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Abstract

In this paper we generalize the Aitken-like acceleration method of the additive Schwarz algorithm
for elliptic problems to the additive Schwarz waveform relaxation for parabolic problems. The domain
decomposition is in space and time. The standard Schwarz waveform relaxation algorithm has a linear
rate of convergence and low numerical efficiency. This algorithm is, however, friendly to cache use and
scales with the memory in parallel environments. It also minimizes the number of messages sent in
a parallel implementation and is therefore very insensitive to delays due to a high latency network.
M. Gander and co-workers have shown that the convergence of this algorithm can be speed up by
optimizing the transmission conditions. Our Aitken-like acceleration is an alternative method that consists
of postprocessing the sequence of interfaces generated by the domain decomposition solver and might b
combined to the method of Gander et al. We show that our technique (1) is a direct solver that requires
at most four solves per sub-domain in the case of a one space dimension linear parabolic problem with
time independent coefficients, (2) can be applied easily to multi-dimensional problems, provided that the
operator is separable in space (3) is an efficient iterative procedure for parabolic problems that are weak
nonlinear perturbations of linear operators with time independent coefficients, (4) provides a rigorous
framework to optimize the parallel implementation on a slow network of computers.
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. INTRODUCTION

In this paper we generalize the Aitken-like acceleration method of the additive Schwarz algorithm for elliptic
problems to the additive Schwarz waveform relaxation for parabolic problems.

Currently, standard processors are becoming multi-cores and there is a strong incentive to make use of all these
parallel resources while avoiding conflict in memory access. We also have an overwhelming abundance of parallel
computers available when using grids. The Additive Schwarz (AS) method for elliptic problems or the Additive
Schwarz Waveform Relaxation (ASWR) method for parabolic problems can be implemented easily in distributed
computing environments and have very simple and systematic communication schemes. At the end of each sub-
domain solve, the processor units exchange their interfaces with the ones that process neighboring subdomains. Th
sub-domain solver can be optimized independently of the overall implementation. These algorithms are friendly to
memory cache use and scale with the memory in parallel environments. ASWR in particular minimizes the number
of messages sent in a parallel implementation and is very insensitive to delays due to a high latency network. The
main drawback of these methods is that they are one or several orders of magnitude slower than modern solvers
such as multigrids. In the meantime, multigrids have poor parallel efficiency with high latency networks.

There have been two main classes of methods to speed up AS and ASWR. One is to introduce a coarse grid
preconditioner. But a coarse grid operator reduces drastically the parallel efficiency on a slow network. A second
option is to optimize the transmission conditions. This general avenue of work has been followed with success by
numerous workers - see for example [22], [23], [7], [8], [11], [20], [24], [25], [4] and their references. We have
introduced in [16] a different and somehow complementary approach that consists of accelerating the sequence
of trace on the interface generated by the AS method. The advantage of our postprocessing algorithm, besides its
simplicity, is that it has quasi-optimum arithmetic complexity for the Poisson equation discretized on Cartesian grid
while offering unique parallel efficiency on the grid. This is the only example, to our knowledge, of a numerically
efficient Poisson solver that performs well on a grid of computers [3].



Our method offers also a general framework to speed up elliptic and non-linear elliptic solvers in a broad variety
of conditions [2], [3], [12], [13], [15], [16]. The salient feature of the method consists of approximating the main
eigenvectors of the trace transfer operator in the AS algorithm and applying a standard acceleration technigue basec
on the linear rate of convergence, component by component, of the trace generated by AS in the proper basis. This
idea might be applicable to any sub-domain-wise relaxation technique that has a linear rate of convergence.

Our main objective in this paper is to present an extension of this technique to parabolic operators with domain
decomposition in spacandtime. We show how one can construct the trace transfer operator in ASWR or a fast and
accurate approximation of it, and eventually derive an efficient acceleration technique. Numerical experiments will
demonstrate the efficiency of our new algorithm for the standard heat equation with a box scheme on a Cartesian
grid. There are indeed dozens itdérative methods to solve parabolic problems with domain decomposition. We
refer to the proceeding series listed in http://www.ddm.org to provide a representative set of methods. We will show
that our algorithm for the heat equation with a finite difference space stencil on a Cartesian grid is a dliszatlel
solver with a quasi-optimal arithmetic complexity with a very low requirement on the latency of the network. This
result does not hold in general for any parabolic operator. The separability of the operator in space is a critical
assumption to get optimum performance. Nevertheless, we will illustrate the potential and drawback of our method
with weakly nonlinear problems. Performance of our method on grid computing will be reported in a companion
paper.

The plan of this article is as follows. Section 2 presents the Aitken-Additive Schwarz-Waveform Relaxation
(AASWR) algorithm in the one space dimension case. We analyze also various numerical experiences with the
Steffensen variant of the method applied to linear and non-linear diffusion problems. Section 3 generalizes the
algorithm to multi-dimensional space problems. Section 4 is our conclusion.

Il. AITKEN-SCHWARZ METHOD FORLINEAR OPERATORS INONE SPACE DIMENSION

For completeness, we review the basic Aitken-Additive-Schwarz (AAS) method for linear elliptic problems in
one dimension. The details on the algorithm can be found for example in [16].

