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A posteriori stopping criteria for space-time domain
decomposition for the heat equation in mixed formulations®

Sarah Ali Hassan! Caroline Japhet and Martin Vohralik'

June 14, 2018

Abstract

We propose and analyse a posteriori estimates for global-in-time, nonoverlapping domain decompo-
sition methods for heterogeneous and anisotropic porous media diffusion problems. We consider mixed
formulations, with a lowest-order Raviart—Thomas—Nédélec discretization, often used for such problems.
Optimized Robin transmission conditions are employed on the space-time interface between subdomains,
and different time grids are used to adapt to different time scales in the subdomains. Our estimators
allow to distinguish the spatial discretization, the temporal discretization, and the domain decompo-
sition error components. We design an adaptive space-time domain decomposition algorithm, wherein
the iterations are stopped when the domain decomposition error does not affect significantly the global
error. Overall, a guaranteed bound on the overall error is obtained on each iteration of the space-time
domain decomposition algorithm, and simultaneously important savings in terms of the number of do-
main decomposition iterations can be achieved. Numerical results for two-dimensional problems with
strong heterogeneities and local time stepping are presented to illustrate the performance of our adaptive
domain decomposition algorithm.

Key words: Mixed finite element method, global-in-time domain decomposition, nonconforming time grids,
Robin interface conditions, a posteriori error estimate, stopping criteria

1 Introduction

In many simulations of time-dependent physical phenomena, such as flow and transport in porous media, the
domain of calculation is a union of subdomains with different physical properties, in which the time scales
may be very different. In this article we are concerned with space-time domain decomposition algorithms,
well-suited to non-matching time grids, for solving the following diffusion problem with final time 7" > 0:
find the potential p and the flux u such that:

u=-SVp in Qx(0,7), (1.1a)

% +Vau=f in Qx(0,7), (1.1b)
D=9p on TP x(0,7), (1.1c)

—un =gy on TN x(0,7), (1.1d)
p(-,0) = po in Q, (1.1e)

where Q € R?, d = 2,3, is a polygonal (polyhedral if d = 3) domain (open, bounded and connected
set) with Lipschitz-continuous boundary 992 decomposed into two connected sets I'® and 'Y with I'P of
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nonzero (d — 1)-dimensional measure, gy € LT x (0,7)) is the Neumann boundary condition, gp €
HE(TP x (0,7)) N CO((T") x (0,T)) is the Dirichlet boundary condition, and py € H'(Q) is the initial
condition with pg|po = gp(-,0)|pp. Furthermore, f € L*(Q x (0,T)) is the source term, n is the outward
unit normal vector to 92, and S is a symmetric, bounded, and uniformly positive definite tensor whose
terms are for simplicity supposed piecewise constant on the mesh 7T, of Q defined below and constant in
time. We consider global-in-time optimized Schwarz method which uses the optimized Schwarz waveform
relaxation (OSWR) approach [31, 49]. This is an iterative method that computes in the subdomains over
the whole space-time interval, exchanging space-time boundary data through transmission conditions on the
space-time interfaces. The OSWR algorithm uses more general (Robin or Ventcell) transmission operators
in which coefficients can be optimized to improve convergence rates, see [31, 42, 49]. The optimization of
the Robin (or Ventcell) parameters was analyzed in [10, 12]. Generalizations to heterogeneous problems
with nonmatching time grids were introduced in [11, 13, 30, 34, 35, 36, 37, 41, 40, 39]. More precisely,
in [13, 36, 37|, a discontinuous Galerkin (DG) method for the time discretization of the OSWR algorithm
was introduced and analyzed for the case of nonconforming time grids. A suitable time projection between
subdomains is defined using an optimal projection algorithm as in [33, 32] with no additional grid. In the
context of mixed finite elements, which are mass conservative and handle well heterogeneous and anisotropic
diffusion tensors, we refer also to [23, 41, 39]. The multi-domain problem can actually be reformulated as an
interface problem (see [21], [39], or [3]) that can be solved by various iterative methods, such as block-Jacobi
or GMRES.

Our first objective in this contribution is to design a posteriori estimates valid on each step of the
space-time domain decomposition algorithm. For general algebraic iterative solvers, several techniques
with residual-based estimates have been developed, see [9, 6, 7], see also [53, 50, 57| for goal-oriented a
posteriori error estimates. A general framework for any numerical method and any algebraic solver has been
introduced in [26], building on the ideas from [43], and has been extended to coupled unsteady nonlinear and
degenerate problems in [15, 20]. For lowest-order time discretizations, this approach is based on a H'(Q)-
conforming reconstruction of the potential, continuous and piecewise affine in time, and an equilibrated
H(div, Q)-conforming reconstruction of the flux, piecewise constant in time. It yields a guaranteed and
fully computable upper bound on the error measured in the energy norm augmented by a dual norm of
the time derivative (see [61, 25]), without unknown constants. Using a globally equivalent norm, which
contains also the temporal jumps of the numerical solution, it leads to local space-time efficiency, see the
recent contribution [24].

Recently, a posteriori error estimates and stopping criteria for non-overlapping domain decomposition
algorithms such as FETT [28] or BDD [48, 17|, have been proposed in [58, 59]. Both upper and lower bounds
for the overall error are derived, and the discretization and the domain decomposition error components are
distinguished. Also this approach is based on H'(Q)-conforming potential and H(div, Q)-conforming flux
reconstructions, and follows the a posteriori techniques of [55, 46, 56, 27]. A key observation is that such
reconstructions can be easily obtained when the solution approach involves subdomain problems with both
Dirichlet and Neumann interface conditions on each domain decomposition (DD) iteration, as this is the
case for FETI or BDD.

For domain decomposition strategies with more general interface conditions, and where neither the
conformity of the flux nor that of the potential is preserved (as long as the convergence is not reached), a new
adaptive domain decomposition algorithm has been introduced in [3]. More precisely, three reconstructions
are proposed: a flux reconstruction that is globally H(div, )-conforming and locally conservative in each
mesh element, based on the construction of [54, Section 3.5.2], as well as two H L_conforming potential
reconstructions, one globally on €, relying on the averaging operator Z,,, see [1, 44, 14], and another
on each subdomain 2;, which introduces weights on the interfaces and whose goal is to separate the DD
and the discretization components. Then, error control is achieved on each step and an adaptive domain
decomposition algorithm is proposed wherein the iterations are stopped when the domain decomposition
error does not affect significantly the overall error.

This paper is a continuation of [3]: we provide a new approach that makes it possible to extend this
adaptive domain decomposition algorithm to model coupled time-dependent diffusion problems. We focus
on mixed finite element discretizations in the subdomains and extend the approaches from [45, 62, 2, 63,
54, 25, 24, 3| for a posteriori error estimates. We first build a flux reconstruction that is globally H(div, 2)-
conforming, locally conservative in each mesh element, and piecewise constant in time. Following [3], a
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simple coarse balancing problem is first solved, and then we solve a local Neumann problem in a band
around the interfaces in each subdomain by the mixed finite element method. Finally, two H'-conforming
potential reconstructions are built. One is standard relying on the adjustement of the averaging operator
Ty for parabolic problems following [25], whereas the other one uses weights on the interfaces following [3]
to separate the space-time DD and the discretization components.

The outline of this paper is as follows: after introducing some useful notations in Section 2, we present in
Section 3 the multi-domain formulation using the global-in-time optimized Schwarz method and reformulate
it as a space-time interface problem. We next detail the fully discrete interface problem using the mixed
finite element method in space and the discontinuous Galerkin method of order zero in time. This interface
problem can be solved using either a block-Jacobi or a GMRES method. In Section 4, we derive a fully
computable upper bound for the error between the exact and the approximate numerical solution on a given
DD iteration, in the energy norm. The details about the employed flux and potential reconstructions are
given in Section 5. Finally, in Section 6, we show numerical results for a two-dimensional problem with
strong heterogeneities, inspired from a problem which simulates the transport of contaminant in and around
a nuclear waste repository site. It relies on the GMRES iterations and testifies tight overall error control,
simultaneously for the error due to the domain decomposition and nonconforming time grids, and important
reduction of the number of space-time DD iterations.

2 Preliminaries

In this section we introduce the partition of the domain {2 and some function spaces following the same
notations given in [3].

