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Abstract. We introduce a nonoverlapping variant of the Schwarz waveform relaxation algo-
rithm for wave propagation problems with variable coefficients in one spatial dimension. We derive
transmission conditions which lead to convergence of the algorithm in a number of iterations equal
to the number of subdomains, independently of the length of the time interval. These optimal trans-
mission conditions are in general nonlocal, but we show that the nonlocality depends on the time
interval under consideration, and we introduce time windows to obtain optimal performance of the
algorithm with local transmission conditions in the case of piecewise constant wave speed. We show
that convergence in two iterations can be achieved independently of the number of subdomains in
that case. The algorithm thus scales optimally with the number of subdomains, provided the time
windows are chosen appropriately. For continuously varying coefficients we prove convergence of
the algorithm with local transmission conditions using energy estimates. We then introduce a finite
volume discretization which permits computations on nonmatching grids, and we prove convergence
of the fully discrete Schwarz waveform relaxation algorithm. We finally illustrate our analysis with
numerical experiments.
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1. Introduction. Domain decomposition methods have been mainly developed
and analyzed for elliptic coercive problems, and their convergence theory is well under-
stood; see [42, 8, 38, 37] and references therein. When treating evolution problems, the
classical approach consists of discretizing the time dimension uniformly on the whole
domain by an implicit scheme and then treating the obtained problems at each time
step by a classical domain decomposition method for steady problems. For parabolic
problems, see, for example, [6, 30, 7], and for hyperbolic problems see [2, 41].

This approach has two disadvantages. First, one needs to impose a uniform time
discretization for all subdomains, and thus one loses one of the main features of do-
main decomposition algorithms, namely, to adapt the solution process to the physical
properties of the subdomain. It is still possible to refine in space, but for evolution
problems this is not sufficient, since the space and time discretization are linked in
general by stability constraints and conditions on the dispersion of the numerical
scheme. Second, the algorithm needs to communicate small amounts of information
at each time step. Each communication involves in addition to the cost for the data
transmitted a startup cost independent of the amount of data transmitted. It can
thus be of interest to communicate larger packages of data at once over several time
steps instead of many small packages to save communication time. This factor can be-
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come important if the algorithm runs on an existing network of workstations without
special high performance links.

To avoid the above disadvantages, we propose in this paper an approach different
from the classical one. We decompose the original domain into subdomains as in the
classical case, but we do not discretize the time dimension. Instead we solve time
dependent subproblems on each subdomain. This approach is related to waveform
relaxation algorithms for ordinary differential equations and has first been consid-
ered for partial differential equations by Bjgrhus in [5, 4], where first order hyper-
bolic problems were analyzed, in which case only incoming characteristic information
can be imposed on subdomain interfaces. An overlapping Schwarz algorithm of this
type has been analyzed for the heat equation in [13, 19, 18], and for more general
parabolic problems in [20, 14], which led to a new understanding of the performance
of the waveform relaxation algorithm when applied to parabolic partial differential
equations; in particular, a new and faster asymptotic convergence rate is obtained
with overlapping subdomain splitting compared to the classical waveform relaxation
rate for Jacobi splittings. For overlapping and nonoverlapping Schwarz waveform re-
laxation methods for the wave equation and convection reaction diffusion equation,
see [15].

We are focusing in this paper on wave propagation phenomena in the presence
of variable and discontinuous coeflicients. We first perform an analysis at the contin-
uous level and derive transmission conditions for nonoverlapping Schwarz waveform
relaxation algorithms which lead to optimal convergence. The optimal transmission
conditions involve linear operators S; related to the Dirichlet to Neumann maps at
the artificial interfaces. For elliptic problems, results of this type have been studied
in [9, 34, 33, 12, 17]. These optimal transmission conditions are nonlocal in general,
but we show that the nonlocality depends on the time interval under consideration in
the wave equation case. We introduce then time windows to obtain optimal perfor-
mance of the algorithm with local transmission conditions for piecewise constant wave
speed. We show that convergence in two iterations can be achieved independently of
the number of subdomains in that case. The algorithm thus scales optimally with
the number of subdomains, without any additional mechanism like a coarse grid. For
continuously varying coefficients, we prove convergence of the algorithm with local
transmission conditions using energy estimates. We then introduce a finite volume
discretization and analyze the fully discrete Schwarz waveform relaxation algorithm.
This algorithm allows us to use nonmatching grids both in space and time on dif-
ferent subdomains so that the resolution can be adapted to the underlying physical
properties of the problem. For piecewise constant wave speed, we analyze the con-
vergence of the algorithm using discrete Laplace transforms, a tool introduced for the
continuous analysis of waveform relaxation algorithms by Miekkala and Nevanlinna in
[31] and later used by Nevanlinna in [35, 36]. For an analysis of waveform relaxation
algorithms discretized in time, see also Janssen and Vandewalle [22] and references
therein. For continuously varying wave speed, we prove stability of the subdomain
problems and convergence on nonmatching grids using energy estimates. Our ap-
proach is an alternative to the mortar method for nonmatching grids [3]; see also
[1]. We finally illustrate the analysis with numerical experiments for model problems
and a simulation for a typical underwater sound speed profile from an application.
For a different approach of a space time decomposition for evolution problems using
virtual controls, see [28], and for other ways of grid refinement in space and time, see
[2, 10, 25].
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Fia. 2.1. Domain decomposition into I nonoverlapping subdomains.

2. The optimal Schwarz waveform relaxation algorithm. We consider the
second order wave equation with variable wave speed in one dimension,

1 0%u O%u

(2.1) E(U):mﬁ—ﬁ:ﬁ

on the domain R x (0,7") with initial conditions

u(z,0) = p(z), —-(,0) = g(z).

For 0 < ¢ < ¢(xz) < € < oo there exists a unique weak solution u of (2.1) on any
bounded time interval t € [0, T1]; see [26, 27].

2.1. A general nonoverlapping Schwarz waveform relaxation algorithm.
We decompose the domain R into I nonoverlapping subdomains Q; = (a;,a;41),
a; < a;, for j <iand a; = —o0, ar41 = +00 as given in Figure 2.1. We introduce a
general nonoverlapping Schwarz waveform relaxation algorithm

Lufth) = f, in Q; x (0,7),
By (uf™)(ai,t) = By (uf))(ait), t€(0,T),
(2.2) Bf (uft ) (ais1,t) = Bf(uFi)(ai1,t), te(0,7),
U?+1($,O) = p($), HARS Qi
6uk+1
ét (ZE,O) = q(x), SEGQZ',

where Bii are linear transmission operators which we will determine to get optimal
performance of the algorithm. For ease of notation, we define here

(2.3) ug =0, uf =0

so that the index ¢ in (2.2) ranges from ¢ = 1,2, ..., I. Note that we call this algorithm
a waveform relaxation algorithm because time dependent problems are solved on
subdomains as in the waveform relaxation algorithm for large systems of ordinary
differential equations [24]. The algorithm we consider here is a Jacobi-type or additive
Schwarz algorithm, since all the subdomains are treated in parallel. A Gauss—Seidel or
multiplicative Schwarz algorithm could be considered as well. But since the analysis
would be similar, we focus in this paper on the additive version of the algorithm only.