A. Aitken-Schwarz Algorithm
Let us consider a linear problem
Llu] = fin Q= (0,1), Ujpn = 0. 1)
Let ; = (y!,y]), i = 1..q be a partition ofQ2 with 4 < y] < v < 95,...,y, < y;_,. We consider the additive
Schwarz algorithm

Iterate on n until convergence

fori=1..q,do
Lluf ™ = foin Qi uf ™ (yh) = wy (yh), wi ™ () = uly (0),
enddo
Let us denoteuli””rl = ul(yl), u?”“ = u'(y!) and " (respectivelyi) be then iterated (respectively exact)
solution restricted at the interface, i.e
" = ( é’n,uq’",ué’",ug’n, ...,ufl’”,ug’fl)

The operatori™ — @"*! is linear. LetP be its matrix.P has the following pentadiagonal structure:
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;L. | i=2.¢—1 can be computed as follows. Letbe the solution of
5" 0,

The sub-blocksP;, =

Llv] =01in Q, v(y) =1, v(y}) =0, ()

andw be the solution of
L{w] = 0in Q;, w(y}) =0, w(y}) = 1. 3)

We have ther;' = v(y_), 0" = v(yl,;) 6" = w(y}_;) ands]" = w(yl,,). 6] andd, can be computed in
a similar way. We observe that this computation of the sub-bld¢ksan be done with embarrassing parallelism.
From the equality

@™t — 4= P(a" — a),
one writes the generalized Aitken acceleration as follows:
a® = (Id — P)"}(a"™! — Pa"). (4)

If the additive Schwarz method converges, thig?|| < 1 andId — P is non-singular. However regardless of the
convergence of the additive Schwarz algorithm, and provided ihat P is non singular, the AS algorithm is a
direct solver.

The algorithm is then

« Step 1 : compute analytically or numerically in parallel each sub-blBckom each sub-problems (2) and
3).

« Step 2: apply one additive Schwarz iterate.

« Step 3: apply generalized Aitken acceleration on the interfaces based on (4) with

» Step 4: compute in parallel the solution for each sub-domain.
From the point of view of parallelism step 1 and step 4 does not requires any communication. Step2 requires local
communication between sub-domains that overlap. Step 3 on the contrary requires global communication.

This algorithm might be applied to solve each step of the time integration of the following Initial Boundary
Value Problem (IBVP):

% = Llu] + f(z,t), (z,t) € Q= (0,1) x (0,7), (5)
u(z,0) = uo(x), z € (0,1), (6)
uw(0,t) = a(t), u(l,t) = b(t), t € (0,T). (7)

To illustrate the idea, let us consider the following semi-discretized problem with a first order Euler implicit
scheme in time:

UkJrl _ Uk

- = LU + f(, ", k=0,..,M —1, (8)
U’ = Uo, 9)
Ut = ("), UK = btk 1Y), k=0,.., M — 1, (10)

At each time steg: we have to solve the following BVP problem:

—dt LIUMY 4+ UMY = UF 4 de f( 80, (11)
UM = a1, UK = b(t**1), k=0,., M — 1, (12)

This problem can be solved with the AAS algorithm. While the AAS algorithm applied to this problem is parallel,
it requires message passing every time step for Step 2 and 3. Let us denothdywverhead due to the latency
time of the network for message passing at each time step. The total overhead due to latency is df erder
where M is the number of time steps. This overhead is very significant for high latency networks and moderate
size problems. The ASWR gives flexibility to decide how often in time one exchanges the interfaces between



subdomains. Let us denote By the number of time steps computed at each ASWR iterate. The ASWR algorithm
writes:

lterate onn until convergence with the set af time steps

fori=1.q,do

UkR gk ke et] g p( R k=0, .

7 M —1,

k+1,n+1 k+1, k+1,n+1 k+1, "
Ui+ i (yi) = Uzj_l Tl(yg)’ Ui+ m (y:) = U'L++1 n<y:)7 k= 07"7M_ 17

enddo

M can be chosen in the range< M < M. This choice is balanced by two conflicting factord. should be
small if the time step must be updated for accuracy purpdeess also limited by the number of time steps that
can be efficiently accessed and stored in memory. On the other hand, theArier less latency overhead one
has. This key observation gives the main motivation to generalize the Aitken like acceleration method to ASWR.

Remark:it is well known for the Helmholtz problem (11, 12), that the smaller the time step the faster might
be the decay of the error in space introduced by artificial boundary conditions. In other words the cross terms
sbm 6™t in P might be asymptotically negligible. Message passing in the acceleration procedure might be then
limited to processors linked by overlapped sub-domains. While this improves dramatically the performance of a
parallel scheme, at the expense of some inaccuracy in the direct solver, one may still have a large overhead at
each time step due to the high latency of the network combined with the fact that the computation time per time
step is very small.

We will now describe our AASWR algorithm for a domain decomposition in spaoe time, in the one
dimensional space case for a linear parabolic problem.