2.1 Partitions of the domain {2

We suppose that the domain Q is decomposed into A/ non-overlapping polygonal subdomains €;, i € [1, V],
N -
such that Q = Y Q;. For alli € [1,N], let TY := TN noQ;, TP :=T'° N 9Q;, and n; be the unit outward-

pointing normal of 9€;. Let B® be the set of neighbors of the subdomain €2; that share at least one edge if
d = 2 with Q; (face if d = 3) and let |B'| be the cardinality of this set. Using this notation, we introduce
the interface I'; ; := 08; N 08y, j € B', between two adjacent subdomains §2; and ;. Consequently,
0Q; =TYUTPUT; with T; := U T;;. We also defineT:= U T}
jeBi ie[1,N]
N
We then define 7}, := ‘Ul Th,i» where T ; is a regular triangulation of the subdomain €2;, such that
i=
Q;, = . L#— K, where |Tp| is the number of triangles (tetrahedra if d=3) in the i-th subdomain. We
€Th,i
suppose that 7, ; is a conforming mesh, i.e., such that if K, K’ € T5;, K # K', then K N K’ is either
an empty set or a common vertex or edge or face. For simplicity, we also assume that 7, is conforming,
although this assumption could be easily avoided by introducing the concept of a simplicial submesh as in,
e.g., [54, 22| and the references therein. We denote the set of all edges (faces if d = 3) of Ty, ; by &4, and
the set of all edges (faces) of K € Tj, by k. &} is the set of interior edges (faces) of the subdomain ;,

= 5,1;? U&',l;l: is the set of boundary edges (faces) on 02 N 0€);, and 5}1;” is the set of edges (faces) on
the interface T; ;. Then &,; = (U & " )UEM UEPS. Let hx denote the diameter of K and let h; be the
i : :

largest diameter of all triangles (tetrahedra if d = 3) in T3, i.e., h; == ng_x hi.
€Th,i

2.2 Partitions of the time interval (0,7)

For i € [1, N, let {t""}o<n<n, be a sequence of discrete times of the subdomain ; with %" =0 < ¢! <

c< tNimhi 4Nt — T We denote by Tr. the partition of the time interval (0,7) into subintervals
Iy = (t"_l’i,t"’i] and set 7% ;= ™" — " 1 for all 1 < n < N;. The partition T:i of Q; is possibly
different from the partition 7;; of the neighboring subdomain €;, j € B®. Though our space-time DD
supports such nonconforming time grids, in our a posteriori error analysis, we will additionally need an
intersection of all the different time meshes (coarsest common refinement of all individual time grids):
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1,1| [ = =
ae Iy
0 71,2 Qy
Figure 1: Nonconforming time grids between two subdomains Q; and Qo (left) and the intersection time
grid (right)

N ,
T, = {tn}ognSN = 'Ul{tn’l}oﬁngzvi, with I, := (tn_l,tn] and 7™ = " — " ! for all 1 <n<N. An
i

illustration is given in Figure 1, for the case of two subdomains. Practically, the most appropriate case is
when the time grids in the individual subdomains are not completely independent but rather stem from
subrefinement of some common time grid.

2.3 Some functions spaces

We recall here the definition of some basic function spaces. For a given non-empty domain D C () and
a real number I, 1 < [ < co, we employ the standard functional notations L!(D) and L!(D) := [L}(D)]*
of Lebesgue spaces. We denote by (-,-)p the scalar product for L?(D) and L?*(D), associated with the
norm |-||p, and by |D| the Lebesgue measure of D. Shall D = Q, the index will be dropped. Let (-,-),
be the scalar product for the d — 1 dimensional L?*(y) on v = 9D or a subset of it. Let also H'(D) :=
{v € L*(D); Vv € L*(D)} be the Sobolev space of scalar-valued functions with weak derivatives square-
integrable and let H(div, D) := {v € L?(D); V-v € L*(D)} be the space of vector-valued functions whose
weak divergences are square-integrable. Finally, for any scalar-, vector-, or tensor-valued function ¢ defined
on £, we let ; denote the restriction of ¢ to ;, 1 =1,..,\.

3 The global-in-time optimized Schwarz method using OSWR

In this section we describe a nonoverlapping space-time domain decomposition method using optimized
Schwarz waveform relaxation (OSWR) [10, 12, 31, 49], in the context of a mixed formulation, see [39, 41].
This method is global in time and allows to use different time steps in different subdomains, see [11, 13,
30, 34, 35, 36, 37, 39, 41]. The time projection between subdomains is obtained by a projection algorithm
with linear complexity and without any additional grid, see [32, 33]. Using the notations of Section 2, the
original problem (1.1) can be reformulated as the following equivalent multi-domain problem, for i € [1, V]:

u; = —-SVp;, in Q; x(0,7), (3.1a)

881? +Vu,=f in Q; x(0,7), (3.1b)
Di = gD on TP x(0,T), (3.1¢)

—u;'n = gn on TN x(0,7T), (3.1d)
p(,0) =po(-) in € (3.1e)
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together with the “natural” transmission conditions on the space-time interfaces:
pi=p; and wym;+u;m; =0 on T,;x(0,T), Vje B, (3.2)

which ensure the continuity of the potential p and of the normal trace of the flux u on the interface
I';; x (0,T). Alternatively, one may replace the natural conditions (3.2) by equivalent Robin transmission
conditions [47] as follows

—ﬁmurni +pz = _Bi,juj'ni —|—pj on Fi,j X (O,T), V] (S Bi, (33)

where 3;; >0, j € Bl ie [1,N] are free parameters that may be optimized to improve the convergence
factor of the iterative domain decomposition algorithm, see [10, 29, 31, 42, 49].

As noticed in [39, 3], in the context of mixed finite elements, the potential p; is in L*(;), so that p; i,
is not well defined. Thus a Robin condition —f3; ju;'n; + p; = &; 5, with a given Robin boundary data &; ;
on I'; ; x (0,T) will help to define p; on I'; ; x (0,T) through the well-defined expression

DPi

r,; =&y + Bijuing, (3.4)

provided that u;-n; € L*(I; ;).

3.1 The continuous space-time interface problem

Using a global-in-time Robin-to-Robin interface operator, the multi-domain problem (3.1) with (3.3) can
be reformulated as a problem where the unknowns are located only on the space-time interfaces, see e.g. [3,
18, 34, 39]. We first introduce the following notations, for 7 € [1, N,

Lp(Ty) = [ L*0,T; L* (T 5)),
JEBI
V= L*0,T; L*(9;)) x L*(0,T; L*(TP)) x L*(0,T; L*(TY)) x H' ().

Following [39, 3] and for abstract formulation of the interface problem, we introduce the space W, := {v €
H(div,Q;); vn; € L?(9;)} with an increased normal trace regularity to handle Robin conditions. One
could possibly weaken this requirement by using the techniques of [16]; in any case, the present a posteriori
error analysis does not rely on it. We then define the space W~ := {v € W;; v-n; = gnx on ™n 00;}
of functions verifying the Neumann boundary condition on I'N. We now introduce the subproblem solution
operator for the subdomain Q;, ¢ € [1, ], that maps the available Robin condition &; and equation data
stored in the vector F; to &; together with the subdomain potential p; and flux u;:

Ly(Ty) x Vr; —  Lp(Ty) x HY(0,T5 L*(;)) x L*(0,T; W),
(&, Fi) - (&ispir i),

where & := (&ij) i, Fi = (flai, 9plrp, gnlry, pole,), and where (p;,u;) is the solution of the following

problem in §2; (in an appropriate mixed formulation):

M, : (3.5)

u; =-SVp, in Q; x(0,7), (3.6a)

%ﬁi +Vu, = f in Q; x (0,7), (3.6b)

Di = gp on TP x(0,T), (3.6¢)

—u;'n; = gy on TN x(0,7), (3.6d)
—Bijuin; +p; =& ; on I';;x(0,T), Vje B, (3.6¢)
pi(+0) = po(:) in €. (3.61)

Using (3.4), we also introduce the operator R, that maps the available Robin condition &; together with a
potential p; and flux u; to a new Robin datum, R; :
Lp(T;) x HY(0,T; L*(Q)) x L*(0, T; W) — Lr(T),

(&, pisu;) — (/Bj,iui'ni + (&, + /Bi,jui'ni)> (3.7)

jeBi
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The Robin-to-Robin operator is then defined as:
SR .= RioM;: Ly(Ty) x Vr,; — Lp(Ty). (3.8)

Then condition (3.3) with (p;, u;) solution of the subproblem (3.6) lead to the equivalent space-time interface
problem: find &€ := (&,...,€x) € Lp(T) == H Lp(T;) such that
i€[1,N]

<£i)j = (‘S‘JRtR(gj“Fj))h Vj € Bi7 Vie [[LN]]' (39>

Using the relation M;(§;,F;) = M;(§;,0) + M;(0,F;) as well as the linearity of the operator R; and
defining

. Lr(T) — Ly (T) 3.10
L 3 - (((fi)j - (Sal'%tR(éj’O))i>jeBi)1<i<N7 o
and
X = (((SFtR(Ov]:j))i)jeBi)1§i§N7
problem (3.9) can be rewritten as:
. (3.11)

The interface problem (3.11) is usually solved by iterative methods such as block-Jacobi iterations, which
correspond to the optimized Schwarz waveform relaxation (OSWR) algorithm, or Krylov-type methods like
GMRES (see e.g. [3] for details).