2.2. Transmission conditions for optimal convergence. For elliptic prob-
lems, the Dirichlet to Neumann map has been used in [32] to define optimal transmis-
sion conditions. For wave propagation, it is more convenient to introduce the linear
operator S1(zg) defined by

(2.4) Si1(wo) : g(t) — ?(x07t)7
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where v(x,t) is the solution of

L) = 0, in (—o0,xzq) x (0,T),
(25) L(r0t) = gt) te(0.T)
v(x,0) = %(x,O) = 0, x € (—o0,xp),

and the linear operator Sa(zg) is defined by

0
(2.6) Sa(ao) : g(t) = (0. 1),
where v(x,t) is the solution of
Lv) = 0, in (z9,00) x (0,7,
(2.7) i(zo,t) = g(t), te(0,T),
v(z,0) = %¥(z,0) = 0, x € (x9,00).

The operators S; defined in (2.5) and (2.7) are the key ingredients in obtaining an op-
timal Schwarz waveform relaxation algorithm. This algorithm is obtained by choosing
the transmission operators B in the algorithm (2.2) to be

(2.8) Bz_ = Sl(ai)at — 8937 Bj_ = Sg(ai+1)at — 81

This choice is not arbitrary. The absorption property of these transmission operators
allows the algorithm to compute subdomain solutions which do not see the interfaces
and hence are exact; for the steady convection diffusion case, see [34].

THEOREM 2.1 (convergence in I steps). The nonoverlapping Schwarz waveform
relazation algorithm (2.2) with transmission operators defined by (2.8) converges in I
iterations, where I denotes the number of subdomains.

Proof. First note that convergence in less than I iterations, where I denotes the
number of subdomains, is not possible over long time intervals, since the solution on
each subdomain depends on the data on all the other subdomains and information is
propagated only locally to neighboring subdomains. To show that the algorithm with
the transmission operators (2.8) achieves convergence in [ iterations and therefore is
optimal, we rewrite the algorithm (2.2) in substructured form on the interfaces only.
By linearity it suffices to consider the homogeneous case (the error equations) only
(f = p =g =0) and to prove convergence to zero. We denote the interface values,
which subdomain €; obtains from its neighbors ©;_; and Q;,1, by

gE(0) = By (ub)(ant), g (1) == Bf (uh )@ t) Vit € (0,T)

and put all these values gf (¢) and gﬁ (t) together into the vector-valued function

g~ = (gf+,g§_,g§+, ...,g% ). Note that there is only one element in g* for the

leftmost and rightmost subdomain, since they both extend to infinity. One step of the
Schwarz waveform relaxation algorithm (2.2) can now be seen as a linear map taking
a vector-valued function ¢* as input and producing a new vector-valued function g¢+!
as output. On each subdomain §2; for interior subdomains, ¢ = 2,...I — 1, there are
two linear mappings, both taking as input arguments the values of the neighboring
subdomains and one producing a new value on the left boundary

A (gk ,gf+) — B;r_l (ulfrl) (ai, )

K2 ?
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and the other one a new value on the right boundary

i —
A;r : (95 »gf ) = Bty (U?H) (@ix1,)-

For the outermost subdomains there is only one linear map each, taking one input
argument only,

N _ L
AT 1 gb = B; (u]f“) (az,-) and Ay :gf w— Bf (u’f“) (ar,-)-

Note that by the definition of the operators S;, both A and A; map any argument
to zero: for any function g(t) we have

(2.9) Af () = A7 (9) = 0.
This can be seen for Af, for example, by
Af (9) = By (v) (az,-) = (Si(az2)d; — 0z)v = vy(az) — va(az) =0,

where we have used that by the definition of S; the function v is a solution of (2.5).
Similarly for interior subdomains, we have for any function g(t)

(2.10) A7 (g,0) = Af(0,9) =0.

However, this implies by linearity that A; (g,h) depends only on g and A (g,h)
depends only on h, since

Al (g,h) = Af(9,0) + AF(0,h) =: Af (g),
A7 (g,h) = A7 (9,0) + A;(0,h) =: A7 (h).

2

(2.11)

Using these linear mappings on each subdomain, a complete step of the nonoverlapping
Schwarz waveform relaxation algorithm can be described by the linear map A : g*¥ —
gFt1, where Ag” is defined by

+ = Rt -
~’4gk:~’4(giC 795 ’g;c 7"',911C )
B N oa— kb kTt -t PR - +
= (AQ (gé ’9126 )7Aii_(gf )7A3 (gi]’f 7g§ )7A;(g§ ,g§ )7 s aAI (g]IC )DA}_—I(g]Ic—l’ g,l;—l))
Tkt T ety T - = -
= (A2 (912c )707A3 (géﬂ )7143—(912C )7"'707‘4?_—1(9]‘;—1))

or, written in matrix form,

0 0 A;
0 0 0 0
0 0 0 0 A;
Af 0 0 0
A= 0 0 0
Af 0 A

o o o
b
~
-

o
o
o
o

i A, 0 0

Now proving that the nonoverlapping Schwarz waveform relaxation algorithm (2.2)
converges in [ iterations is equivalent to showing that the Schwarz iteration map
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satisfies AT~! = 0 since then after I — 1 iterations all the interface values are zero,
and thus after one more iteration the solution will be converged to zero everywhere.
We prove this by showing that A/~! applied to an arbitrary vector-valued function
e(t) = (e1(t),ea(t),...,ear—2(t)) equals zero. The first application of A will delete
the second and second to last entry in e. The second application therefore will delete
the fourth and fourth to last entries in e because of the structure of A. This process
continues until the I — 1 application of A deleted the 21 — 2, and the 21 — 2 to last
entry, which is the first entry in e. Thus now A’~le is the zero vector, and in the
next step the solution is zero everywhere. 1]

Note that the proof uses only the fundamental property of the linear operators
S; leading to the transparent transmission conditions and no special properties of the
wave equation. The result is therefore valid for other partial differential equations as
well where the appropriate operators S; can be defined.

3. Optimal convergence with local transmission conditions for piece-
wise constant wave speed. We now consider the wave equation (2.1) with piecewise
constant wave speed to investigate the optimal transmission operators further. This
will lead to the interesting result of convergence in fewer iterations than the number
of subdomains on certain bounded time intervals. We consider first the wave equation
(2.1) with two physical domains

(3.1) 01 =R~ with ¢(x) = ¢; and Oy = RT with c(z) = cs.

In this case we can compute the linear operators S; explicitly, and from them we
gain more insight into the optimal Schwarz waveform relaxation algorithm. In sub-
section 3.3, we generalize the results to an arbitrary number of discontinuities.

3.1. Identification of the optimal nonlocal transmission conditions. We
define the ratio r by

C2 —C1

3.2 = .
(3.2) TS T a

LEMMA 3.1. In the case of piecewise constant wave speed (3.1), the linear opera-
tors S; in (2.4), (2.6) are given by

=9(1), zo € O,

cot

(83)  (Su(@0)) g(t) = L (o) + 25,57 kot — 2hao/e2)), o€ O,

and

Lt
54) (Ssleo) gl =4 & IO +2EI gl + 2aofer)). a0 €O,
ég(t), g € Os.

Proof. This result can be obtained by explicitly computing the solutions; for
details, see [16]. 0

In this special case, one can see why the operators §; are nonlocal in general: they
have to include reflections stemming from the discontinuity in the wave speed between
the two different physical domains. Using Theorem 2.1, the nonoverlapping Schwarz
waveform relaxation algorithm for the wave equation with a discontinuity in the wave
speed converges in I steps, where I denotes the number of subdomains. However, an



Downloaded 12/30/12 to 138.26.31.3. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

SCHWARZ WAVEFORM RELAXATION FOR THE WAVE EQUATION 1649

implementation of these nonlocal transmission conditions is rather complicated, and
we do not recommend this, especially if several discontinuities occur in the physical
domain. However, the result indicates a better approach already, and we develop it
in the next subsection.