B. Space-Time Aitken-Schwarz Algorithm
Let us consider the Initial Boundary Value Problem (IBVP):

% = Lu] + f(z,t), (z,t) € Q= (0,1) x (0,7), (13)
u(z,0) = uo(x), z € (0,1), (14)
u(0,t) = a(t), u(l,t) =b(t), t € (0,T), (15)

where L is a second order linear elliptic operator. We assume that the problem is well posed and has a unique
solution.
We introduce the following discretization in space

O:x0<x1<...<xN_1<xN:1, hj:xj—xj_l,

and time T
tr=~kdt, k=0 , dt Y

Let us denote byX the column vectorX = (z1,...,2nx_1)".
We introduce an approximation of the parabolic problem (13) with a first order Euler implicit scheme in time

Uk—l—l _ Uk

— = DUM! + (X, "), k=0,..,M -1, (16)

= Up )
U° X (17)
Ut = q(tb+Y), UM = p(t*Y), k=0,.., M — 1, (18)



where U* is the column vectoU* = (UF,...,U% _,)!. We also introduce the notatioki; for the row vector
U; = (Ujl, RN UJM). Matrix D might be time dependent, but we will not specify this dependence in our notation.

D is a square matrix that comes from a finite difference or a finite element approximation for example. We do
not need to specify this approximation. We have chosen for simplicity a first order scheme for the time stepping,
but we may use angne step time integratioacheme, such as a Crank-Nicholson scheme for example.

If the scheme (16-18) converges to the exact continuous solution of the parabolic problem in some appropriate
spaceU* is an approximation in space efat timet*, and U; is an approximation in time of at grid pointz;.

Our purpose is to compute efficiently the numerical solution of the discrete problem (16-18).

At each time step one solves the linear system

(Id — dt DU = F(U"), (19)

where Id is the matrix of the identity operator.
We assume that the matrix = Id — dt D of the linear system (19) is regular.
Introducing the matrice’ = (U!,...,UM) and F = (F(U"),..., F(UM)), we have

AU = F, Uy = (a(t"),...,a(t™)), Uy = (b(t"), .., b(t")). (20)
Let Q; = (v}, ), i = 1..q, be a partition ofQ2 with

l ! 1 1
.’ITO:yl<y2<y{<y3<y§,...,yq<yg_1<yz;::1:N’

and
{yéayqa cee 7y(l],yg_1} - {ZEl, c 732‘]\7,1},
One iteration of the ASWR algorithm writes

fori=1..q,do

A; Vi”+1 = F;, in Q; x (0,7),

vl = e ), v ) = Vi),
enddo

whereA; is the appropriate sub-block af corresponding to the discretization of the IBVP problerfjn (0, 7).

This algorithm generates a sequence of vectbfs = (VQZ”“S, Vl’"’kS, Vgl”“S, V{”“S, cee VqZ’kS) corresponding to the
boundary values on the set

S = (b, y,vh Uh - Y1) % (¢, tM)

of the V; for each iteratek.

The proof of convergence of the additive Schwarz waveform relaxation on the continuous problem (13) with the
heat equation given in [10] is based on the maximum principle.

The convergence of the ASWR algorithm at the discrete level follows from a discrete maximum principle as
well: let us suppose that all discrete subproblems

AV =0, Vo= (ath),...,at™)), Vv = (0,...,0), (21)
satisfy the following condition:
IVN-1lleo < laf]oo, (22)
and similarly for
AV =0, Vo= (0,...,0), Viy = (b(t}), ..., b(t")), (23)
[Villso < [[bl]oo- (24)

Then it is straightforward to show that the sequelice converges to the trace of the exact solution of the discrete
problem (16-18) on the interface.



Remark:properties (22) and (24) hold for the classical finite difference scheme with the heat equation problem
[26]:

k+1 k k+1 k+1 k+1 k+1
vit oo 1 {Uj+1 -u U - Uj—l} © fay, ) (25)
dt h hj h; )
1
with h; = §(hj+1 + hj). (26)

ASWR converges then for that scheme. We will see later on that the convergence of the ASWR scheme is not
necessary condition to construct the acceleration procedure AASWR
Because the parabolic problem (13) is linear, the trace transfer operator

Wks—‘rl o WOO N Wks o WOO
is linear. Let P denote its matrixP has the following pentadiagonal structure:
0O P 0 O
Pt o o P
pto o BT

1l Iy

Pl 000 B

P00 P
0 o0 F O

P is a matrix of size(2(q — 1)(M — 1))? with the block P"', P'" P! PI"" that are square matrices of size
(M —1)2. Let us use the same generic notatiohfor the matrix of the identity operator no matter the dimension
of the matrix. If the matrixP is known and the matriXd — P is regular, one step of the ASWR provides enough
information to reconstruct the exact interface values by solving the linear system

(Id— PYW>® = W' - PW?°, (27)
We can then define the algorithm
Algorithm (1)

« Step 1 compute the first iterate of ASWR.

« Step 2 solve the linear problem (27).

« Step 3 compute the second iterate using the exact boundary Mattie
~ We show in Section 2.2 that under some circumstances one can easily construct the’noataix approximation
P of P.

We observe that this algorithm is a direct solver provided fildat P is regular, no matter the overlap, or the fact
that ASWR converges or not. This method is a generalization of the Aitken-Schwarz algorithm described in [16]
for the case of linear elliptic operators. We calfjorithm () the Aitken-Additive Schwarz waveform relaxation
algorithm. We have the following result

Theorem 2.1:If the ASWR algorithm converges, then AASWR is a direct solver.

Proof: If ASWR converges the sequen&&*: converges. From

Whetl e — p (Wh — Wwee),

we have||P|| < 1. Consequently/d — P is a regular matrix. (27) has then a unique solution and AASWR is a
direct solverd

We have then the following corollary of Theorem 2.1,

Corollary 1 If each IBVP associated to matrig; in (21,23) satisfies the properties (22) and (24) then AASWR is
a direct solver.