3.2 The fully discrete and nonconforming-in-time interface problem

In this part, after introducing some notations, we present the fully discrete counterpart of the interface
problem (3.11), using the lowest-order mixed finite element method (MFE) in space and the discontinu-
ous Galerkin method of order zero in time (DGO) [60]. In the case of different time meshes in different
subdomains, the semi-discrete in time counterpart of (3.11) is analyzed in [36, 37| where it is shown that
the method preserves the order of the discontinuous Galerkin method. This result is shown numerically
in the context of the MFE method in [39]. Recall that for piecewise-constant-in-time source term f, the
DGO-in-time scheme corresponds to the backward Euler scheme.

3.2.1 Notations

Some more notations will be needed here.

Time discretization

Let E be a space of functions defined on a subset D of Q (typically a subdomain or an interface) and let
v(-,t) be a function taking its values in E. We denote P% .(E) the vector space such that v(x,-), x € D, is
piecewise constant in time:

P%,i (E) :=={v(-t):(0,T) = E; v(-,t) is constant on I, ;, 1 <n < N,}. (3.12)

A function in P%J(E) is thus defined by the N; functions {v" := v(-,t)|1, ,},., .5 in E. In particular, for
the physical data we define f; € P%,,(LQ(Qi)), Jp,i € P%J(LQ(F?)), and gn; € P%J(LQ(I‘?I)) such that,

forn=1,..,N: '

filtn, =" gpalr,, =gp", and gnlr,, = g%' 1<n <N, (3.13)
where
= Fotde, ghi= (Lo)dt, gi= (- t)dt
= i . ) , 9p = i .gD ) , 9N T o gn\{, .
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In addition, and especially for Definition 4 below for the a posteriori estimates, we denote P71? .(E) the
vector space such that v(x,-) is continuous and piecewise affine in time:

P} (E) = {v(-,t): (0,T) = E; v(-t) € C°(0,T; E),

(3.14)
v(-,t) is affine on I, ;, 1 <n < N;}.

Note that a function in Pj-  (E) is defined by N+1 functions {v" := v (., t")}o<n<n,» and that if v € Py (E),
then ;v € PY .(E) is such that

Olr,, = == (" —o" 1), 1<n <N, (3.15)

Time projections

For a given interface I'; ;, we introduce the L? projection operator I1; ; from Py (L*(T; 7)) onto Py (L*(T ;)),
ie., for ¢ € PTT.], (L*(Ti;)), (IL; ;)|1,., is the average value of ¢ on I, ;, for n =1,..., N:

1 &

(L0, . = / 6. (3.16)
Pz, |In2|; Iy 0

Space discretization

Let My; x Wp,; C LQ(Qi) x H(div, ;) be the Raviart—-Thomas—Nédélec mixed finite element spaces of
order 0 for each subdomain €);:

Mpi :={qni € L*(Q); qn.ilx € P'(K), VK € T},
where IE”O(K ) is the space of polynomials of degree 0, and
Wi = {vp, € H(div,$;); vii|k € RTNg(K), YK € Tp i},

where RTN((K) := [Po(K)]? 4+ xPy(K), x € R%, is the Raviart-Thomas-Nédélec space of degree zero
associated with the element K € Ty, ;. Let |e| be the measure of an edge (face if d = 3) e C T'Y. We then
define

Wg’- = {Whi € Wy i wpin|e = O}, e C FN,
W}gLNl = {WhlEW;”, WD = B |/§§’d’y ecIN n=1,.,N;,
Wffjl ={wpr; € Pﬁ,i(wh,i)' Whrilr,, € WgN "1
In the following, for each subdomain €;, pnr, is a function in P%l(th) such that, on each element

K € Thi, phri(-,0) = \K| / podx, and uy,; is a function in WhTz

Note that for a function v, ; € Wy, ; and a given boundary I', the normal trace of vy, ; on I' is in IP’O(S,I;).
The discrete spaces for the Robin and physical data are respectively, for i € [1, V],

Ly, .1(T:) = [] P (Po(&,")),
jEB!

Py (L*() x Py (L*(T)) x PL. (L*(I)) x H' ().

V7.,

3.2.2 Discrete interface problem

The discrete counterpart of the subproblem solution operator M,, i € [1, N, from (3.5)—(3.6) is as follows:

L7, n(Ti) x V7., = Ly n(Ti) X Py (Mp;) x WX

Mpri: hr,o 3.18
h (EhT,i7~FT,i) — (£h7,iaph~r,i7uh~r,i)a ( )
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where &, = (gh‘fﬂ}j)jeBi = {(gz’i’j)jeBi}1<n<N- with & ; - being the piecewise space-time constant

discrete Robin condition, fm' = (fing,th,iapO Qi)7 and where (ph'r,ivuh'r,i)v phr,z‘\ln,i = p}i,i, uhr,i|ln7i =
uj, ;, is the solution of the following fully discrete problem in Q;: find uy, ; € W7%™ and pj, ; € Mj, ; on the
interval I,,, for n = 1,.., N;, such that:

a;(uy ;, Vi) = bi(Vai; P i) = € (Vi) Vi € W, (3.19a)

1 _ L.
i (Ph.i *Pﬁil, qn,i)o; +bi(ug i, qn:) = (f"" qni)as, Yan,i € My, (3.19b)
(093> an,i)es = (Pos n.i), Van,: € My, (3.19¢)

where the bilinear forms a; and b; and the linear form £; are defined by:

a; Wi, i x Wy = R, a;(upi, vig) i= (S n, Vii)a, + Z(ﬁi,juh,i'ni,Vh,i'ni>ri,j,

jeBi
b;: Wi xMp; = R, bj(Vhi,qni) = (Gh,is V-Vii)a,,
£ Wi, = R, (Vi) = = (G5, Vhimi) o — Y (& 5 Vai i), -
jeBi

The discrete counterpart Ry, ; of the operator R, defined in (3.7) is Ry, :

Lt . n(T3) X Py (Mp;) x Wik, — L., n(I3),
' ‘ ’ ' 3.20
(&hr,i» Phryis Unr) — (ﬁj,iuhr,i'ni + (€nrij + ﬁi,juhr,i'ni)) i (3.20)
jeBi
The discrete Robin-to-Robin operator is then defined as:
Sirs = Rivri o Mur + L, n(Ti) x V1, = Ly, (). (3:21)

Finally, the discrete counterpart of the space-time interface problem (3.11) is: find &x; := (&€nr1,-- - EnrA) €
Lr, . n(D) = H L7, n(I';) such that

i€[1,N]
Srnr &nr = Xnr, (3.22)
where
S LTr,i,h(F) - LTq—,i,h(F)v 393
fohr Enr - (((ﬁhr,i)j —(Sfljﬁ?(ﬁhr,j,o))i)jeBJ1<i<N7 (3.23)
and

xnr = ((SERO.F1))0) )

Applying the block-Jacobi or the GMRES iteration as in [3]| gives rise to the discrete approximations

1<i<N

k, ‘
Quxt, =, Vi€ [LN], 1<n <N,

p;CIT QiXIn,i = pﬁ:?a uZT
Remark 1. As noticed in [3], for time-matching grids, on each iteration of the domain decomposition
method, there is a continuity of the normal traces of ufn across the edges (faces) if d = 3 between two
simplices in each subdomain ; but not across the interfaces in I';. The continuity of the normal traces
of u]fw (and of the pressure in the sense of Remark 2 below) will only be satisfied at convergence of the
space-time DD algorithm.

4 General a posteriori error estimate: fully computable upper bound

The purpose of this section is to bound the error using the space-time energy norm given in [61, 24, 25]
between the exact solution and the approximate solution on each iteration k of the space-time DD method.
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The indicators which bound the error are completely calculable and constructed from the approximate
solution (p’fLT,uZT). We first construct a postprocessing ﬁfw from which we then obtain a potential re-
construction si. on each iteration of the DD algorithm, following [25]. We also construct a subdomain
potential reconstruction §Zm- for each subdomain ;, Vi € [1,N], on each iteration of the DD algorithm,
following the idea presented in [3], so as to distinguish the error from HJ (Q)-nonconformity and from do-
main decomposition. Then, using the same idea of extracting bands and solving local Neumann problems
as presented in [3] to evaluate the error in the H(div, 2)-nonconformity, we build a flux reconstruction o
on each iteration of the DD algorithm. Then, the space discretization error, the time discretization error,
and the domain decomposition error are distinguished.

We first introduce the broken Sobolev space H'(Ty) := {v € L*(Q); v|x € H (K), VK € T} and define
the energy semi-norm on H'(7) by

el := > lllelli = > 182 Vellk,

KeTh KeTn

for all ¢ € H'(Ty), and the energy norm on L?(Q) by

_1
IVIE = D0 VIl = D 1872 vk,

KeT KeTh

for all v € LQ(Q). Then, for a given function v, we let its jump and average be defined respectively by

1 . i, in
[v] :==v|k — v|k and {v} := §(v|K +ou|g) ifee (jeUBi S,I; ’]) u&Y,

1 .
IIU]] = ’U|e—gD and {{'U} = §(U|E+gD) lfeegfl;lz.