3.2. Local transmission conditions using the time evolution. The optimal
transmission operators (2.8) depend on the time interval under consideration, since the
linear operators S; in (3.3), (3.4) contain a sum with a number of terms proportional
to the length of the time interval. In particular, for a given time interval [0,7] we

have at most
ClT C2T
max | |— |, |=—
21’0 2%0

terms in the sum to obtain optimal convergence. We thus obtain the following im-
portant corollary of Theorem 2.1.

COROLLARY 3.2. In the case of piecewise constant wave speed (3.1), if the discon-
tinuity at x = 0 lies within the subdomain €, a; < 0 < aj41, then the nonoverlapping
Schwarz waveform relazation algorithm (2.2) with local transmission operators
(3.5) B =t 9, -0, B i=—1 9,10

. i T c(ai) t T i T C(ai+1> t x
converges in I iterations, where I denotes the number of subdomains, if the computa-
tion is restricted to the time interval t € [0,T] with

o ar| g >
3.6 T <Ti; =2min , .
(3.6) =T <c<al> (i)

Proof. If we choose T such that

(3.7)

max | @) T o,
LT | 2lay]

then there are no terms left in the sum of the operators S; in (3.3), (3.4), and thus
the optimal transmission operators become the local operators (3.5). However, the
maximum in condition (3.7) can only be attained for either j =1 or j = [+ 1 because
the discontinuity lies in subdomain €;, and thus (3.7) is equivalent to the condition
(3.6). O

This corollary suggests avoiding the costly nonlocal transmission conditions by
cutting the given time domain [0,7] into time windows of length T3 given in (3.6).
Then the algorithm can employ local transmission conditions and will still converge
in at most I iterations.

However, condition (3.6) can impose very small time windows if a; or a; 1 is very
close to the discontinuity at x = 0. At first glance, this suggests that it is best to
place the subdomains so that the discontinuities lie inside the subdomains, away from
its boundaries. The optimal location for a; < 0 < a;4; would be such that

| g

(3.8) () ~ elas)

to maximize the time interval (3.6) one can use with the algorithm and local transmis-
sion conditions. There is, however, a better choice: taking the limit of the operators
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S; in (3.3,3.4) as g goes to zero, we find

1 1
(3.9) (S1(0)g(t) = —g(t), (520))9(t) = —g(t),
and thus the operators S; become local operators in that case. This suggests that
aligning physical domains with computational ones is an advantage for the transmis-
sion conditions. Defining

c(z7) =clx—0), c(zT):=c(x+0)

to include the correct limits when the discontinuity lies exactly at an interface between
two subdomains, we obtain the following corollary.

COROLLARY 3.3. In the case of piecewise constant wave speed (3.1), if the discon-
tinuity lies on the interface between the two subdomains Q; and 11, aj41 = 0, then
the nonoverlapping Schwarz waveform relaxzation algorithm (2.2) with local transmis-
ston operators

_ 1 1
(3.10) B = ——=0,—0p, B} :=—F—0,+0,
C(ai ) C(aiJrl)
converges in I iterations, where I denotes the number of subdomains, if the computa-
tion is restricted to the time interval t € [0, T| with

(3.11) T < Ty = 2min ( ] ol ) .
clar)” clatz)

Proof. If we place the discontinuity directly between the two subdomains €2; and
Qi4+1, then the optimal transmission conditions between ; and ;41 are local, as seen
in (3.9). Therefore, the largest time interval we can choose for local transmission con-
ditions depends now only on the total width of €; and €2;41, which leads to condition
(3.11). d

Hence, with the discontinuity at x = 0 aligned with a subdomain boundary, say,
at a;41 = 0, one would choose the subdomain boundaries a; and a;12 such that

(3.12) ‘a/ll — |al+2|

clar)  c(art2)

to maximize the possible time interval in (3.11), where the algorithm can be used
with local transmission conditions. This choice leads to a longer time interval than
the choice with the discontinuity within one subdomain (3.8) since a; < aj4+1 < @j12.

3.3. Convergence in two iterations independent of the number of sub-
domains. In more realistic situations, there will be more than one discontinuity in
the computational domain, which seems to complicate the situation because for the
global optimal transmission conditions of the type (3.3), (3.4), one would need to track
more and more reflections from the various discontinuities in the wave speed. How-
ever, due to the finite speed of propagation in the wave equation, the previous analysis
can be applied locally using time windows again. In addition, with time windows, not
every subdomain solution depends on the solution on all the other subdomains if the
time interval is short enough. Neighboring information suffices in that case, and it is
thus possible to reduce the number of iterations below I for I subdomains.

Suppose we have J physical domains O; = (d;,d;+1) with constant wave speed
per physical domain, ¢(z) = ¢; for dj < x < dj41, j = 1,...,J, d = —o0, and
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dj41 = 0o. We decompose the physical domain R into I computational subdomains
Q; = (aj,a;4+1) as before. We denote by n; the number of discontinuities within
each subdomain €2;, and we exclude for the moment the case where a discontinuity is
aligned precisely between two computational subdomains. We also denote by m; the
index of the first physical domain O,,, which intersects the computational subdomain
Q;. We define the transmission time ¢; of a signal across subdomain 2; by

Qi1 — di if n; =0,
Crm;

n;—1

(3'13) ti = dmi+1 —ay dmi+k+1 - dmiJrk Q41 — dmiJrni
Gty ‘

Cm; 1 Cm;+k Cmi+n;

We also define the reflection time at each interface a; of the computational subdomains
by

(3.14) 7y = 2 min 1% =%l

i clay)

These two time constants allow us to formulate conditions for convergence in less than
I steps.

THEOREM 3.4. The overlapping Schwarz waveform relazation algorithm (2.2)
with local transmission conditions (3.10) and any discontinuities strictly in the inte-
rior of the computational subdomains converges in two iterations independently of the
number of subdomains if the time interval [0,T) is chosen such that

(3.15) T < T3 =min (mjnti,mjnTi) ,

where t; is defined in (3.13) and 7; is defined in (3.14).

Proof. Consider one of the computational domains ;. The solution on that
domain depends only on the solution of the neighboring domains ;1 and Q;_;
determined by their initial conditions, because the time interval [0, 7] given by (3.15)
is too short for any signal to reach domain €2; across the neighboring subdomains due
to condition (3.15). So after one iteration, the exact boundary conditions for domain
Q; are available if the transmission conditions employed at the boundary of ; are
exact absorbing boundary conditions. However, this is ensured by condition (3.15) as
well because T is smaller than any reflection time 7; so that the local transmission
conditions (3.10) are indeed exactly absorbing. Thus the second iteration produces
the exact solution on subdomain €2;. Since this argument holds for all computational
subdomains, the result is established. 0

As in Corollary 3.2, this result can require very small time intervals, since the
reflection times 7; can be very small when a discontinuity approaches a subdomain
boundary. This can however be avoided as before by aligning physical discontinuities
with the boundaries of the subdomains—a natural approach for domain decomposi-
tion. Doing this for all discontinuities, the minimal transmission time min; ¢; becomes
necessarily smaller than the minimal reflection time min; 7; because the reflection
time requires the signal to go across a subdomain twice. (There are no discontinu-
ities within subdomains anymore.) In addition, the transmission times formula (3.13)
simplifies greatly, becoming
_ Qi1 — g
i)

c(a;

We therefore obtain the following theorem.
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t
\ |
Ti  Recalc (Ty)
Recale(Ty)
””””””” T.
x

a; Q; Aiq1

Fic. 3.1. Toward the optimal algorithm: Unknowns to recompute for the time windows Ty and
Te, respectively.