This lemma can be used to show that AASWR is a direct solver for the standard three point scheme with the
heat equation problem given in (25).
If one knows only an approximatioR of P, one may apply the following acceleration scheme

Algorithm (11)
Iterates on the following three step scheme

« Step 1 compute one iterate of ASWR.

« Step 2 solve the linear probletdd — P)W = W' — P WP,

« Step 3 update the boundary values of each sub-problef) in (0, 7)) with T, i.e. W' := W.

We call this algorithm the Steffensen-Additive Schwarz Waveform Relaxation (SASWR) algorithm because we
iterate on the Aitken acceleration that is inexact here [19], [29]. We have the following result

Theorem 2.2:SASWR algorithm converges if

a=||(Id-P)~' (P - P)|| < 1.

The algorithm has then a linear rate of convergence with speed

Proof: from . 3 )
Wl—w> = PW'-W>®)and W' =W = P (W°-W),
we have
W—-W>® =P (W'—w>)—PW°-Ww),
W—-W>® = (P-P) (WO —W>®)+ P (W —-W>),
and finally

W —W® = (Id—P)™' (P - P) (W —W™).

From W' := W, we have
(W =Wl < a[Wo =W

O

We will see in Section 2.5 how one can increase the sparsifywhile keeping some fast convergence properties
of the algorithm. But let us first present how one compute the coefficients of

C. Construction of MatrixP

Let us assume that the discretization of the temporal domain has only two time stegs),ité),= (0, 7). The
blocks P, are then scalars.
Let v be the solution of
A =0inQ, v(yh) =1, v(yl) =0, (28)

andw be the solution of
Aw =01in Q;, w(yh) =0, w(yl) = 1. (29)

AASWR then reduces to the exact same Aitken-Additive Schwarz algorithm for the Helmholtz opedatbr+
Id described in Section 2.1 [16].

The construction of? with a temporal discretization af), 7') with an arbitrary number of time stef > 1 is
done as follows.

We choose the following basis of functions

6; =1, if j = k, 0 otherwise, j,k € {1,.., M}
to represent the trace of the solution on the interfaces

yé/r X {tl,...,t]\/[}, 1= 1..q.



Let us consider the family of subproblems(in x (0,7,

VY =0, (31)
VERLH = 0, VR ) = 8 k=0, M 1. (32)

Let V;; denote the matrix that is the solution of the discrete problem (30-32).;Tbelumn vector of P"",
respectivelyP"™!, is the trace ofV; ; on yf 41, respectivelyy; ;. P"" and P[’l are consequently lower triangular
matrices. A similar construction can be done to compute the sub-itiand P/

Let us assume now that all coefficients of the elliptic operdton the IBVP (13) are time independent.

We notice that allV; ; are obtained fronl; ; by a translation in time, i.e.,
Vij(Xit) = Vin(Xot —tj-1), t € {tj,...,tm}, (33)

and
V;,j(Xi,t) = 0, t e {to,tj_l}. (34)

The first column vector of”"", respectivelyP™, is the trace ofi;; on ! 41, respectivelyy; ;. From (33) we
see that all columns aP!"", respectivelyP!”', are obtained from the first column of matr¥"", respectivelyP!”,
with no additional computation.

To conclude, the construction of the matiX of the trace transfer operator is achieved if one computes once
and for all the solution of the two following sub-problemsn x (0,7,

k+1 k
V;,j g oy skt _ o
% = DV, k=0,...,M —1, (35)
V;?j =0, (36)
VAR () = ot VER () = 0, k=0,..., M —1, (37)
and

Vkﬂ-l _ Vk
”dit” = D[V, k=0,..., M —1, (38)
Vi =0, (39)

Sub-problems (35-37) and (38-40) are the analogue of (28) and (29) in the Aitken-Schwarz algorithm for the
AASWR algorithm.

Remark:All sub-problems listed above needed for the construction of the trace transfer operator matrix can be
solved with embarrassing parallelism.

We are going now to illustrate the method with the classical finite difference approximation (25) for the one
dimensional heat equation.

D. Application to the One Dimensional Heat Equation

Our linear test case is the heat equation problem in the dofbain x (0,7"). The grid in space is regular with
constant space step We keep the number of grid points per sub-domain toNge= 20, and the time step is
dt = h. Further the overlap is kept minimum, that is a one mesh interval.

The total number of grid points i = N, + (¢—1) (N, — 1), whereq is the number of sub-domains.

The Standard Method (SM) to integrate (25) is to solve each time step with a direct tridiagonal solver. The LU
decomposition of the tridiagonal system can be computed once, since the same linear system is solved at every time
step. The arithmetic complexity of the SM is then = C; N M, where(, is an integer(C; = 5 for Gaussian
elimination. Let us compare the arithmetic complexity of the AASWR algorithm with that of SM. The arithmetic
complexity of one iterate of the ASWR algorithmsig = C; M (N + ¢ — 1) which is asymptotically equivalent
to ny.



elapse time
T

T T T
—S— single domain solver
—t— construction of P

0.18 - | = LU decomposition of P =
—=- AASWR

4 6 8 10 12 14 16 18 20 22
number of subdomains

Fig. 1. Convergence of ASWR and AASWR for the heat equation.

