the pressure can be
defined in the following Remark

Remark 2.42. pff = 8tPl.k,’f, with Pl.k,’f which is such that, Vv e X;

t

t
k.t k.t k¢ k.t
(ufr),v), = (Uklg,v), + J ai(ui,n(s),v)ds—(Pi,n,V-V)Qi—J e (s,v)ds =0.
i T, 0

(2.130)

As the coarse solver and the OSWR method are both well-defined, one gets the
following result

Theorem 2.43. Suppose that u, € H and f € L%((0, T), [LZ(Q)]Z). With the starting ini-

tial conditions Ug € K and the Robin terms 52’0, gg,o S |:L2(Tn, Tnsts Lz(l"))]2 the coupled
. . . 2

Parareal-OSWR method is well-defined with Uﬁ eKk; §ﬁ’€, gﬁ’e S [LZ(Tn, Thi1s LZ(F))] .

2.11.1 Convergence of the velocity via energy estimate

We consider the initial condition u, € V, with which we have regular exact solution
(u,p) as in Theorem 2.2, and then, its Robin traces on the space-time interface are
well-defined and have L? regularity.

The proof in this section can be generalized to the case of M subdomains, similarly
to the pure OSWR for the Stokes equation. We suppose that a; = a, = a and

B1=PBy=p.
We denote by (u; ,,, p; ) the restriction of (u, p) to €; x (Tp, Ty41)-
Notation for error estimation
k _ 11k ke .kt ke kit ke k(e
Denote by E;, = U, —u(., T,), e = — Uy, dl.’n = P; ~ Pin hi’n =8in —8in

Kt okt :
gi,n - 6i,n - gi,n: with

8in = (Vo Uiy Ny —Dpin) + Uy, 1y (2.131)
Ein =P u;, XN +1;, Xn; (2.132)

We now write the algorithm for the error (only for the velocity and Robin terms)
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Algorithm 10 (Coupled Parareal-OSWR algorithm for the error on the Stokes equations)

1. Choose an initial data (E?),cfo 7 with E) = 0, for example E® := 4(%,_;,U0°_)—u(., T,),
forn=1,...,N.

2. Choose an initial Robin data (¢ 2’0, hg’o)ne[[o,N,l]]. For example, if we have already run the
coarse solver, then we also have calculated the approximate pressure dg forn=1,...,N,
then (£>%,h%°) with n € [0,N — 1] can be constructed, e.g., from E° and d°.

for k =0,1,... (Parareal iterations)
1. On each time interval .¢,, n=0,1,...,N—1,
for £ =1,... L (OSWR iterations) solve, for eachi =1,2:

<c’7’ eff, >v’ +a; (el V) = % (hﬁ’f‘l,v-ni)r + % (Cf”f_l,v X ni)r’ ae. te#,YveV,
el (T,) = E’;|g,,
(2.133)
and, with j =3 —i, update the Robin term as
hey =hy T —2e n, (2.134)
Cf‘,f—i” '—2e ”xn (2.135)
end for
2. Set E’é“ = 0 and do Parareal corrections:
ES =l (, T,) + 9( 5, EFT —ED). (2.136)
Update the interface term: ¢K*10=¢®band  pfHO =phL, (2.137)

end for

We can obtain a similar lemma as for the parabolic problem.

Lemma 2.44. Denote by e’fl’e € [LZ(Q)] the function whose restrictions are ek ¢ lo, = eke

We have
k, kL k,L k,L
Zne (T, +1)||2+2v22 f IVelilIE, + 5o f Rl + 52 f [le %
(=1i=1,2J %, 1 1,2 i=1,2
k k,0 k,0
= L|[Ek ||2+—Zf [ ||2+— J 12012
i=1,2

i=1,2

Proof. Choosing the test function v = e 1n (2.133) we have

kit ke k,( k,( PR k,(
(Ore;r e vy V+v(Veln,Ve o, + = ( ei,n'"i)F"'B(ei,nx"i e’ Xn)r
1 ke =1 gkl
= —(h ‘n)r+— (Cln €n X n;)r.