THEOREM 3.5. The overlapping Schwarz waveform relazation algorithm (2.2)
with local transmission conditions (3.10) and any discontinuities aligned with the
computational subdomain boundaries converges in two iterations independently of the
number of subdomains if the time interval [0,T) is chosen such that

(3.16) T <Ty=min 2%
i c(a;")
Proof. The argument is the same as in the previous theorem. a

Further computation can be saved by noting that only values above the char-
acteristics in each subdomain need to be recomputed during the second iteration, as
shown in Figure 3.1. If the time window is chosen to be [0, Ty] from Theorem 3.5, then
convergence will be achieved in two iterations, and in the second iteration only the
variables in the region denoted by Recalc(Ty) need to be recalculated. If we choose
however an even smaller time window T, then far fewer variables need to be recal-
culated in the second iteration, namely, the ones denoted by Recalc(T,). Thus, with
our algorithm, the solution of the wave equation can be optimally parallelized: the
parallel algorithm run on a sequential machine will run at a cost 1+ € of the optimal
sequential code, provided the cost is linear in the number of unknowns. The optimal
choice of T, depends on the latency time of the network linking the computational
nodes. If the latency time is small, then a short T, will lead to the best performance,
since almost no values need to be recomputed. If the latency time is important, how-
ever, it is better to communicate larger amounts of data each time a communication
needs to be done. This can be achieved by choosing a larger T, and will lead to faster
solution times even if more values need to be recomputed in the second iteration.

4. Convergence with local transmission conditions for continuous wave
speed. Discontinuous wave speeds allowed us to use local transmission conditions in
the Schwarz waveform relaxation algorithm and still get optimal performance. If the
wave speed is varying continuously, such a result cannot hold anymore, because reflec-
tions become relevant immediately. Nevertheless, the algorithm is well defined with
local transmission conditions, and we prove that it converges using energy estimates.
Energy estimates are useful tools for proving well-posedness of boundary or initial
boundary value problems, in particular for variable coefficients. They have been used
to analyze the convergence of Schwarz algorithms in the stationary case before; see,
for example, [29], [11], or [33]. We extend these techniques here to time dependent
problems.
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Let u be a solution of the wave equation in the interval [a, b] for ¢ > 0,

1 0%*u 9%
4.1 —— %5 — 75 =0,

(41) c(x) ot2 0z

where c¢(z) is now any continuous function. We define the kinetic and potential
energies by

(4.2) EKOOU)::;UAbéix)(g:@;ﬂ)zdm,EPQU@)::;UAb<g;@gﬂ)2dx

and the total energy by the sum F := Ex + Ep. Multiplying (4.1) by %7; and
integrating on the interval [a, b] yield the following theorem.
THEOREM 4.1 (continuous energy identity). The energy identity

d ou ou ou ou

(4.3) %[E(u)(t)] + a(a,t)%(a,t) — E(b’ t)%(b, t)=0

holds for any positive time t.

4.1. Well-posedness of the continuous subdomain problems. Introducing
the general progressive and regressive transport operators
199 _ 19 9

4.4 TH=2 I _
(4.4) o a8t+6x’ o adt Ox’

where « is a positive real number, we can rewrite (4.3) for any positive o and 3 as

d a B p
(4.5)  ZBO)+7 [Trula,0)]"+ 5 [T ub.0)] <

2

_ 2
1 [T u(a, t)] "+

2
(75 u(b, 1))
Suppose that the boundary conditions (4.4) are given by
(46) ,Toju(aa t) =g (t)a 7—ﬁ+u(ba t) = g+(t)'

Then we get a bound on the energy on any finite time interval.
THEOREM 4.2. For the wave equation (4.1) on [a,b] with boundary conditions
(4.6), the energy E(u)(t) on [a,b] stays bounded for all finite time t,

t
o B
(@7 B0 < B+ [ |l + Flg o ar.
By standard techniques (see, for example, [26]), the well-posedness is then estab-
lished.

4.2. Convergence with local transmission conditions. Consider now the
domain decomposition algorithm (2.2) for continuously variable wave speed ¢(x). By
linearity, it suffices to consider the homogeneous wave equation with homogeneous
initial conditions and prove convergence to zero. The local transmission operators
(3.10) can be expressed in terms of the transport operators (4.4),

(4.8) B = ’Tc(ai), B =1t

1 c(ait1)’

where 1 =1,...,1.
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THEOREM 4.3. Suppose the velocity is continuous on the interfaces a;. Then on
any time interval [0,T], the nonoverlapping Schwarz waveform relazation algorithm,
with local transmission conditions

(4 9) ( )(ai7 ) = ,TC(a )(uic 1)(a17 ) on (OvT)’
' 7;—(2”1)(“'];—’_ )(ai-i-lv') = /Tc(aHl)(uer )(a'i+1") on (O’T)v

converges in the energy norm,

ZE(uk)(T) — 0 as k — oo.

Proof. We can write (4.5) on the interval [a;,a;y1], with a = ¢(a;) and 8 =
c(a;y1), which gives

2

c\aq 2 c(ait1 —
( )i[E(Uerl)(.)] - (4 : [%?ai)(urrl)(ai")] + %[T( L+1)(uk+ )(aiJrla')]
4.10
a\ai) fg— 2 @it
= [T () a0+ ST (e ) i)

for 1 <i < I, with the convention

2

(4'11) IZrcj(Lal)(u}lCJrl)(al’ ) =0, 7’cza1+1)(u}16+1)(a1+17 ) =0,

and by using the boundary conditions, we obtain

clag 2 cla; — 2
( )ddt [E(Uerl)()] * C(Z : [,TCZM)(UQCJA)(%’ )] + ( 4+1) [,Tc(azﬂ)(ukJr )(aiJrla )]
4.12

cla; — 2 c(aise 9
B (4 : [%(ai)(uf—l)(a“')] + %[Z}Faﬁrl)(uf-‘rl)(ai#*lf)] :

Summing these equations for 1 < ¢ < I and shifting the indices of the two sums on
the right-hand side, we find

I I
c( ) az—i—l 2
Zdt k+1 )]+ Z 4 [ITCJ(raL)( k+1 )(ai,-) Z c(az+1)(u§+l>(ai+lv ﬂ

I+1

() (as, ).

3]
4 [7:‘(%4-1)( (@it1,°)
(4.13)
Now note that by (2.3) we have u}, , = uf = 0 and thus Tc(aHl)(u’}H)(aHl,) =
" )(ulg)(al, -) = 0. Together with (4.11), we obtain the energy equality

c(ay

~d k+1 . (@) v uk+) < lc k+1y/, 2
Z@[E(ui )(~)]+Z 1 [Tota (i ) (aiy) +Z c(am)(“i Y(ais1, )]
i=1 le ) :11

= ZC(Zi)[%J(Fai)(u?)(ai")]2+;C(ai+1)[70(_a1+1)( k)(az+1, )]2
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Now we have the same terms on the boundary, on the left for iteration step &£+ 1 and
on the right for iteration step k. Defining

E*(t) = Z E(uy ™)),

Ep(t) =) C(Z”) T W) a)) + Y C(“if” R A [

=2 i=1

we find the energy equality

d 2 PE+1 _ pik

—F T4+ Bt =EY on (0,7),

and thus summing up over all iteration steps k£ = 0,..., K and denoting the sum of
the energies E* at each step by

we find by cancellation of the E¥ terms

d . N
ﬁEK +EX =E% on(0,7T).