All subdomains correspond to the same finite difference operator and this operator has no time dependent coefficient.
Consequently, the construction of the matfixrequires to solve one sub-domain problem (35-37) or (38-40). The
arithmetic complexity of the construction &f is thenC; M Y+2=! and can be neglected against

The acceleration step requires to solve the sparse linear system (27). Each block is a triangular matrix of
dimensionM the number of time steps. The solution can be computed forward in time by solving at each time
step a penta-diagonal system analogou® tim Section 2.1, with a linear combination of the trace of the solution
on the interfaceS at all previous time steps on the right hand side .

The arithmetic complexity of this blockwise backward elimination procedure is then asymptotigally;,.. =
CoM|(q — 1)? 4+ O(q)] floating point operations [1}2inter face 1S SMall compare ta, as long as

g << +VN. (41)

Overall and assuming (41), the number of floating point operations (flops) for the AASWR procedure is about
twice the number of flops for the standard SM with no domain decomposition. However modern computer archi-
tecture do not perform linearly with the number of flops. The domain decomposition algorithm might still have
a better elapse time performance than the SM thanks to memory access limitations and cache memory effect. To
illustrate this concept we have performed the computation with both algorithm SM and AASWR on a PC running
matlab with a Pentium 4 2.66GHz. This PC has one GB of main memory. With moderate nhumber of time steps
and large problem size, the advantage of the AASWR algorithms over the SM becomes clear. Figure 1 provides
some comparison between both algorithm with ten time stepd/i-e 10, N, = 20 and a nhumber of subdomains
that varies from2 to 20. The elapsed time is given in seconds and averages the measurement provided by one
hundred runs. We remind here that the size of the problems grows linearly with the number of domains according
toN = N, + (¢—1) (N, —1). Overall the construction aP and the acceleration step has negligible elapse time.

In AASWR the elapse time grows linearly with the number of subdomains. AASWR performs better than SM for
g > 6. We believe that the cache size is responsible for the two peaks in the curve giving the performance of the
SM. On the contrary the AASWR seems to be insensitive to the cache size for the dimension of the sub-domain
that has been chosen here.

To verify if the Aitken-like acceleration impacts the stability of the AASWR or not, we have checked the accuracy
of our solution with larger problem size than in the previous test case, thdt #s 20 and N; = 40. The RHS
and boundary conditions in the heat equation are such that the exact solution is the traveling wave:

u(z,t) = exp (=20 2%), where z = —1/3 —1/5t. (42)

Figure 2 gives the condition number of the matfifd — P) used in the acceleration step. This condition number
grows linearly with the number of subdomains, which is proportional to the problem size in 8paEmgure 3
provides some indication of the accuracy of the solver. We choose to measure the error in the Higcnen
for all the domain of computatiof x (0, M dt). The numerical accuracy of AASWR is overall compatible with
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the condition number of the linear discrete problem (25), and the acceleration procedure does not seems to impac
significantly the accuracy of our exact solver.

accuracy of the AASWR solver
T T T

conditionning number of the acceleration step -12.2
1000 T T T T T T

900 -

800

700+

600

500 -

400

300

200

100

I I I I I I I I
L L L L L L L L L 4 6 8 10 12 14 16 18 20 22
2 4 6 8 10 12 14 16 18 20 22 number of subdomains

number of subdomains

0,

Fig. 3. Difference in maximum norm between the solution of

Fig. 2. Conditionning number of the linear system (27). SM and AASWR solvers

We discuss in the next section the application of the method to more general one D heat equation problems such
as weakly nonlinear equation.

E. Generalization and Construction of ApproximationsFof

In the most general situation where the elliptic operditias coefficients that are time dependent, the construction
of the operatorP becomes numerically intense. In principle, for each element of the vector basis that one uses to
represent the trace of the solution on the interf&cene has to compute a solution of a sub-problem similar to
(35-37). ASWR will not be cost effective (on a sequential computer) unless one uses a domain decomposition with
very few time stepg, or a good low cost approximation @?.

Remark: because all subproblems (35-37) can be computed prior to the time stepping with embarrassing
parallelism, the general situation might be still manageable on a grid of computers.

To apply our technique to more general heat equation problems, we can try to construct cost effective approxi-
mations of the trace transfer operator.

We discuss four complementary ways of approximating the trace transfer opBrdtoe impact on the efficiency
of the scheme can b& posterioriassessed by the estimate in Theorem 2.

e (i) First, one can neglect a set pf< M first rows of the sub-block® " in matrix P. This minimizes the
number of sub-problems to be solved when the elliptic operfatoas time dependent coefficients. This is equivalent
to neglecting the time dependency of the solutigix, ¢) in Q; on artificial boundary conditiona(yﬁ/T,t) for
t € (0,p dt). For the heat equation the error can be analyzed analytically as in [10] usirg théunction. This
approximation of P might be effective if and only if one is interested in the accuracy of the final solution at the
end timet = T, rather than on the whole time intervidl, ). As a matter of fact we still havgP — P|| of order
one in this situation.

e (ii) Second, one can neglect the cross terRig and P'" in P. The quality of this approximation depends
on the fast decay of the error in space. For the heat equation, for example, we have seen that each time stey
corresponds to the solution of a Helmholtz problem,

—dtv +u = rhs.
The influence of the error at an artificial boundarylecays as the function

eXp(_ \/%
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convergence history
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error in max norm for t=T

iteration

Fig. 4. Neglecting the cross terms in mat@#xwith the heat equatiod,u = Ozu + f.

at every time step. The smaller the time step, the better the approximation. The main advantage of this approximation
relies on the fact that the algorithm does not require any global communication to solve the acceleration step as
in AASWR. This is, however, not lowering the complexity of the construction of the approxim&tiorhen the
elliptic operator has time dependent coefficients.

e (iii) Third, one can use a coarse global representation of the trace on the artificial intSrfatlewing the
same approach as in [12]. This method will not be developed here.

e (iv) Fourth, one can use a constant coefficient approximatiod @i the linear case or an average in time
approximation of the Jacobian of the operator in the nonlinear case. Thus the construdtioaquiires the parallel
computation of two local problems analogous to (35-38).