In what follows, for D C ), we denote respectively by cs p, Cs p the smallest and the largest eigenvalue of
the tensor S in D. Finally, for the forthcoming theorems, we will use the Poincaré inequality: for K € Ty,
since K is convex, we have:

h
lp = mopllc < —IVelx Vo€ H'(K), (41)

where gy is the mean value of ¢ on K.

4.1 Construction of the unknown values of (pzm-, uim) onT,;, j€ B

At the iteration k of the DD algorithm, when different time grids are employed in different subdomains,
we obtain Vi € [1,N] the couple (pi’?,uk’n) on each time step t™*, 1 < n < N;. Here, t"™" # t™7 for

h,i
j € B® in general, and, consequently, the couples (pﬁ’f, ufl?) for 1 < n < N; are not approximations at the

same times as (pﬁ’?, u’,fb’?), 1 <n < Nj. For our a posteriori error analysis, we first need to define these

approximations pairs on the common refinement of all individual time grids 7; defined in Section 2.2. To
do so, for i € [1, N, 1 <n < N, we first compute the number R of the new time steps between t" 1% and
™t Let t™ 1t =""1% and ™ = ¢™% be the two successive time steps in {t"™}o<,<n, Where the couples

km—1 km—1 km+R __km+R km—1+r km—1+r
( hi oUWy ) and (pm Wy ) are known. We then compute the couple (p,w Sy ) for
r=1,..,R by:
km—1+r _ __km—1 r k,m+R km—1
u,’; =w Ry 1(111171' - ),
4.2
kom—1+4r _  km—1 + r ( km+R k:,m71> ( )
Py = DPh Rrl Py ; Py ;

Note that this is a simple explicit postprocessing step. Generalizing (3.12) and (3.14), we define the following
two spaces for the intersection time grid 7:

PY (E) :={v(-,t): (0,T) = E;v(-,t) is constant on I,,, 1 <n < N},
Py (E) :={v(-,t): (0,T) = E;v(-,t)€C°(0,T; E), v(-,t) is affine on I,,, 1 <n < N}.
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4.2 Postprocessing of the approximate solution

We first introduce a postprocessing as described in [8, 5, 62]; in our case, we apply it on each time step. We

in particular construct 1327 € Py(Tp,i) for each subdomain ¢ € [1, V], on each iteration k, and on each time

step n of the intersection time grid 7, 0 < n < N, such that:
—SVpy ik =wpt k., VK € Tha, (4.4a)
mon k) =pptlk, VK € Th (4.4b)

Therefrom, denoting as usual f)ﬁ’" Q, = ]5’2?7 we build the postprocessing of the approximate solution for
which we will perform the a posteriori error analysis, a discontinuous piecewise second-order polynomial in
space and continuous piecewise affine in time:

Bfe € PL(P2TR)), B, (") ="

Remark 2. As discussed in [62], ﬁﬁ’"mi ¢ H*(Q;) but is weakly continuous, i.e., ([[]3:”]], 1)e = 0 on the

interior edges e € S}f‘f but not on the edges e € S,I;i’j located on the interface. Only at convergence and for

a conforming time grid, we obtain the weak continuity ( NIZ’”]], 1)e =0 foree 5}1:1’j.

4.3 Concept of potential and flux reconstruction for the heat equation

The main idea of our estimation is to construct the following three auxiliary objects on each iteration k,
k > 0, of the global-in-time DD algorithm: sy _, 5}, and o} . These reconstructions will be the central
tools used in Theorem 6 below.

Definition 3 (Subdomain potential reconstruction). We will call a subdomain potential reconstruction,
for Q;, i € [1,N], any function EIfLm- constructed from ﬁfbm such that

e it is subdomain Hl(Qi)—conforming in space, continuous and piecewise affine in time, i.e.,
e € Pr (H'(Q2:) N CO (), (4.5a)
gﬁr,ih‘? = gplrp; (4.5b)

e on each time step n of the common refinement temporal mesh T, 0 < n < N, the mean values of;ﬁl,fb’?
are preserved,

where 507 = Sk t™);

e it is built locally subdomain by subdomain to capture the nonconformity from the numerical scheme by
comparing it with P in the sense that the estimators (4.16d), and (4.16g), as well as (4.16b) below,
(recall (4.4a) which explains the comparison of the fluzes —SVEZ’" and uZ") are as small as possible.

Definition 4 (Potential reconstruction). We will call a potential reconstruction any function sfw con-
structed from pf.. such that

e it is globally H*(Q)-conforming in space, continuous and piecewise affine in time, i.e.,
she € Pr (H'(2) N C°(9Q)), (4.7a)
shelro = gp; (4.7b)

e on each time step n of the common refinement temporal mesh T, 0 <n < N, the mean values ofﬁZ’"

are preserved,
(5" Vi = (3" Ve, VK € T, (4.8)

where sy™ = sk (-, t");
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e its comparison with 3. of Definition 3 estimates the domain decomposition error in the sense that
1 1

T 1 T 1

{/ |57, — s]f”|||2dt}2 — 0 and {/ |10 (3% — sfw)||2dt}2 — 0 when k — oo in the case of a
0 0

conforming time grid.

Definition 5 (Equilibrated flux reconstruction). We will call an equilibrated flux reconstruction any func-
tion ok constructed from pr_, uk_, such that

e it is H(div)-conforming and locally conservative in space, piecewise constant in time, i.e.,
of. € P} (H(div, Q)); (4.9)
e it has a local conservation property on each time step n of T, 0 <n < N:
(fr =0k, |1, — Vo™ 1) =0, VK € Ty, (4.10)
together with the Neumann condition:
—(of"ng, 1) = (Gx, D)o, Vee igl Ly, (4.11)

, k
where, recall, by convention, o, = a’,fb

TIn>

T
e its comparison with uy._ can be used to estimate the DD error in the sense that {/ l[Juf —
0

1
UZT|||idt} 0 when k — oo in the case of a conforming time grid.

4.4 Fully computable upper bound

Let X := L*(0,T; H}(Q)) and X' = L?(0,T; H*(Q)); we consider T = () and gp = 0 in this section
for simplicity, knowing that all the results can be extended to the general case proceeding as in, see, e.g.,
[22], see also the references therein. To work with the nonconforming approximation ﬁﬁT of Section 4.2, we
introduce the broken X-norm where V is the broken gradient operator:

N N
lalll% ::Z/I ||S§Vq(~,t>\|2dt:2/l S I8 Vg(, 0 dr.
n=1 n n=1

n KeTh

Let Y :={q€ X;0,q € X'}. For ¢ €Y, we will use the space-time norm proposed in [24]:

lallly == Malllix + [12:all% + llaC, DI, (4.12)

T % T 2 %
10vgllx = { / |atq||if-1<mdt} = { / ( sup <atq,v>) dt},
0 0

vEHL(Q);]|S2 Vol =1

where

and we again extend the Y-norm and the X’ norm to piecewise regular-in-space functions only since pp,, ¢ X.
By the weak solution of problem (1.1) under the above assumptions, we then understand p € Y such that

p(+,0) = po and . .,
/ {(8ip,v) + (SVp, Vo) } dt = / (fo)dt  Woe X (4.13)
0 0

Our main result is then:

Theorem 6 (A posteriori error estimates for the potential, distinguishing space, time, and domain de-
composition error components). Let p be the weak solution of problem (1.1) given by (4.13). Let pf._ €
P}ﬁ (H*(T1)) be an arbitrary approzimation to p; in particular ]3’;’" = pF_(-,t") can be the postprocess-
ing (4.4) of the solution (pfl’", uin) at iteration k of the global-in-time Robin DD algorithm (3.19)—(3.22).
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Let uﬁ’"|K = —SVﬁZ’"|K in each element K € T;,. Let Eﬁm be the subdomain potential reconstruction

of Definition 3, let sﬁT be the potential reconstruction of Definition 4, and let UZT be the equilibrated flux
reconstruction of Definition 5. Then there holds

Ilp = B llly < 7% =185 + 0t + 1DDNCy, + e + I = Fllxs (4.14)
where the “spatial discretization estimator” is

77513 {ZT Z noscK+nDF1aK } {Z/ Z WNCP,LaK ))th}

= KeT, "KETh

1
N 2
k, k,N ~k,N
+ {ZTn > ("NgPa,a,K)Q} + sy = s

n=1 KeThn

the “time discretization estimator” is

N 1 3
ko _ k=1
o= {30 5 S

n=1KeT,

the “domain decomposition and nonconformity discretization in time estimator” is

N 3
k L n k,n k,n 2
"IDD,NCym, = E :7' E : (nDF,l,b,K +77NCP,1,b,K)
n=1 KeTy,

{Z/ Z micp,1,b,x (1)) dt} (4.15)