Since EE > 0, we obtain

d A
%EK <EY% on(0,7).

Now integrating over (0,7) and noting that E¥(0) = 0, we find

T
EX(T) < / B (t)dt,

and thus the total energy E¥ is uniformly bounded independently of the number of
iterations K. Hence the energy at each iteration must go to zero, and the algorithm
converges. ]

5. A finite volume discretization. We discretize the wave equation (2.1) on
each subdomain §; x (0,7), ¢ =1,...,I, separately, using a finite volume discretiza-
tion on rectangular grids. For simplicity we set f = 0. We allow nonmatching grids
on different subdomains, with J; +2 points in space numbered from 0 up to J; +1 and
Ax; = (ajy1—a;)/(J; +1) and N; +1 grid points in time with At; = T'/N; numbered
from 0 up to N;. Note that we chose for the exposition here uniform spacing in time
per subdomain, but the techniques developed are not limited to this special case. We
denote the numerical approximation to uf (a; + jAz;, nAt;) on Q; at iteration step k
by Uf (4,m). To simplify the notation, we omit the index ¢ on quantities depending on
the subdomain and the index k referring to the iteration as long as we are discussing
one subdomain only.

5.1. Discretization of the subdomain problem.

5.1.1. Interior points. Denoting by D the volume around a grid point (z =
a; + jAz;,t = nAt;) in the interior of subdomain €; x (0,7), as shown in Figure 5.1
on the left, we obtain the finite volume scheme by integrating the equation over the
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t+ At t+ At
77777777777 48D ””48D
! D: D:
T — Az ! it ! T+ Ax alt 3 T+ Ax
t— At t— At

Fia. 5.1. Control volume of an interior grid point and a boundary grid point.

volume D and applying the divergence theorem,

z+Az/2 t+At/2 1 82u 82’&
0 = / /t |:62 atg (57 T) - @(57 T>:| de§

Az/2 At/2
z+Az/2 1 z+Ax/2 1 du
51) = / & t+ At/2)dE — / — (&t — At/2)dE
( o—nazj2 2(§) O ( / az2 () 375( /2
A2 g, A2 g,
- x—l—Aw27'dT+/ r— Azx/2,7)d
/t At/2 3$( /27) t—AL/2 5$( [2.7)dr

Now we approximate the remaining derivatives by finite differences on the grid:

Df(U)(Gyn) i= SR & GH(E 4 At/2),
52 Dy (U)(j,n) := Y@m=UIn=D) o Que 4 At/9),
DEU)(G,n) = SRR & G (w+ Av/2,7),

Ax

Dy (U)(j,n) i= PUREU=L & Gu(e — Aw/2,7),

Az

We introduce a discrete speed function C;(j) which approximates c¢(a;+jAx;) through
the integral relation

(5.3)

) z+Ax; /2
Az; / 1 s

012(]) . z—Az;/2 627(5)

and we will omit the subdomain index ¢ as long as we are on one subdomain. We
thus obtain from (5.1) the discrete scheme

Ax _ . _ )
0= 02( )(D+ Dt )(U)(]an)7At(D"Jcr*Dr)(U)(]an)7
which yields on using the identities AtD;" D; = D} — D; and AzD} D, = D —D;
the well-known finite difference scheme
1 _ _ . .
(5.4) (gagy i 0 - DED ) @)Gm) =0, 1<

for points in the interior of subdomains.
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5.1.2. Boundary points. So far the finite volume scheme led to a similar dis-
cretization as a finite difference scheme. On the boundary, however, the finite volume
scheme leads automatically to a consistent discretization of the transmission condi-
tions, whereas a finite difference discretization would require a special treatment. In
addition, the finite volume scheme leads naturally to the correct transmission opera-
tors when using nonmatching grids in different subdomains.

Suppose the point (z = a;,t = nAt;) is on the left boundary of subdomain
Q; x (0,7, as shown in Figure 5.1 on the right. Then we have only half a volume D
to integrate over. Proceeding as before, we obtain

z+Ax/2 1 du z+Az/2 1 du
0—/36 a(&t-i—At/?)d{—/g} Ta(f,t—At/mdf

c2(€) (©)
A2 g, tHAL/2 g,
- —(z+ Az 2,7’d7’+/ —(x, 7)dT.
/tAt/Q Bx( /2.7) t—At/2 Bx( )

Again we can approximate % and % by the finite differences given in (5.2) except on
the left side of the control volume where we cannot approximate %(m, 7) by a finite
difference, since we are on the boundary and the point at x — Ax is not available. We
approximate only on the three other sides by finite differences and obtain

x t+At/2 u
(5.5) 0= (26%(0)(Dt+ —D;) — AtD;) (U)(0,n) + /t_At/Q %(:pm)dr.

Note that this equation defines the spatial derivative along the boundary, once all
the grid values are known. However, to compute the grid values, we need to use the
transmission condition imposed on the left boundary which also defines the spatial
derivative at the boundary, since it is of the form

_ 1 Ou Ou -~
(5.6 B0 = (=5~ 50 ) @0 =970
where g~ (¢) is a given boundary condition. Solving for g—; and integrating, we find
t+At/2 A2 t+At/2
(5.7) / @(x, T)dT = / — @(x, T)dT — / g~ (1)dr,
t—atj2 0T t—atj2 c(xz™) Ot t—At/2

which gives us the missing expression for the spatial derivative in the discrete scheme
(5.5). The newly introduced time derivative on the right can be approximated again
by finite differences as in (5.2), on the upper part of the integral by D;” and on
the lower part by D, . Summing those contributions, we obtain a centered finite
difference,

U(,m+1)—U(j,n—1)

0 SN
and we get on denoting by C'~ := ¢(x ™) for the integral of %
t+At/2 At t+AL/2
Go) [ e = R0k - [ g,
t—At/2 Ox C t—At/2
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which we insert into our scheme (5.5). Denoting the integral over the boundary
condition g~ (t) by

t+At/2
AtG™ (n) == / g (1)dr, t=nAt,
t—At/2

we obtain the discretization

(5.10) 0= <20A29(E )D+D‘ D + C}_D?) (U)(0,n) — G~ (n).

This result also defines the discrete transmission operator B~. Comparing this with
(5.6), we find (where we add now the subdomain index 4 for completeness)

Az, 1

5.11) B (U;)(0,n) := ' _DfD; —Df + —————— DY) (U;)(0,n),
(B11) - B0, m) (202( 0) e Cici(Jimci+1)F L))
where we used the fact that C~ = C;_1(J;—1 + 1). Similarly, for a point (z,t) on the
right boundary of a subdomain with imposed transmission condition

1 Ou Ou

12 + t) = — t)y=g"(t

(5.12) B0 = (amgr + 5 ) @0 =970,
one obtains on defining

t+At/2

AtG™T(n) := / gt (r)dr, t=nAt,
t—At/2

and CT := ¢(z") the discrete scheme

(5.13) 0_(202611)D+D +D; +CI+D°> (U)(J +1,n) — G*(n)

and thus the definition of the discrete transmission operator for subdomain 4

FUNT +1.70) = Az; +D- 4 D- 1 0 NJ41.n
(5.14) B (U;)(Ji+1,n): ( DDy +D, + +1(O)Dt)(UZ)(JZ+17 ),

2C2%(J;+1) TGy
where we used that CT = C;,1(0).