Let us illustrate the performance of the Steffensen variation of the algorithmalgerjthm (Il), when one uses
an approximation of the trace transfer operator.

In all numerical experiments below we force the solution of the IBVP to be the traveling wave (42).

In our experiments we evaluate the impact of neglecting the non-local domain dependencies as described in (ii).
We take the block diagonal approximation Bf and neglect the cross terni®", P"!. Figure 2 reports on the
performance of SAWR with the heat equation problem, while Figure 3 applies to the reaction-diffusion problem

Ot = Opgu — ppu+ f, with = N. (43)

The convergence speed deteriorates dramatically when the number of subdomains grows for the heat equatior
test case. The situation improves for the Helmholtz problem (43) with largehis observation will be used for
multi-dimensional problems in see Section 3.2.
Finally, let us consider a nonlinear problem as follows
2
gj; _ ngé + fu). (44)
Following argument (iv) above, we use as an approximatio®® dhe trace transfer operator that corresponds to
the heat equation operatdy — 0, that has time independent coefficients.
In our experiment we choose
f(u) = ptanh(u).
If L} denotes the Jacobian of the discrete non-linear operator corresponding to the time integrationfei.{44),
is a second order perturbation of this operator||iféu)|| = p << ||L}|| ~ h=2. In Figures 4 and 5, we take = 1
andu = 5, respectively. We observe a linear rate of convergence of SASWR. The speed of convergence deteriorates
rapidly asu grows. We speculate that the speed of convergence of the SAWR algorithms will be quadratic if one
usesL instead of the heat operator. It is, however, impractical to compute the matrix of the corresponding trace
transfer operator because of the time dependency of the coefficient of the Jacobian.
We are going to show that most of the results obtained in this section can be extended to multi-dimensional
parabolic problems providefl is separable or a weak perturbation of a separable operator.
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Il. AITKEN-SCHWARZ METHOD FORLINEAR OPERATORS IN THEMULTIDIMENSIONAL CASE

To simplify the notations we will restrict ourselves to two space dimensions. We further assume that the domain
Q is a square discretized by a rectangular Cartesian grid with arbitrary space steps in each direction. The general
situation with arbitrary shape domains might be treated following the line of [12] and will be reported elsewhere.

Let us consider the IBVP:

‘?;: = Li + fmut), (zy.t) €2 = (0,1)2 x (0,T), (45)
u(x,y, 0) = uo(:z:,y), ($7y) € (07 1)27 (46)

u(0,y,t) = a(y,t), u(l,y,t) =b(y,t), y € (0,1), t € (0,T), (47)
u(z,0,t) = c(x,t), u(z,1,t) = d(z,t), z € (0,1), t € (0,T), (48)

where L is a second order linear elliptic operator. We assume that the problem is well posed and has a unique
solution. Using an appropriate shift in space we can restrict ourselves to the special case:

c(x,t) =d(z,t) =0, ¥(x,t) € (0,1) x (0,7). (49)
We introduce the following discretization in space

O=xg<m<...<=x <me:17hxj:xj_xj—l7

Nz—1
O=yo<y1<...<Yy, . <Yy, =1, hyj =y; —yj—1,

and time
T
M
The domain2 = (0,1)? is decomposed intg overlapping strip€2; = (v}, y!) x (0,1).
We first present the general algorithm wheiis a separable linear operator and refer to the theoretical framework
established in [2] for elliptic operator.

th=kdt kef{0,. .. M}, dt =

A. The General Algorithm for Separable Operator
Let us assume that the elliptic operatolis a separable second order operator as follows:

L=1Li+ Ly
Ly = €10z + f10, +91, Lo = 628yy + f28y + 92

e1, f1, g1 are functions of x only, and,, f5, g are functions of y only. We write the discretized problem as follows

Uk—l—l - Uk
dt

with appropriate boundary conditions corresponding to (46-48).
Our main objective is to rewrite the discretized problem in such a way that we can reuse the results of Section 2
that is for the one space dimension case. Let us assum®jghatas a family of(/V,, — 1) independent eigenvectors
®;, j=1,.,N, in R¥»~! with corresponding eigenvalugs.