a i,n ,€ i,n ﬁ
(2.138)

On the boundary I, replacing the error by the Robin terms from (2.134) and (2.135),
one gets

(8te € n>V’ v+ y(velt

i,n’ i,n’ j,n’ j,n

k,¢ k-1 k,¢ kl 1 k,¢
Vel )g, + o (RET BB Tt
a b
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N R zi’ﬁ)r

/5
_ k-1 1 k-1 k,l k-1 okt—1 k,l
= ﬁ(hi,n ’hi,n —hj,n)l" + 2/3 (Cl n gi,n - gj,n)l'"
or equivalently
kel Kkt kL2 kL2 kL2 _ k4—1)2 kl—1)2
(Oce; e v v +VIIVer g, allhj,nllr 4/5||C]n|| allhi,n Il + 5 IICln II7-

Multiplying this expression by 2 and integrating on .#,, we obtain

k¢ ] 1 ] 1 k.0
lle;; (Tn+1)||éi—||ei,n(Tn)||éi+2ij ||Veln Q+2—f ”hj’"”%jLﬁf ||Cj,n||12~=

1 ulz L k12
f IIF + J ﬂIIC T

(2.139)

From the initial condition in (2.133), we have e (T ) = Eklﬂ Then, summing for
i=1,2, we get

k,¢ k,e kL
ek (T IR +27 D f ||Vei,n||éi+ f Rl + o e J 1542 =
n 112 112

i=1,2J 4
k2 kl—1)2 kA—12
IEXI1Z + f IR IE + J T
1 1,2 i=1,2

One notices that, since j =3 —i:

1 J ko2 am 1 kol 12 1 Kt 12
D | IgER+ RS2 =0 | g+ DT = | IR
> i, j,n''T j,n!IT

i=1,22/5 I 112 i:1,22ﬁ S i=1,2 2a I

which represents the total energies on the interface of all Robin terms at step £. Then,

summing for £ from 1 to L, we get the result. O
In order to simplify notations, we shall denote Y, := L%(T, +1,L (") and its
norm || ||§ = 114 ||1%. We also set the following notations
s

n

liyye =D, f 12012, Iy, =

i=1,2J

ZJ I 2.
yA

i=1,2
We build on the previous lemma to obtain the following lemma

Lemma 2.45. We have

L K L
k.t
Z||eﬁ’e(Tn+1)||é+2vZZ f Ivel|l2 +—||h“||(y)2+Zﬁllc“ll(y)z
=1,2

k=0/(=1 k=0/(¢=11i
K
=L > [IEK2
k=0

0,0
bt 58 1002,
(2.140)
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Proof. Applying the previous lemma, summing in k from O to K and noting that, in our
algorithm, we have hfl’L = th<1+1,0 and ¢ ﬁ’L =g EH’O, we get

K L K L
kL
> “(Tnﬂ)nguvZZZf Ivel|2,
k=0(=1 k=0(=1i=1,2
1 K
Z—Z T ch"*“’nmz=
k:

K
1
LZnEﬁné+EZuhﬁ’Oufn)ﬁ ch“nw
k=0 k=0

Remarking the telescopic sum on the interface, we get (2.140). O

From the above lemma, we obtain the following convergence of the coupled
Parareal-OSWR method on the Stokes equations

Theorem 2.46. For the coupled Parareal-OSWR algorithm applied on the Stokes equa-
tions, when k — oo

. Uﬁ converges to u(T,) in K with L*-norm.

k,¢ .
* u, converges tou;, in L*(T,, Ty, Vy) forall £ =1,2,...,L

The proof follows similarly by using ¢ as for the parabolic case. From (2.123), we
have the following lemma:

Lemma 2.47.