5.1.3. Points on the initial line. Suppose (z = a;+jAx;,0) is a grid point on
the interior of the initial line of subdomain Q; x (0,7). We have again half a volume
D to integrate over, as shown in Figure 5.2 on the left. Integrating as before, we

obtain
z+Az/2 1 z+Az/2 ou
0= At/2)d —(£,0)d
/mAm/Q (&) 0 (5 1/2)de = / N 5) ot (£,0)dg

At/2 ou At/2 ou
—/O ax(x+A:c/2 T)d7'+/ ax(x—A:c/2 T)dT

Now the remaining derivatives can be approximated by finite differences (5.2) except
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At At
iiiiiiiiiii 48D ””/18D
! D: D
Tz — Ax 3 7 ; T+ Ax T 3 T+ Azx

F1G. 5.2. Control volume of a grid point on the initial line and in a corner.

%(5,0). However, this derivative is given explicitly by the initial condition, and
approximating it on one grid cell by

Ut(]) B z+Ax/2 1 @
N / e B 9 E0E

we obtain the scheme

(5.15) (Cj(j)w ~Spip; ) (U)(0:0) = G5Uiti) = O

5.1.4. Corner points. For the corner points on the initial line, there is only a
quarter of the original finite volume left to integrate over. For example, on the left
corner we obtain according to Figure 5.2

Azx/2 1 Ou Az/2 1 Ou
0:/0 Cg—a(ﬁ,m/mdgf/o 62—(5)5(5,0)115

&)
At/2 gy, At/2 g,
_/O %(AJ}/Q,T)dT—F/O %(O,T)dT.

Here two of the remaining derivatives can be approximated by the finite differences
(5.2), whereas 2%(¢,0) is given by the initial condition and 2% (0, 7) has to be obtained
from the tranbmlsblon condition by proceeding as before along the boundary. We
obtain the discrete scheme

At

and thus the discrete transmission operator B~ on the initial line on the left is ob-
tained by dividing through by A¢/2:

_ ) - A.T,L + e+ 1 + : _ A.T,L .
Bi (Uz)(oao)_(AtCE(O)Dt Dz +Ci—1(Ji—1 +1)Dt)(Uz)(O7O) AtCE(O) Ut,z(o)‘

(5.16)
Similarly, for the corner point on the right, we get

A At At
( Y _pp+tt > D, +

At .,
BAVIIRESY) 2C Ui(J+1) =5 G7(0),

+D+>(U)(J+1,0)—202?ﬁr1)

and thus the discrete transmission operator BT on the initial line on the right is

Ax; 1
B (U;)(J; + 1,0 =<1D++D;+ D+) Ui)(Ji +1,0

Al‘i

_mUt’i(Ji +1).
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For given discrete transmission conditions G~ (n) and GT(n), n =0, ..., N, the above
discrete scheme describes a numerical method to solve one subproblem on one subdo-
main.

5.2. Extraction of the transmission conditions from neighboring subdo-
mains. Now the boundary values g; (t) and g;" (¢) imposed through the transmission
conditions on subdomain §2; have to come from the neighboring subdomains 2;_; and
Q;11. We thus need to calculate from our discrete scheme above on the neighboring
subdomains the integrals

ti+At; /2 ti+At; /2 1 Ouj_q Ou;_q
5.18 / gi_ dr = / [ = T, T)— = x, T :| dT,
( ) ti—At; )2 ") ti—At 2 Le(zm) ot (.7) Ox (@.7)

where (z,t) is on the right of subdomain ;7 and similarly

ti+AtL; /2 LHAL/2 T 1 By, g
5.19 / g (r dT:/ { (2, T) + o %T}dﬂ
(5.19) ti—At;)2 % ti—atj2 Le(zt) ot (@) ox (@)

where (x,t) is on the left of the subdomain €; ;. Let us take, for example, the subdo-
main to the right, ;1. To perform the integration (5.19) we note that the numerical

. . Auisq - . .. .
approximation to % in the finite volume scheme is piecewise constant and accord-

ing to (5.2) given by D; (U;41)(0,n) for t € [nAt;yq,(n + 1)At;4q). Similarly, the
. . . 8ui+1 . . . . .
numerical approximation to 3. 1S plecewise constant in the finite volume scheme.

According to (5.5), it is given for ¢ € [(n — 3)Ati1, (n + 3)Atiy1) by

B Aﬂ%‘ﬂ
2At11C7 41 (0)

(D — Dy) +D§> (Ui+1)(0,n).

Inserting these two numerical approximations into (5.19), we obtain on one grid cell
of Qi—i—l

Aty

DDy +At; 1D
¢ Uy +Alip x+C¢+1(0)

(n+1/2)At;i41 Axi1 At
/ e
( 2Ci+1 (0)

D) (i) 0.1)
nfl/Z)Ati+1

and thus the definition of the discrete transmission operator E;” is

~ Ax; 1 ~
+(77. — [ _ i+1 + - + 0 . — Ot
Bi (UZJrl)(Ovn) . ( 2012+1(0) Dt Dt +Dm + Cz+1(0) Dt> (UZ+1)(07n) Gz (TL)

(5.20)

Similarly, we find on the left subdomain 2; 1 the discrete transmission operator E;
to be

~ Al‘;l _
Br(Uiy)(Jigtl,n) = (——2851 pip-_p-
4 ( 1)( 1+ n) ( 2012,1(Jz—1+1) t 't T

= G, (n).

1
DY) (Ui (Jigt,
Ci_l(Ji_lﬂ) t)< D (ixt,n)

(5.21)
Note that in the discrete case BiﬂE and BijE are different operators, whereas in the
continuous case we found the identical operator B. On the initial line we find
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accordingly
B (Ui1)(0,0) == (— gy DF + D + ok D7) (Uis)(0,0)
e et m Vi)
By (Uiy)(Jia+1,0) := (_%DJ_D;‘FmD;F)(Uifl)(Jifl-l—l,O)

Ami_
+Ati_1Ci271(},;_1+1) Ut(J171 + 1>7

(5.22)

and we have

B} (Ui+1)(0,0) = GF(0), B; (Ui—1)(Ji—1 +1,0) = G; (0).

K3

5.3. Projections for different grids. If different grids are used on different
subdomains, the extracted transmission condition G is a vector in RVi+1t1 and G
is a vector in RMi-1*1 which both represent step functions on their corresponding
grids, and what we need to impose on the boundary on {2; are vectors Gli in RNVi+1,
We thus need to introduce a projection operation to transfer the boundary values
onto the grid of ;. Suppose we are given a vector v = (vg,...,vy) € R¥T! which
represents the values of a step function on the corresponding intervals I,, = (¢, tnt1),
where tg =0, ty4+1 =T, and UTZYZOE = [0, T], and the intervals do not overlap. Then
we define the scalar product on RVN+! by

N
(v7w)N+1 = Z |In|vnwn7

n=0

where |I,,| denotes the length of the interval I,,. We thus obtain the induced norm on
RN+

||”H?\r+1 = (v,v)N41-

We first define the operator F : R¥*! — [2(0,T), which constructs a piecewise
constant function on the intervals I,, from the vector v,

F:or— f(t):=v,, tel,.