The ®; are implicitly the numerical approximation if9, 1) of the solutions of the following continuous eigen-
vector problems:

= D (U] + Dy, [U*Y] + f(X, Y, t" ), k=0,...,M —1, (50)

Lyv(y)] = po(y), v(0) =wv(1) =0. (51)

Let us introduce the decomposition

F(X,Y, 1) ZAkXt (YV), uo(X,Y) = Z)\k
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N’!J

XYt = Z FEX oY),
and
Nyfl Nyfl
a(Y,t") = Y a;(tF)2;(Y), b(Y,tF) = > b(tF)2;(Y).
j=1 Jj=1
The discrete solution of (50) satisfies the following se{ &fy — 1) uncoupled problems
AR Ak
jditj = Dm[Aj?“] + g AR (XY k=0, M — 1, (52)
A] = X(X), (53)
Ak—H(iL'o) = aj(tk+1), Ak+1($Nm) = bj(tk+1), k= O, ceey M —1. (54)

Let us extend the notation of Section 2 for the trace transfer operator

Wks _WOO N Wks+1 —WOO,

to the two dimensional space case.
This operator can also be decomposed it — 1) independent trace transfer operators
Wj?fs —We = ijsﬂ - W,
that apply to each component of the trace of the solution expanded in the eigenvectoFbasigd;, j =
1,...,(Ny — 1)}. Let Q; be the matrix of this linear operator. The mat#xhas now a(N,, — 1) diagonal block
structure, where each block is the maté. Algorithm (I) can be generalized as follows

Algorithm (I bis)

« Step 1 compute the first iterate of ASWR for the two space dimension parabolic problem (45).
« Step 2 expand the trace of the solution in the eigenvector asiad solve the linear problem component
wise
(Id—Q)W® = W} —Q; W), Vje{l,...,(Ny—1)}. (55)

Assemble the boundary conditioh ™ = 3",_, y, 1 W @;.
« Step 3 compute the second iterate using the exact boundary Wattie
Let us emphasize that the sub-domain problems$2jnx (0,7") can be integrated by any existing efficient
numerical solver. It is only the acceleration step 2 that requires the decompositiontcddbef the solution into
the eigenvector basis.
Because all eigenvector components of the solution are independents, we have then as in the one dimensior

space case
Theorem 3.1:If the ASWR algorithm converges, then AASWR is a direct solver.

The construction of th€); can be done exactly as in the one space dimension case.
This preprocessing step consists of solving (Ny — 1) problems analogous to (35-37) (g}, y7) x (0,7,

kL _yk
et = DV 4 VL =0, M -1, (56)
v = o0, (57)
Vik-&-l(yb =0, Vk+1( " = 5’”1 k=0,....,M—1, (58)
and
W = Dy [V + iy VA k=0,..., M~ 1, (59)
V) =0, (60)

VL = o v () = 0, k=0,..., M — 1. (61)
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for each eigenvalug;, j =1,..., N, — 1 and each sub-domain=1,...,q.

These sub-problems (56-58) and (59-61) can be computed with embarrassing parallelism.

Thanks to the block diagonal decomposition fone can generalizalgorithm (ll) to two space dimensions
as well and repeat Theorem 2.2. We will see in Section 3.2 how one can take advantage of the eventual large
eigenvalug;| >> 1 of D, in a parallel implementation. The extension of the method presented here to the three
dimensional case under the assumption of separability of the discrete elliptic operator is straightforward.

We now illustrate our method for the heat equation problem.

B. Application to the Heat Equation

We consider the standard heat equation problem discretized in space on a five point stencil with central finite
differences on a regular Cartesian mesh. We have in this situation

4
T2

hZ/

h
®; =sin(j T y), p; = sin®(jm ).

The time stepping:

k1
Ui - U _ Uiy 22U 4 Uiy Uijn =2Uij + Ui i
dt h2 h? ‘
can be processed fairly efficiently using the Fourier sin transform in space. By following a fast Fourier like
procedure to compute the data in thiey — 1 uncoupled IBVP (52 - 54) with a tridiagonal solver for each set of

linear equations. Using notation similar to the one in Section 2.4, this SM involves

Y

ny = C3 Ny M N, log(N,) flops,

where (3 is an integer constant.

Following the same steps as in Section 2.4, one can show that AASWR requires roughly two times as many
floating point operations. But as stated before the AASWR algorithm is a parallel algorithm fairly tolerant to high
latency networks. We have verified also that AASWR performs better than SM on a scalar processor with small
number of time steps and large problem size.

We have checked the accuracy of our AASWR solver on a two dimensional problem with singular sources as
follows:

F(z,y)= Y fi()5(x,y5,75)-
j=1..3
The delta functions are equal to one in a disk of cefigry;) and radiusr;, and zero elsewhere. Figure 8 and
9, gives a representation of the solution with three different time periodic source terms. In this simulation the
time interval is(0, 7). The space grid is given by, = 200 and N, = 197. We use four strip subdomains. The
difference in the discrete maximum norm ¢ 1)? x (0,7) between the SM solution and the AASWR is of the
order of 10~13.

Remark:our result can be easily generalized to tensorial products of a one dimensional grid with adaptive space
stepping. The key hypothesis is the separability of the discrete opdvator D,, on the tensorial product of grid.
Because, is not a constant, the eigenvectapbs are not known analytically and should be computed numerically
as in [2].

We have shown in [3] for ASWR that it was not necessary to accelerate with the exact Aitken’like acceleration
formula all sin components of the trace of the solution on the artificial interface. A similar technique applies to the
AASWR algorithm for our benchmark problems. We observe that the propagation of the error in space for each
component in the eigenvector badisdecays monotonically gg:;| grows. Further one usually has simultaneously
||A%|| << 1, for large j components [6].