In ke,
1
N 3
M 2
{ E Z 77NCP,2,b,K) } )
=1 KeTy
and the “initial condition estimator” is
k. .kO
nic = sy — poll-

Forall1 <n < N and K € Ty, the following terms are the elementwise estimators :

hxg -1 =
nI;SZK KCS’QKan — Ok |1, — V.o, "k, “data oscillation”, (4.16a)
nD’gLa,K =[||SVE" + uf ||k, “constitutive relation”, (4.16Db)
771]371?,1 b ':|||uk’" - kn|||* K, “DD fluxr nonconformity”, (4.16¢)
nﬁcp’l’a’K( ) —|||(phT shT)( Wik, t €1, “potential nonconformity”, (4.16d)
771131013,1,17,1(( ) =3, — sk )|, t €L, “DD potential nonconformity”, (4.16e)
nNCP’lyb K —|||JC e sh “DD potential nonconformity”, (4.16f)
hK — « . Tt
nﬁgp 2.0.K CS K||c'9t(phT ¥ )1 llx, “potential nonconformity”, (4.16g)
k,n hK _5 —k k « . g9
INCP 2.6, K "= CS,K”at(Sh‘r — sk, “DD potential nonconformity”, (4.16h)

where we recall that cg i is the smallest eigenvalue of the tensor S in K.

Proof. Using Theorem 2.1 and (2.7) in [24], for a given s € Y we have:

Ilp = slllf- = IR ()% + [lpo — (-, 0)II, (4.17)
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where

IR(s)l|x == sup  (R(s),v)xx
veX, [|vl]1x=1

with the residual of the weak formulation (4.13) given for any v € X by

(R(s), v)xr.x = / {(£,v) = (Bhs,0) — (SVs, V)} (1) dt.

In our case, at iteration k of the DD algorithm, pf_ ¢ Y. For this reason, we can not apply (4.17) to
llp — % _||ly. Thus, we decompose |||p — pf, |||y into two parts using the triangle inequality and then
apply (4.17) to |||p — s¥_|||y since sf_ € V:

1lp = Birllly < llp = shllly +1llsh- = Bhellly

i (4.18)
< IR(si)x +mc + Mllshr = Brllly-

There remains to give a computable upper bound to ||R(sF,)||x together with ||[sF_— 5% |||y and then
combine these results.

1) Computable upper bound on ||R(s} )||x’

To bound the dual norm HR(ShT)HX/ we proceed as in [25, Lemma 5.2 |. Let v € X with |||v|||x = 1 be
fixed. By adding and subtracting (oF_, Vo), using the Green theorem, and adding and subtracting ( 1, v),
we obtain:

(R(sk,),v)x7 x

/ {(f,v) — (Osy, + Veof.,v) — (SVsk, + o, Vo)) (t)dt

= / {(f f’ ) (f_ 8“957' - V'GET?’U) - (SVSET + O.I;L:T’ V’U)} (t) de

0
=: Ry + Ry + R3.
First, as |||v]||x = 1, we have |R1| < ||f — fllx|llv||lx = ||f — fllx’- Then, we use the property sf e

Py (H3(2)NC°(Q)) (see (4.7)) for the case where I'™ = () and gp = 0 together with o} € P% (H(div,))
(see (4.9)) to infer

N
Ry = Z/ (f" = Qushe |1, — Voo, 0(t)) dt.
n=1"1n
Next, Lemma 3.1 in [25], which is a consequence of (4.7) and (4.8), gives on each time step n, 1 <n < N

Oeshr |1,y Vi = Debhirl 1, Ve, VK € Th. (4.19)
Then, for all n, 1 <n < N, using this property and (4.10), we obtain
(fr = sk |1, — V-0, 1) =0, VK € Ty (4.20)
Thus, we can write for a.e. t € I, at
(fr = Oisk |, — Voo™ v(t)k = (f* = Oeshir |1, — Veor™ v(t) — mov(t))
< M RN = Busklr, — Vol el (o),
employing the Poincaré inequality (4.1) on each K € Ty,. Finally,

Ry < Z/ SISV, (1) + o

In KeTy,

(t).
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The Cauchy—Schwarz inequality gives by collecting the above estimates

[N

|R2+R3|<{Z/ >k +ISVsi(8) + ol )th} .
"KGTh

Using the triangle inequality, we obtain:

11SVsk (1) + of"

eic < ISV (55, () = sp™)[lsic + ISV, " + o™
which leads to

1

N 2
{Z/ > il + 1S Vsi (1) + oI, >2dt}
n=1 ”KETh
N :
B> ni.iz'K+|||Sv8,’?"+a,’:’"|||*,K>2dt}

IngeT;,

{Z/ 2 ISV sk, = s >|2Kdt}%,

IngeT,

where both terms on the right-hand side can be now integrated in time. Combining the above results
and proceeding for the last term as in [61, equation 6.5] ([, (s — s™)*(t)dt = fol(s" — "2 2dr =
(s" — 8" 1277 /3), we finally obtain the computable upper bound for ||R(sF.,)||x: as follows:

1
2
IR (sh-) IX'_{ZT Y 0 + ISV + o II*K)} 1+ 1 = fllxr (4.21)

= KeTs

2) Computable upper bound on ||[sf_ — 5} |||y
We have from the definition (4.12)

. - kN kN
sk, = BhAII5 = [llskr — BholllX + [10u(skr — B 1% + sy ™ =B |7 (4.22)
It is clear that
sk, — B l1% = Z/ > @5, = sio) Ol Fdt. (4.23)
71 Ke’7’h

To bound the middle term in (4.22), we follow Lemma 5.3 in [25]. Let v € X with |||v|||x = 1 be fixed. As
sF_and py_ are piecewise affine and continuous in time, we can write:

T
104(sl, — )| %0 = / 106(s5, — B 121

- Z / (On(sk, — o)l v)? dt.
I

”veHl(Q) HS2VUH 1

(4.24)

Then, since for all 1 < n < N and on each element K € Ty, the quantity d; (s, — pr. )|z, has zero mean
value by (4.19),

N

k _f; ko =k
0wt = PR3 = / sup_ (De(shr = Phe)|1,, 0(t) — mov(t))* dt.
n=1"In yeHL(Q); |82 Vo|=1

Using the Cauchy—Schwarz and Poincaré inequalities, one obtains

2
||at(sh7' ph‘l‘ ||X’ < Z/ { (C;K|at(sh‘r ﬁ];)lT)InHK) |||’U|2} dtv (425)

KeTy,
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where the right-hande side can be easily integrated in time. Finally, using |||v|||x = 1 and from (4.22), (4.23),
and (4.25), we obtain:

sk, - phr|||y<2/ S I - koot

In ke,

2
+ZT Z( C;KHaf(Shq— ﬁZT)'In|K>
n=1 KeTh

kN kN
+ s — Dy, I

(4.26)

3) Final bound

The final bound follows from (4.18), (4.21), and (4.26) by triangle inequalities, while distinguishing the error
components due to discretization in time nfm, the discretization in space nf’p, the global-in-time DD method

ngnNCm, the initial condition {5, and data oscillation ||f — f]|x-. O

Remark 7. The estimator npp nc,,, mives the error due to the global-in-time domain decomposition method
with the possible nonconformity discretization in time. Indeed, there is in particular no reason for n]lg’g LbK
given in (4.16¢), which is part of ngD’NCtm, to converge to zero for k — oo for nonconforming-in-time grids.

k,n

Indeed, o, satisfies the local conservation (4.10) on each element K in space, but this is not necessarily

the case for uh’" on nonconforming-in-time grids. In the case of the same time grid in all the subdomains,
however, npp ne,,, venishes at the convergence of the DD algorithm.

5 Potential and flux reconstructions for the global-in-time DD in
the MFE method

In this section, we propose concrete candidates for the reconstructions EZ n s,]i " and UZ’” of Definitions 3-5,

so that Theorem 6 becomes practical. Let 1 <n < N be fixed.