K K+1
DB <813 Z B2 +ZZ el (T (2.141)
k=0

Proof. In (2.136), using the triangle inequality and then (2.123), we get

ISR < 2019(2, EXT —EDIZ + 2lley (Toi ),
< 2r IEST = EXIG + 2llel (T

< 4y3 (IESIZ + NEFIZ) + 2llef " (Try)l3:

Then, summing in k from 0 to K we have

K K K
DMEEEHIZ < 4y3 > (IS + IEKIZ) + 2 ) el (T, IR,
k=0 k=0 k=0
from which we deduce (2.141). O

With these lemmas, we can now prove Theorem 2.46

Proof of Theorem 2.46. From Lemmas 2.45 and 2.47, we get

K+1

K
ZME,’:QHZsannEkHHZLZnEkHZ —||h°°||(y)2+ S 18711
k=0

k=0 k=0
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Denoting}f4:8y1+2L andR, = ||E0+1||2 —||h°°||(y )2+EI|§00|I(Y j2r We can rewrite

this inequality as

K+1 K+1

ZHE al3<7vs D IEX2+R,, ne[o,N—1].
k=0

From this inequality, by induction, we obtain

K+1 K+1

DUIEE, 12 < ”“ZIIE"H“ZM e ne[0,N—1].
k=0 j=0

Using that E'é =0, Vk > 0, we finally obtain

K+1

n
Z IEX, 112 <> y)R,j, ne[0,N—1].
j=0

It shows that the sum Z ||E’;||?z is bounded with respect to K, hence Eﬁ converges to 0
k=0

in the [L%(£2)]? norm when k — oco. Moreover, from Lemma 2.45, we obtain, for all

0=1,2,...,L

K
k.2 k2 0,0 0,0
2kaJ Iveli2, <L;)||En||ﬂ oL )2+—ﬁ||§ [

As the right-hand side sum is bounded, the left one is also bounded. Hence, it follows

that ||Ve”||2 — 0 when k — oo,
9

n

In addition, the expression in Lemma 2.45 is still true if we replace T,,; by any
t €(T,, Tpy1).- We then get

Z||e“(t)||2 <LZ||E’<||2 f 13012 + 2/3J 1002

SLZHE’;HE, ||h°°|| o+ ﬁ||c°°||(y)2
=0

K
Hence, the sum Z ||ef’f(t)||?z. is bounded by a constant independent of t. One then
k=0

gets that this is also the case for ZJ ||ek Z(t)llz dt, and thus f ||ef’f(t)||?2_dt tends
S
to 0.
k,¢

k.0 . . , .
Hence e’ tends to 0 in [L2(T,, Tpi1, V)12, ie, ult — u; , in [L2(T,, Tpi1, V)12 O

i,n

We now have the convergence on the velocities. As in the pure OSWR method for
Stokes equation, one can recover the pressure by solving a linear system. The con-
vergence factor can be achieved in the same manner as for the parabolic equation in
Chapter 1, provided a convergence factor strictly lower that one holds for the pure
OSWR.
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Proof of Theorem 1.7

Proof. The proof is done in [50] (Theorem 5.15) and we recall it here : for £ =

1,2,...,L, the error ef = uf —ulgi satisfies
ZH=0 inQxs, (142a)
ef(,0)=0 inQ, (142b)
$¢0,.)=¢"" in , (142¢)
where
¢t = 3 e@(o ), £>1. (143)

Multiplying equation (142a) by el. and integrating in space on 2;, we obtain
a
3 acllef|® + vllocef|® + bllef II* — (vo,e] — Eeﬁ)(O, )ef(0,.) =0,
a
L 11eb |12 4 y)| g el |2 + blek || + (voyel — 5¢)(0.)¢5(0,) =0

Introducing the Robin interface operators 9;, i = 1,2, defined in (1.2), and rewriting
the terms on the interface in the form

a
(v&’xef——ee)e = ((%166)2 (%zef)z), i=1,2,
we obtain the energy estimates, fori =1,2
L1 + vl12cel 2+ Bllel 12 + & ((B1e)(0,.0% = (Bl )0, )72, j=3—i.

Replacing (%ief)(o, )= Z,’f_l, (%jef)(o, )= Cﬁ (from (142c) and (143)), and summing
the above expression over i, we get, for all t € .#

Z(mue 12+ vI|3cel || + bllef 1) sz(d)Z‘ ZPZ(cf .