On can check that the linear convergence rate of ASWR for the sin wave compbjigntof the solution is
approximativelyy; (k) with J

t
1 — /,Lj dt

0 |-

7 (%) = exp(— dist(z) ( )%),
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Fig. 8. Contour line of the solution at four different times.

T=pi/4 T=pi/2

Fig. 9. Representation of the solution at four different times.

anddist(x) is the distance of the grid point of first coordinateo the artificial interface ofS. Further we have

Tl lr
HQj,iHOOv ”Qj,iHOO ~ 7;(1/q = h). _ _

For the trace components that correspond to large eigenvalugsSWR has a fast linear rate of convergence,
and the acceleration may not be necessary. For intermediate values, one may neglect completely the global coupling
of all domains in (55), that is to neglect the cross te(@jﬁ, and Q” of the block pentadiagonal matrig; - see
Figure 5. For all other eigenvalue components that correspond to the slow decay of the error in space, one must
solve the complete linear system as in (55). As observed in [3] a parallel implementation can take advantage of
this feature by reducing dramatically the size of the messages between the sub-domains.

We will now discuss some details of the parallel implementation of our method that are specific tcasdace
time decomposition.

IV. DISCUSSION OF THEPARALLEL ALGORITHM IMPLEMENTATION

First, let us discuss the properties of AASWR that should be used in a parallel implementation of the method. We
will describe theoretically the parallel algorithm using the general framework of message passing on a distributed
network of processors and show that our new method provides a rigorous framework to optimize the use of a
parallel architecture.

To formalize the algorithm, one introduces the following notatidﬁé(éright) and V’f(éleft), are the solutions
at time stept = t* of the set of problems (35-40) in the one space dimension case, (56-61) respectively in the
two space dimension casE.(W*:(t¥)) is the solution of the set of subproblems of the domain decomposition
algorithm at iteraté:, with boundary condition§¥*s on S at time levelt = t*.
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Prior to the AASWR algorithm one computes in paralléff(éleft), and V’“(éright), in order to construct the
matrix P of (27) or its equivalent with multi-dimension problems. This can be done, in the one space dimension
case, with no message passing required2 ong processors where is the number of sub-domains. In the two
dimensional case one can distribute the procesg arng x N, processors since all eigenvector components are
given by the solution of a set aV, decoupled (one space dimension) parabolic problems.

The first step of AASWR s the parallel computation of the solution of the IBVP (13) or (45) in each sub-domain
Q; x(0,T), 1=1...q. Itis important to notice that the acceleration of the interface componerisadtime step
ti, does not depend on the interface componentS af later time steps;,, k2 > k;i. This property is reflected in
the fact that the blocks of the pentadiagonal maftivare lower tridiagonal matrices. Consequently the resolution
of the linear system in the acceleration step (27) or its equivalent with multi-dimension problems can progress
with the time stepping o/ (W, (t*)). A message passing parallel implementation of the algorithm should then
distribute each time step of the first iterateldf' as soon as they are computed.

Similarly as soon as the accelerated time leMebf W is produced by Step 2 dadlgorithm (I), the exact
discrete solution at time levef can be computed.

To summarize, the AASWR algorithm gives rise to fqarallel time stepping processes:

« (i) computeV;" 11,

o (i) computeV:* 1,

o (iii) compute U (WO (t++1)),

o (iv) computeW>(t*) based on (i-iii) at time step® and then computé (W > (t*)).

These four parallel computations need the first time step for (i-iii) to be achieved. In the one space dimensional
case, AASWR may run on x g processors!

Let us notice that the parallel implementation of the acceleration step itself (27) is not obvious. We refer to [30]
for a discussion of such parallel algorithms. However, the solution of the linear system in (27) is at least an order
NT times cheaper than the rest of the calculation in Algorithm | or Ibis. It can be done then redundantly on the q
processors that execute (iv).

In practice one should minimize the overhead due to the latency of the network. The communication step should be
executed every, time steps where, is a small integer to be optimized experimentally. One then uses non-blocking
communications to overlap communication of sub-domain boundaries by computations of sub-domain solutions.
The optimal choice of:, depends critically on the ratio between the network performance and the floating point
performance of the processors. The detailed specific implementation depends strongly on the computer architecture
An experimental study, with particular emphasis on grid computing will be published in a companion paper.

V. CONCLUSION

In this paper we have shown how to generalize the Aitken-like acceleration method of the additive Schwarz
algorithm for elliptic problems to the additive Schwarz waveform relaxation for parabolic problems. This new
domain decomposition algorithm is in spaaed time. Since the concept of our acceleration technique is general
and might be applied in principle to any block-wise relaxation scheme, we expect that it can be combined with
some optimized transmission conditions for the same PDE problem. We have shown that our technique

(1) is a direct solver that requires at most four solves per sub-domain in the case of a one space dimension linear
parabolic problem with time independent coefficients, (2) can be applied easily to multi-dimensional problems,
provided that the operator is separable in space, (3) is an efficient iterative procedure for parabolic problems that
are weak nonlinear perturbations of linear operators with time independent coefficients, (4) provides a rigorous
framework to optimize the parallel implementation on a slow network of computers.

A further step in the development of our methodology would be to consider unstructured meshes, and approximate
the trace transfer operator with for example, the coarse grid interface approximation presented in [12].

Acknowledgement: This work was supported in part by NSF Grant ACI-0305405.
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