5.1 Potential reconstruction

Let Ta := {K € Tr; a € K} be the set of the elements K that share the given vertex a from the set of vertices
Vi, and |7;\ its cardinality. In order to build a potential reconstruction 32 which is H*(2)-conforming in
space as indicated in (4.7) and which satisfies the mean value constraint (4.8), we proceed as in [25]. We first
apply the averaging operator Z,, : Po(Ts) — Po(T5) N H' () which associates, to a discontinuous piecewise
2-nd order polynomial ﬁﬁ’" € Py(71), a continuous piecewise 2-nd order polynomial Z,, (ﬁ’;") The value of
Lov (;5’;”) is prescribed at each Lagrange node a of Py(7;,) N H'(R2) by the average of the values of ]52’" at

this node:
Iuv (ﬁl}i n — Z ~k, n
|T | KeTa

at the Dirichlet boundary nodes ap € T'P, the value of Z,, (]5’2”) is set to gp(ap). In order to obtain (4.8)

while maintaining (4.7), we choose SZ ™ as

k:n L ~k:n knb
Sy = Loy ph a}{ K,
KeTh

k .
where o is chosen as

n 1 ~k,n ~k.,n
apt = (" — Ly (5)™), D, (5.1)
(bx, Dk

and where bk is the bubble function on the element K. This is a time-independent function defined as the
product of the barycentric coordinates of K, so that its value on the boundary 0K of K is zero.
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5.2 Subdomain potential reconstruction

On each iteration k of the DD method, on each time step n, and in each subdomain ;, we have to
build the subdomain potential reconstruction SZ which satisfies (4.5a) and (4.6). The construction of the
subdomain potential reconstruction slfb is only different from the construction of s " at the nodes located

on the interface I'; ;; our SZ ' is discontinuous across the interfaces at the beglnmng of the DD algorithm

,’I’L

but coincides with s;’;" at the convergence of the DD algorithm for a conforming time grid. In order to

obtain sz +/, we first build a potential reconstruction, denoted 5’ ZL, as in [3], then we add the second part

which allows us the verify (4.6).

5.2.1 Notations

We denote by V,l:i’j C Vh, i <j, i,j € [1,N], the set of vertices located on the interface I'; ;. We denote
the set of vertices a € II'; ; by VaF"j, and the set of vertices a € T'; ;\(9I'; ;) by V,l:i'j\(ari’j). Let I, be
the set of interfaces I'; ; that share the vertex a € Var” I, o={T,; :i<j, i,j€[l,N],ac V;?Fi’j}.
Let |I,] be the cardinality of this set and let I7 be the ! interface in I, sharing a. Due to the domain
decomposition, 7o = i/L;J/I{K €Thi;a€e K} = zglﬁ where 7. is the set of all elements in the subdomain

Q; sharing the node a; we denote by |7;| their number. We will also need B, the set of subdomains other
than ©; that share at least one vertex with ;, and its cardinality |B*|.

5.2.2 Weights

Using the above notations, we aim to construct weights on the interface on each iteration k of the DD
algorithm which depend on the quantities ( ~;cl’n]], 1)e, Ve € Eflzi’j7 using the fact that ( f’"]], 1)e — 0 when
k — oo for conforming time grids on all e € 5}1;” . Following [3], we define the weight of the edge (face)

eEE,l:i‘j by
Sk <|<[r’“"ﬂ,1> |> e
‘ (B,n.) T

(note the different position of the absolute value) and the weight on the Lagrange node a € V}l: “7 Jocated
on the interface (in two space dimensions for simplicity) by

5(*’“’” + wk,") if ac V}?"’\(arw) where e, e’ € 5,1;”76 e, ene =a,
E];’" = 1 [Ta| or
—k.n . i, r
A Z if acV, " whereace, CI].

We note that both @Z’” and @(}f’” have similar properties: they are typically close to 1 at the beginning of
the DD algorithm and approach 0 during the DD iterations for conforming time grids. This is a consequence
of [{[pF"], el < (52", 1) which gives 0 < @™ wh™ < 1.

Contrary to the standard averaging operator Z,, in sz’?, where the weights are distributed uniformly

on each element K € T, sharing the node a (being equal to ), we now want to define weights for the

1
|Tal
subdomain potential reconstruction ?Z? in the sense of Definition 3 where all elements sharing the same
node on the interface do not have the same weight during the iterations of the DD algorithm:

Definition 8 (Weights of Lagrange nodes on the interface for each patch 7). For each interface Lagrange
node a € V, N1y, i € [1,N], define

1
wf; = — - (5.2)
T+ (L =w") e | TR
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kn 1

The construction (5.2) ensures that at the beginning of the DD iterations, w;’," ~ | whereas on late

i|’
,n

1
DD iterations, wk ~ —— for conforming time grids.

A

5.2.3 Construction of 527

We first build ?IZ? as follows:

=k,n k, ~k, k, —k, ~k,
Shyi (a) = w“f py, ?| (a) + wzan(l —wy™" Z ph?
KeTd jEBI KeTd

n —kn

. . =k, .
where the weights wk’ and w,'" presented before are constructed on each time step n. Here, Sh,? satis-

fies (4.5a): s];? € H'Y(); we enforce pointwise the boundary condition (4.5b) for smooth enough gp. It
remains to verify the condition (4.6) for 327,1 . More precisely, we need the mean value of 52? on each
triangle, at time t", to be equal to the mean value of the postprocessing ]527 of the discrete solution. For

this purpose and while maintaining (4.5a), EZ? is chosen as follows:

—k,n fk n
Sh i =73 + E bK,
KeTh
h —k,n _ 1 ~kn =kn 1 is ch i th . . i (5.1
where @y = (P — 31 » 1)K is chosen in the same spirit as in (5.1).

(br, Dk

5.3 Flux reconstruction

The domain decomposition with Robin transmission conditions does not give the continuity of the flux ulfb’"

across the interface. Consequently, uZ’" is not H(div, Q)-conforming on each time step n. Suppose now
that for all interface edges (faces) e C I'; ;, n. has the same direction as the interface normal nr, ;, where
nr, ; is set arbitrarily, pointing either from €2; to ;, or from Q; to ;, with j € B' i< j,i€[1,N]. Then,
defining simply

u,"'n Yee U 5 RN
UZ ", = {{k & jeb (5'3>
w,’ ne, Ve EEthé‘ﬁ’?,

leads to (4.9), O'Z’” € H(div, ) on each time step n, as well as (4.11), but not to (4.10) in the elements
having an edge (if d = 2) or a face (if d = 3) on the interface I'; ;. Following [3]|, we now present a procedure

allowing to construct an equilibrated flux o'h " satisfying (4.9), (4.11), as well as (4.10) on each time step n,
relying on interface corrections from a coarse global problem that are further distributed by local problems
posed in subdomain bands attached to the interface.

5.3.1 Simple coarse balancing problem

We first partition each subdomain €;, i € [1, N, into two disjoint parts Q5" and QI"* such that QextyQint =
Q;. The so-called band Q5** is made up of simplices that have an edge, a vertex, or a face on any interface
T,j, j € B'. We also denote I'?, b € B***', the intersections of Q" with 9Q; N I of nonzero (d — 1)-
dimensional measure. We let B**** empty when |092; N 99| = 0.

Before defining the coarse balancing problem, we evaluate the misfit of the mass balance in each band
Qi € [1,N], due to the averaging in (5.3). Taking g, ; = 1 in (3.19b) and then using (3.15) and (4.4b),
we have (V-u,;™ 1)q, = (f* — &pf.|1,,1)a,. This also reads

i

(Vo™ D, = (7 — 0ib, |1, Vs + (7 — Ok |1, Doy (5.4)
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By taking g, ; = 1 in Q" only in (3.19b), the second term in the right-hand side of (5.4) is as follows:
(f" = OBy |1s Dyine = (V-up™, 1)gine, and thus replacing this term in (5.4) we obtain
n ~k _ k,n k,n
(" = 0t 11, Do = (V™ D, — (V- 1)

Using the Green theorem in the previous equation leads to

3 . k, k, k,

(f" = 0uBlir |1, D = (0" ma,, Daaar, + (" nao,, Dr, — (0" npgi, 1) g

Then, adding and subtracting <0'Z’”.nagi, 1)p, in the previous equation, and using the fact that nggine =
—Nggext OVET O N 9N for the last term in the right-hand side, we get

(fn - atﬁZThn? 1)ﬂf"t = <0'fl?n'naﬂi7 1>F1 + <(u;€1)n - Giljm)'naﬂm 1>F1

k, k,
— (u, n'nasz;nta 1) aqmt + (uy, " 150, 1)aar,;

or, equivalently, using (5.3),

1 k e ~ k
Z nI‘i’j'naQ?xt Z /iﬂuh’n'ne]]d’y = (fn — atp]fwhn, 1)Q$xt — <{uh’n'nanxt B’, 1>8Q19Xt7
jEB? ecl; /¢

which corresponds to the misfit of the mass balance in each band Q$**, i € [1,N]. We now try to correct the

averaged interface normal fluxes and the original boundary normal fluxes of (5.3) with one value c’lii ;= Clli,-‘,-

per interface I'; ; = I'; ; and one value c’ﬁ, per the boundary part Ff of I';, such that:

o =0 ford,j€[1,N], i <jsuch that j € B, (5.5a)
&' ~0  fori€[1,N] and b€ B, so that [9Q5*" N 0Q| > 0. (5.5b)

On the boundary 9Q* N Q") we keep the same value of the flux uﬁ’"-naﬂextmamm. We require the
following A balancing conditions, one for each band Q$**, to be satisfied:

k, k, F - k,
Z Cr‘?n + Z (nr, 'nanfxt)cr,z =(f"- 5tp}fn|1n, 1)ngt = (fw, n'naagxt}a 1>893xt-
beBiext  jeBi

On each time step n, the above equations for ¢ € [1, N] lead to a rectangular linear system which gives an
infinity of solutions. We use the least squares algorithm to obtain the closest solution to (5.5):

N N
Do @Y D0 (e)? =min.
i=1 peBirext i=1 jEBi, i<j

In place of (5.3), the resulting boundary fluxes are finally

n 1 n . . . .
{{uﬁa "“n.} + H‘iciﬁ”, Ve C T, fori,je[LLN], i<}
4,J N )
such that j € B*,
1 .
k,n k,n b . 2,ext
olmn, = Wimet \Tﬂcr? , Ve C T for i € [1,N] and b € B"* (5.6)
so that [0Q5* N oQ| > 0,
ui:?-ne, Ve C 905 N o i =1,.., N,
uy ., on 0Q; NIQ\TE, i=1,.,N.