Then we define the operator E : L2(0,7) — RY*! which projects a given function
f(t) onto a vector v € RV*! corresponding to a piecewise constant function in the
intervals I,,:

1
E: f(t) — v, = |In|/1n f(t)dt.

Denoting by F; and E; the corresponding operators using the grid of §2;, we define
the operator P; ; : RNitl — RN+l by

(523) Pi,j = ]Ej o IFZ

A direct calculation shows that for any u in RY:*t! we have

(5.24) P jul[ ;1 < ]

N;+1,

which is a natural consequence of the L? projection on piecewise constant functions.
To perform the projection P; ; between arbitrary grids is a nontrivial task, since one
needs to find the intersections of corresponding arbitrary grid cells. For one dimension
however, there is a short, concise algorithm; see the appendix.
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5.4. The discrete Schwarz waveform relaxation algorithm. We obtain the
discrete Schwarz waveform relaxation algorithm on subdomains €;, 7 =1,...,I, with
nonmatching grids

e ) <
(et D = 8D D7 ) (UF)(3,0) = ey Unali) = 0, 1 <5< T,
Bz‘_(UikH)(Ov ) = Pifl»iBi_(Uikfl)(Jifl +1,-),
B (UF™)(Ji +1,+) = Piyr B (UE)(0,),
(5.25)

where the operators P;4q; are defined in (5.23), the discrete transmission operators
B for n > 1 are given in (5.11), (5.14), and the extraction operators E;t are for
n > 1 given in (5.20), (5.21). For n = 0 the corresponding operators are given in
(5.16), (5.17), and (5.22). For conforming grids with these transmission conditions,
the solution obtained at convergence satisfies the finite volume discretization scheme
without decomposition, as one can see by taking the difference of Bii and BLi For
example, for constant wave speed across the interface we obtain

Az

Bj—ﬁj:CQDthJrD;—D;:Ax(

1 _ _
DI - D).
which is the discretized wave operator (5.4). For nonconforming grids, (5.25) defines
the solution when converged. For a different definition of a solution on nonmatching
grids, see [10].

6. Normal mode analysis and convergence proof for piecewise constant
wave speed and two subdomains. We consider two subdomains ;.7 = 1,2, with
piecewise constant velocity ¢; per subdomain. We discretize the problem on each
subdomain in space with spatial discretization parameter Ax;, and we keep the time
discretization uniform across the subdomains with discretization parameter At. Then
there is no projection in the transmission operators in (5.25). We denote by ~; the
Courant-Friedrichs-Lewy (CFL) number in the corresponding subdomain €;,

At

Al‘i
For the stability of the Cauchy problem, we suppose that v; < 1 [39]. By linearity it
suffices to analyze algorithm (5.25) for homogeneous initial conditions and to prove
convergence to zero. To avoid the special case of the interface conditions for n = 0
in the analysis, we set U(j,0) = U(j,1) = 0, which corresponds to initial conditions
u(z,0) = u(x,0) = 0.

6.1. Discrete Laplace transforms. The discrete Laplace transform of a grid
function v = {v, }n>0 on a regular grid with time step At is defined for n > 0 by [39]

- 1 —snAt . 0
. = = —= E A = T = 25
(6.2) Lo(s) = 0(s) \/%At 2 e Un, S=n-+ir, || A7

and the inversion formula is given by

I -GN '
Uy = E/ eSMA(s)dr = —\/;? / . 2" 19(2)dz.
— z|=enAt

P
At
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The corresponding norms are

3 1
2

At
(6.3) [[ollgae= | At e 2o, 2| ||@||n</ I@(77+iT)I2dT> ;

n>0

[+

th

and we have Parseval’s equality

(6.4) olln,ae = 1[9]],-

Suppose U(j,n) is a solution of the difference equation

1 _ _ .
(6:5) (gapive - D02 ) @) =0
with the initial condition U(j,0) = U(j,1) = 0. We denote by U(j, s) the discrete
Laplace transform in time of U(j,n). Equation (6.5) becomes the difference equation

(6.6) VUG —1,5) = 2(v* + h(2))U (4, s) + 7°U(j +1,5) =0,

with z = e*2%, h(z) = 3(z 4+ 1) — 1, and v = cAt/Az. The solutions of (6.6) are
formed by powers of the roots of the second order equation

(6.7) V22 =22 + h(z))r+~% = 0.

We need several technical lemmas about these roots.

LEMMA 6.1. Forn =0 and 7 =0, (6.7) has one double root r+ = 1. Forn =0
and |sin(T8%)| = v, (6.7) has one double root ry = —1.

Proof. One can do the analysis on a case by case basis. 1]

LEMMA 6.2. For |z| > 1 (i.e., n > 0), (6.7) has one root r— whose modulus is
strictly less than 1 and one root v whose modulus is strictly bigger than 1.

Proof. The discriminant of (6.7) is
(6.8) A = h(2)(27* + h(2)),
and for it to vanish we have the sequence of necessary and sufficient conditions

A=0 <= h(z)=0 or 292+h(z)=0
= z2=1 or z+1-2+442=0

— z=1 or z=1-29242iy\/1—~2

In both cases |z| = 1, as a short computation in the second case shows, and |z| = 1
is excluded in this lemma and treated in Lemma 6.3. Hence for |z| > 1 there are two
distinct roots whose product equals 1. Therefore, either they are a complex conjugate
of modulus 1 or one is of modulus strictly bigger than 1 whereas the other is of
modulus strictly less than 1. It thus remains to exclude the complex conjugate case.
We find

72+ h(2)

1 1
T=- <= r+r7=r+- & ———F €R < h(z) €R,
r Y

=

1 1
=— <= z+-€R <= nAt=0or 7At =0, 7.
T z
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If n = 0, we have |z| = 1, which is again excluded by the conditions of the lemma. If,
on the other hand, At = 0, we compute the real part of the root r and obtain

2 . 2 nAt
%(7‘):1+2:1+f}/281nh(2)>1
and if 7At = &7, we have

— 1 — — cosh < -1
R o (2)_ ’

and in both cases |r| > 1, a contradiction which excludes this case as well and hence
proves the lemma. a

LEMMA 6.3. For|z| =1 (i.e., n =0) and |sin(™L)| different from 0 and v, (6.7)
has two distinct roots r— and r4,

7% [72 — 25in2(TTAt) + 2 sin(TTAt) ~v2 — sin2(77m)} if | Sin(TTAtﬂ <7,
r+ =
7% [72 — 2sin2(%) F2| sm( LY/ =72 + sin (TAt)} if | sin(%mﬂ > 7.

Proof. For n = 0, one can compute the roots directly. The only difficulty is the
determination of the signs in front of the square root. In the case |sin(Z5%)| < 7,
the roots are complex conjugate. We compute the roots ri(z) for z = (1 + €)zo
with zp = € and let € tend to zero. The sign is then defined by continuity. For
| sin(T5* TAL)| > 4, there are two real roots, and the sign is determined by the fact that
|r+\>1and lr_| < 1. O

LEMMA 6.4. For z real positive, which corresponds to TAt = 0, we have

~? + 2sinh? (772At) + 2sinh (772At> \/’7 + sinh? (n?t)] ,

and 0 <r_ <1, ry >1.
For z real negative, which corresponds to TAt = w, we have

ry = 1 [’y 2cosh2< ﬁ ):FQ sh <77§t) \/ 42 + cosh? <n§t>1 ,
72

and —1 <r_ <0, rp < —1.

Proof. For TAt = 0, &7, which means z real, one can do the analysis on a case
by case basis. 0

In all cases except for Lemma 6.1, there are functions a4 (s) and a_(s) such that
for all j the solution of (6.6) is given by

r+ = —

(6.9) U(j,s) = a_,_(s)ri +a_(s)r’ .