Then, integrating on .#, we obtain

Z(%(||ef(.,T)||2—||ef(.,0)||2)+J

i g

(vlocef1I® + bllefllz)dt) + 55 1205 = 518
In L2(0, T; H(Q,)), we consider the norm

”u”LZ(OTHl(Q )) f (V”axu||2+b||u”2)dt
£
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Then we can rewrite the above equation as

D (5 el G TP = llef € 01) + llef 1220 pupmnay ) + 25 1S 12 = 25112,

i

or equivalently
1 1 4 1 1 -1
e I+ D e a0 ey + 35 1E° 1% = 3 D llefC, 0)IZ + 21812
i i

Summing over £ from 1 to L, we get a telescopic sum on the interface and thus

L
DG G TN+ D lef 1o ramnay) + 2 IS 1% = 5 D llef C, 0N + 25 120112,
(=1 i i
(144)

Using that ef(., 0)=0, V{>1, i=1,2, we obtain

L
D (GG TN+ Dl 1o panay ) + 2 1EE 12 = 25 11E°11%.
i

=1

Hence, the sum of the energies over all the iterates remains bounded, which implies that
the energy in the iterates tends to zero when { — oo, which proves Theorem 1.7. O



Conclusions and future work

In the first chapter of this thesis, we analyzed the coupling of the Parareal method
with OSWR methods. We introduced first the algorithm for the coupling with non-
overlapping OSWR, in which case we obtained an energy estimate used to prove the
general convergence of the coupled method. Then, numerical results follow to ensure
that the coupled method performs efficiently in practice, especially when compared
to the "pure" Parareal method or "pure" OSWR method. From these numerical
observations, we gave some conjectures about how we could optimize the number of
OSWR iterations in the incomplete fine solvers to fasten the process. The coupling with
overlapping OSWR was introduced then, and by using the linear convergence factor of
the overlapping OSWR, a general convergence result and a bound on the convergence
factor were then given.

In the second chapter, we studied the application of the OSWR method on the evolu-
tionary incompressible Stokes equations. An important result needed in the analysis
is the well-posedness of the time-dependent Stokes system with Robin boundary con-
ditions. The OSWR algorithm and its well-posedness were introduced first, followed
by an energy estimate for the general convergence of the velocity. On the other hand,
simple observations showed that the pressure iterates may not always converge to the
monodomain pressure field. Modified pressures which converge to the exact one were
then proposed, which can be cheaply calculated. Inspired by the analysis of the OSWR
method for parabolic equations, we further applied the Fourier transform on the errors,
and obtained the formulation of the convergence factor, which allows to numerically
find optimized Robin parameters. The numerical illustrations were performed, first to
verify the convergence of the velocities, then to verify the convergence of the modified
pressure, and finally to assess the optimized parameters in practice. It was shown that
a discrete version of the convergence factor, taking into account the implicit Euler
scheme used for the time discretization, was more efficient to provide near optimal
Robin parameters. In the end, we gave some observations for the OSWR method
applied to the Oseen equations - a close extension of the Stokes ones -, as well as for
the Parareal algorithm and the Parareal-OSWR coupling on the Stokes system itself.
This work can be taken further in various directions. For the coupled Parareal-OSWR
method for parabolic equations, finding the best choice for the number of OSWR
iterations for the incomplete fine solver is an attractive question, on which we put
some promising conjecture but not a full theoretical answer. Designing a posteriori
error estimates that combine contributions from the scheme error and from the current
non converged iteration could lead to a further optimization of the costs by giving an
efficient stopping criterion for the Parareal-OSWR iterations, which would enhance the
application of the method.
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On the other hand, one may try numerical experiments to validate the coupled
Parareal-OSWR algorithm on the Stokes equations. In addition, similar techniques
could be investigated to analyze the convergence behaviour of the coupling of other
iterative methods with Parareal.

Finally, in the context of the OSWR method itself for the Stokes equations, industrial
tests would be needed to validate the method on large scale calculations. One may
also think of an extension to the Navier-Stokes equations, which would be a great
challenge for the convergence analysis due to their nonlinearity.
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