With these boundary fluxes, the mass balance on each domain Q*' is satisfied on each time step n of the
intersection time grid 7.
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5.3.2 Solving local Neumann problems in bands

Following [54, Section 3.5.2], we finally solve a well-posed local Neumann problem in each band Q5** and on
each time step n, in order to obtain the local conservation property (4.10). This is graphically illustrated
in Figure 2, where the bands for the case of two subdomains are highlighted.

Definition 9 (Spaces of the local Neumann problems). We define in each band Q5**, i € [1,N], and on
each time step 1 < n < N of the intersection time grid T, the spaces

k.n
Wi, o poqext i= {Vh € Wpi(29) : vingex = 2+ Nygext N1, T "7| ifz#%,0else onT; ;, j € B,
3%, T8 6y ) 4 i s P k
i,
Ck,n
e . i
Vi Ngext = 2 + |F;| if z £ %, 0 else on 1"2’, b€ BY*,
K
i

Vi gest = 2 if 2 # *, 0 else on 9N N O™,

Vi Dgext = 2 if z % %, 0 else on 0Q; NON\ Ff}.

X

Figure 2: Bands in €7 and 5 on each time step

Definition 10 (Mixed finite element local Neumann problems in the bands Q). Find U'meext €
Wh,{{uﬁ‘”-nmxt}}mﬂ?“ and q}]f’" € My (") such that (qZ’",l)m?xc = 0, which solve the following mized
problem:
—1, _k, k, k,
(S 1(ah " uy, n)7vh)Q§xt - (Qh n) V'Vh)Q?xt = 07 VVh € Wh,*,n,ﬂf"ta

(V'UZ’nawh)ijt = (™" = 0|1, wh)aex, Vwp € My (QXY) with (w, 1)jge = 0.

5.3.3 Construction of o}

We finally set, for all ¢ € [1, ], and for each time step n, 1 < n < N, of the intersection time grid 7

b O'Z’” on Q%' via Definition 10,
b ubn on Q"
Prescribing of_ by the N functions (UZ’H) 1<n<y On the time subintervals {I.} 1<n< Satisfies all conditions

of Definition 5.
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6 Numerical results: example in an industrial context

We are concerned with a model problem given by ANDRA, the French National Agency for Radioactive
Waste Management (see also [39]), which is a simplified version of a problem that simulates the transport of
contaminant in and around a nuclear waste repository site. The simulation domain is depicted in Figure 3
(left) (not to scale). The repository (yellow) where the nuclear waste is stored is a 2950m by 10m rectangle
located in the center of a clay domain of 3950m by 140m (light brown). In this example, we consider a
more general time-dependent diffusion problem with a discontinuous porosity, ¢ # 1, so the equation is as
follows:

u=-SVp in Qx(0,7), (6.1a)
0
¢8—IZ +Vu=f in Qx(0,7T), (6.1b)
where Q = [0,3950] x [0,140], p represents the concentration of the contaminant, f is the source term,

¢ is the porosity, and S is the time-independent diffusion tensor. The initial condition is pg = 0 and
we set homogeneous Dirichlet conditions on the top and the bottom of €2, and homogeneous Neumann
conditions on the other sides of 92. We decompose €2 into nine subdomains where 5 is the nuclear waste
repository domain, see Figure 3 (right). For this simulation, we are interested in the long-term behavior of
the repository, over one million years, so that we set T = 10° years. The porosity in Q is as follows:

_[02 inQs,
¢= { 0.05 in€y, i#5, (6.2)

the diffusion tensor is:

[ 2x107Tm?/s  in Qs,
§= { 5x 107" I m?/s  inQy, i#5, (6:3)
where I is the identity matrix, and the source term f is zero in the clay layer and
10 %years™! if t < 10° years, . .
f= { 0 if £ > 10° years, in the repository. (6.4)

In order to solve our problem easily, we first write below the dimensionless form of (6.1).

6.1 Dimensionless problem

Let (6.1) be the equation defined in © x [0, T], where Q = [0, X] x [0,Y] and where S is a diagonal matrix:

{S(')x S(’) } . Equations (6.1) can be written now as follows:
Yy
0 0
u=— {Smai , Syaﬂ in Qx(0,7), (6.52)
op .
(ba +Vu=f in Qx(0,7), (6.5b)
%p 0%p L . . L
where V-u = _SIW — Syﬁ' We choose characteristic lengths L in « and H in y, a characteristic time
z Y
L Y

~ t
t = —, so that

t., and a characteristic pressure P. The dimensionless variables are: T = I Y= T ;
C

0 0 0T 10 02 1 02
o 90090y 10 02 1 o2
87y_87j37y = E(‘Tﬂ and Tyz—ﬁafgy (6.6b)
o _006_10 (6.6¢)

ot~ 9tot  t. ot
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Thus, (6.1) becomes:

~ [S:0p S, 0p . T
u= |:L6i‘ s ﬁ@ in Qx (0, E), (67&)
¢>% YtV =tof i Qx(0, 5)7 (6.7b)
-~ Pp L P . = S, ~ S
where V-u = —Sx@ — Syaig2, with Sa; = ﬁ and Sy = H7y2

To cope with the anisotropy of the domain, as well as to better visualize the solution and the error
distribution in the estimators, we decided to choose L = 14, H = 1, whereas t. = 1 years ~ 3.16 x 107s.

~ 3950
Figure 4 shows an example of the discretization in space for ) := [0, T} x [0, 140], where the refinement

in and around the subdomain 5 containing the nuclear waste is high compared to the other subdomains.
In our example, the number of triangles in the mesh Tj, of € is 34984.

Remark 11 (Adaptive DD and mesh refinement). In this article the mesh is generated with the Freefem++
scientific calculation code [38], without mesh adaptivity, which creates the (not necessary) refinements around
the interfaces. An example where the proposed adaptive stopping criterion is combined with adaptive mesh
refinement is shown in reference [3], Section 6.5. It illustrates how the reduction in number of DD iterations

behaves as the grid is adaptively refined and the discretization error is reduced, using an adaptive initial guess
for the DD solver.

}10m 140m Q7 E Qg . Qg
2950m Q4 5 | . Sk]
o Qs O,

3950m 5 :

Figure 3: 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
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Figure 4: Example of a discretization used in and around a nuclear waste repository site

6.2 An example with global time stepping

In this example, conforming time grids are used such that 7% = 4000 years, for all 1 < n < N; = 250, for
all subdomain €2;, 1 < ¢ <9. Table 1 summarizes the discretization data as well as the stopping criterion.
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Number of triangles in 7y, 34984
Number of subdomains 9
Subdomain solver Direct

DD solver GMRES

Final time T =105 years
Time step 7%, 1 <7 <9 10°/250 = 4000 years
Original DD stopping criterion 1076

A posteriori stopping criterion MHp.NG,, <0.5min(nf,, k)
Total number of iterations 28

Number of iterations with a posteriori stopping criterion 8
Unnecessary iterations 20

Spared iteration from the total number of iteration ~ 7142 %

Table 1: Industrial example with conforming time grids and using the GMRES solver

10° : : : : . 10° T : : : . .
—o—total. est. —e—tqtal. est.
(%] —k—disc. est o —¥—disc. est
<3 = DD. est. o DD. est.
2 \ —e—time. est. T g4k —e—time. est.| |
£ —_ DD. err. £ DD. err.
e R + * 2 N
‘g .*/ ‘3 3 \—O\A
7] © 10°F 4
g g v )4 2 P-4 X
a 0l i Q
IS 10 2 S
8 8 " " S " .
o S 02t W + * * + ., 3
e e
5] 5]
] T 7
8 S 10'F 3
e e
-5 L L L L L 0 1 1 1 1 L L
1
L 5 10 15 20 25 30 107 2 3 4 5 6 7 8
Number of DD iterations Number of DD iterations

Figure 5: Error component estimates using conforming time grids and with the GMRES solver (left) and
zoom until iteration 8 where the a posteriori stopping criterion is satisfied (right)

Figure 5 shows the evolution of our estimators nfguNCtm in green, nfp in black, nfm in magenta, and their
sum in blue as a function of the number of iterations of the DD GMRES solver. In the left figure, these
estimators are computed every 9 iterations to decrease the calculation cost. The right figure corresponds
to a zoom on the first DD iterations, where the estimators are computed every iteration. We observe that
n]%QNCm dominates until iteration 5, then gets smaller compared to nfp and 7, and then vanishes, as
expected (see Remark 7). Concerning nfp and nfm they are approximately constant after iteration 7 and
until iteration 28. We have chosen the a posteriori stopping criterion

MhDNCe, < 0.5min(nd,,nk), (6.8)

leading to 8 iterations, in contrast to the usual stopping criterion, when the jump of the Robin condition
on the interface is less than 107, satisfied at iteration 28 only.

Figure 5 also shows the evolution of the DD error |||pF. — #32|||y (approximated by {|||55. — 522 |||% +
(k. — ﬁz‘;)(-7T)|\2}%, see Remark 13 below) in cyan, where py. is the postprocessing of the converged
DD solution (computed with a tolerance 10~* on the jump of the Robin condition on the interfaces).
Numerically, we can thus observe that our estimate U]ISD,NC“,, is an upper bound on the space-time DD
error, though we have no theoretical proof for this.
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Remark 12 (Stopping criterion). The rationale of the criterion (6.8) is to stop the iterations when the
DD error falls below the discretization error, up to a factor here chosen as 0.5. This can be ensured
when a guaranteed upper bound on the DD error and a guaranteed lower bound on the discretization error
are available. Though we do not develop such refined estimates here, they could be obtained following the
methodology recently proposed in [52, Section 6.3] and [51, Section 5.2].

6.3 An example with local time stepping

Here, nonconforming time grids are used such that 75 = 1000 years in Q5 for all 1 < n < N5 = 1000
and 7" = 5000 years for all 1 < n < N; = 200, for ¢ # 5. The ratio of the number of time discretization

N
steps between the subdomains FS is b, for ¢ # 5. Table 2 summarizes the discretization data as well as the
stopping criterion. '

Number of triangles in 7y, 34984
Number of subdomains 9
Subdomain solver Direct

DD solver GMRES

Final time T =105 years
Time step 7%, i # 5 10°/200 = 5000 years
Time step 7%, i =5 10%/1000 = 1000 years
Original DD stopping criterion 1076

A posteriori stopping criterion U%D,Ncm <0.5min(nk_, nfp)
Total number of iterations 28

Number of iterations with a posteriori stopping criterion 10
Unnecessary iterations 18

Spared iteration from the total number of iteration ~ 64.2 %

Table 2: Industrial example with nonconforming time grids and using the GMRES solver
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Figure 6: Error component estimates using different time grids and with the GMRES solver (left) and zoom
until iteration 10 where the a posteriori stopping criterion is satisfied (right)

The evolution of 7% NC,,, I green, nfp in black, 7 in magenta, and their sum in blue as a function of
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the number of iterations of the DD GMRES solver is presented in Figure 6, left. Here again, the estimators
are computed every 9 iterations to decrease the calculation cost. We remark in the zoom in the right part of
Figure 6 that nll%D,NCtm dominates until iteration 5 and then decreases again until iteration 10, wherefrom
it stagnates. Concerning nfp and nfm, they are approximately constant after iteration 7 and until iteration
28. We have chosen the a posteriori stopping criterion (6.8) leading to 11 iterations, in contrast to the usual
stopping criterion, when the jump of the Robin condition on the interface is less than 107°, satisfied at
iteration 28 only.

0.3 0.3

et piggal tappeotal

& piotal

80 0.3 0.3
0.25 0.25
0.2 0.2

=170 0.15 0.15

0.1 0.1
0.05 0.05

62

50 0 0

240 245 250 255

Figure 7: Distribution of nl’gQNCm on  at the final time T = 10° years at iteration 11 (top left), with a
zoom on the interface (bottom left) and at iteration 28 (top right) , with a zoom on the interface (bottom
right), of the space-time DD algorithm

Figure 7 then presents the elementwise contributions of the estimator nﬁDNCm at the final time 7' = 10°
years at iteration 11 (top left), with a zoom on the interface (bottom left), and at iteration 28 (top right) ,
with a zoom on the interface (bottom right), of the DD algorithm, respectively. We remark that they decrease
slightly but still exist around the interfaces I's ; at iteration 28. As explained before, see Remark 7, ﬂ]’SD,thm
estimates simultaneously the error due to the domain decomposition and nonconforming time grids; in the
first iterations, the DD part dominates, whereas later, the nonconforming time grids part remains. Recall
again that n]ISD’NCtm vanishes for global time stepping, see Remark 7 and Section 6.2.

Table 3 gives an insight to the computational cost in the studied test case in Section 6.3. Here, mesh 1
contained 12754 triangular elements, 600 time steps in the subdomain 25, and 120 time steps in the other
subdomains, whereas mesh 2 was roughly twice finer with 51054 triangles, 1200 time steps in 5, and
240 time steps elsewhere. Our prototype Matlab implementation uses vectorization following [19] but no
parallelism; indeed, most of the evaluation of the estimators can be completely parallelized which can further
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drastically decrease the cost. It can be seen from Table 3 that the price of evaluation of our estimators is
of the same order as that of DD both in the preparatory phase, carried out before the iterations start, as
well as per one DD iteration. It can also be noticed the (decisive) price per iteration decreases for the finer
mesh (and shall become negligible in the limit) since in contrast to the DD procedure, it is linear in terms
of the number of mesh elements times the number of time steps.

DD Estimate Estimate / DD

Mesh 1  Preparation 0.2 0.7 2.9
Per iteration 1.4 3.3 2.4
Mesh 2 Preparation 0.8 3.8 4.4
Per iteration 15.5 24.0 1.5

Table 3: Ilustration of time requirements (in seconds): industrial example with nonconforming time grids
and using the GMRES solver

6.4 Different ratios of the time discretization between the subdomains
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Figure 8: Error component estimates evolution with the GMRES solver for different nonconformity ratios
of discretization in time N5/N;, ¢ # 5: 10, 5, 2, 1 (from top left to bottom right)

To shed more light on the choice of increased time resolution in the repository domain €25 versus the error
induced because of nonconformity of the time grids, we plot in Figure 8 the evolution of our estimates of
different error components for different ratios of the time discretization between the central subdomain {25
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and the surrounding subdomains €2;, i # 5, namely

N5 1000 N5 1000 —_ o .

E = W =10 (tOp left) 3 ﬁz = m =5 (tOp rlght, the 5ett1ng of Section 63)7
Ns 400 N5 250 N . .

N, " 200 - 2 (bottom left) , N, 250 1 (bottom right; the setting of Section 6.2).

We can observe that in all cases, the discretization in space estimator (black) remains approximately the
same, which confirms numerically that it is indeed given by the discretization error in space. The dis-
cretization in time estimator (magenta) 1) goes steeply up when the number of time steps in the central
subdomain decreases (between top right and bottom left); 2) is relatively stable when the number of time
steps in the other subdomains is changed (between top left and top right); 3) goes up when the overall
number of time steps decreases (between bottom left and bottom right). This confirms numerically both
that it is connected with the time discretization error and that it is the number of time steps in the central
subdomain that is the most important. Finally, the curve for n]’SD’NCm estimator (green), goes down when
the nonconformity-in-time discretization ratio decreases from 10 to 2, but for each ratio it becomes stable
after a certain number of iterations. Importantly, when the nonconformity ratio is 1 (bottom right), we
come back to the case of a conforming time grid, and, as expected, the green continues to decrease with
DD iterations as now no time discretization error is included in this curve, see Remark 7. We can thus
conclude that numerically nED_’NCtm represents well both the error from the DD iterations and from time-
nonconforming grids and that N5/N; = 10 is the highest reasonable time nonconformity which does not
dominate the other error components.

Remark 13 (Test case with known solution). In [4] we have shown numerical results for the heat equation
with known solution p(z,y,t) = sin(2mrx) sin(27y) cos(27t) and conforming time grids. We have in particular
compared the total estimator to an approzimation of the error |||p — pr. |||y given by {|||p — pF.|[|% + ||(p —
G, T)||2}% without the term ||0;(p— pr.)||x/. The evaluation of this term would be rather expensive and
we know from [24, Remark 3.3] that one can expect ||0;(p—pr)|x: < ||lp— ||l x. We observed in [4] that
the effectivity index in this case approaches the value of approximately 7; importantly, it depends neither on
the final time T, nor on the spatial and temporal meshes. Its deviation from to the optimal value of 1 can
in part be explained by the fact that the negative norm in |||p — py. |||y has not been computed.
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