In the case of Lemma 6.1 there exist functions a(s) and b(s) such that for all j

U(j,s) = (a(s)j + b(s))rk
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6.2. The discrete homogeneous subdomain problem. We consider, for ex-
ample, the problem posed in €27, with a nonhomogeneous boundary condition of type
B,

1
(CZD;"D[—D;'D;) ) (j,n) = 0, —00<j<0,n>1,
(6.10)A U(j,0) = U(j,1) =0, —oo0<j <0,
T _ _ 1
(3650 Dr 4+ Dz + 2D (©)0) = g(o) 1,

where « is a given, strictly positive real number. Applying the discrete Laplace
transform, we obtain with the results of the previous subsection that every solution
bounded in space is of the form

0. s) = ay(s)r).

Applying the discrete Laplace transform to the boundary condition, we get

<C2AAIt2h(Z) + ﬁ(l —r )+ ﬁ (z - i)) U(0,s) = g(s),

and introducing the notation

1 1

(6.11) k(z) = <z > , E(z,v,a)= 2 hz) +1—7r_+ ayk(z)’
the boundary condition becomes E(z,v,a)ai(s) = Azj(s). We call the problem
well-posed in the sense of Gustafsson, Kreiss, and Sundstrom (GKS) if the preceding
equation is invertible for all z with |z] > 1. If zy is such that E(zg,~,a) = 0, we call
2o a generalized eigenvalue [39].

THEOREM 6.5. If v < 1 and |z| > 1 with z # 1, then for any strictly positive «,
E(z,v,a) #0. The only generalized eigenvalues are z =1 and if y =1, z = —1.

Proof. Using the relation ry +r_ = %(’y2 + h(z)) satisfied by the roots of (6.7),
we find

k(z)
ay
For z = 1 we obtain by Lemma 6.1 that E(1,v,«a) = 0. If v = 1, we also get for
z = —1 by Lemma 6.1 that E(—1,v,a) = 0. We have to show now that there are

no other generalized eigenvalues. For any generalized eigenvalue z, we must have
E(z,7,a) = 0, which means

(6.12) E(z,y,a) = %(m_ —r_)+

ry—r_ _ k(z2)
(6.13) + =T

Squaring both sides and using the relations of the roots r; and r_ of the quadratic
equation (6.7) to the coefficients of that equation, we obtain

K(z) 1 2 _1 2 (7*+h(2))? h(z) - (29%+h(2))

22 :Z(m_—r_) =1 ((ro4r-)*—dryr_)= T_l = o .
Inserting the definitions of h(z) from (6.6) and k(z) from (6.11) and factoring, we
obtain that in order to be a generalized eigenvalue, z has to satisfy the following
equation:

(6.14) (2 =1)% (v = a®)2® +2(a® = 20** +19%)2 +9° —a?) = 0.
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The first factor contains the generalized eigenvalue z = 1 we have found earlier. For
~ = 1 the second factor contains the generalized eigenvalue z = —1, and for a =1 it
contains again the generalized eigenvalue z = 1. It remains to show that for v < 1
and a # 1 the solutions of the second factor are introduced by the squaring, and
they are not solutions to the original equation (6.13) and therefore not generalized
eigenvalues. To do this, we perform the change of variables
= L eb? = % -1
@

3

with e = £1, e( — 1) > 0, a > 0, b > 0 in the second factor of (6.14). Note that we
exclude the case b = 0 < a = 1 because then the only solution is z = 1. We obtain
after the change of variables for the second factor of (6.14)

(eb® — a*)2% 4+ 2(eb® + a®)z + eb® —a? = 0
or, equivalently,
b?(z+1)* = a?(z — 1)
Now if € = +1, the only root with modulus greater than or equal to 1 is

a+b
a—b

zZ1 =

Using Lemma 6.4, we see that the signs of (ry —r_)(z1) and k(z;) are equal, which
contradicts (6.13), and thus z7 is not a generalized eigenvalue; E(z1) # 0. If e = —1,
there are two complex conjugate roots of modulus 1,

a—ib  a _atib A
— —e = =e )
a+1b

T a—1tb
To apply Lemma 6.3 we need to check that | sin(7At/2)| is different from 0 and v. To

do so, note that the real part of both z; and 2z is given by cos TAt = %, and thus
we obtain for |sin(TAt/2)|

9 TAt 11 ] _ b2
Sin T = 5 — 5C05(7’At) = m > O
Now since € = —1, we have b? < 1, and therefore
. o TAEL b? - 1 9
sin® — = =~
2 a2+b2 " a?+1 7
Hence the first case of Lemma 6.3 applies and we obtain
41 At At
ry—T_ = —; sin <T> 42 — sin? T—, k(z) = 2isinTAt,
0% 2 2

which again contradicts (6.13) because of the sign. The results for z, are the same
with a sign change. O

The values z = 1 (and z = —1 if v = 1) are the generalized eigenvalues in the
sense of GKS. Following the analysis of Trefethen [40], they correspond to stationary
solutions which propagate at the same time toward the left and the right. We will see
that this does not affect the convergence of the Schwarz method.
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6.3. Convergence rate. We denote by l}f (4, 8), i = 1,2 the discrete Laplace
transforms in time of the iterates UF(j,n), i = 1,2, in algorithm (5.25). We obtain
with the results from subsection 6.1

(6.15) Uty s) = UF0,9)r] o, U5(j,s) = U3(0,8)r, _,

where r; yand 7; _ are the roots of the second order equation (6.7) defined in each
subdomain,

Yir? —2(v; + h(2))r +47 =0, with v = CiAAT;,-'

The coefficients U} (0, s) and U§ (0, s) are determined iteratively by the Laplace trans-
form of the transmission conditions in (5.25). The discrete transmission operators in
the Laplace transformed domain are given by

1
bi(z) = E(z,m,c2/c1) = —h(z)+1—ri_+ a k(z),
7 C271
~ 1 1
bii_(Z) = _E(z7'72»1) = _72}7’(2)_1_’_742,——1_7]?(2)’
72 V2
(6.16) 1 e
by (2) = E(z,7,c1/c2) = —h(z)+1—1ry_ +—k(2),
72 €172
~ 1 1
by(z2) = —E(zn,1) = —=h(z)—-14+r_+—k(z).
7 ga!

The transmission conditions impose therefore

Lo kel _ T+ NFTE
Az, by (2)U7(0,5) = 7Ax2 by (2)U5(0, s),
1 Ark—41 _ [ Tk
A (IUE0.8) = 5B ()00,

Inserting the second equation at iteration k into the first one, we find

(2)
(2)

S~—
=
N

UF10,s) =
' (2

U0, s)

>
S~—

=
N

and a similar relation for U¥*1(0,s). Defining

—o(2,7) + Lk(2)
o(zm) + Th(z)

(6.07) 0(ey) = Z5h() +1 =7 = 50 =10, pleya) =

we obtain for the convergence rate of the discrete Schwarz waveform relaxation algo-
rithm

(618) R(Z,71772a01/02) =

= p(Z7 V2, CQ/Cl)p(Z,’yla 61/02)?
and by induction we find
(6.19) U2k(0,s) = R*UL(0,5), i=1,2.

LEMMA 6.6. The convergence rate R(z,7v1,72,c1/c2) is an analytic function of z
for|z| > 1.



Downloaded 12/30/12 to 138.26.31.3. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1668 M. J. GANDER, L. HALPERN, AND F. NATAF

Proof. By Theorem 6.5, for v < 1, z = 1 is the only root of E(z,~,a) such that
|z| > 1. Furthermore, a Taylor expansion shows that it is a simple root; for z close to
1 we have

a—+1
ay

E(z,v,a) = (z—1).
With (6.16) and (6.18) we see that z = 1 is only an apparent pole for R, which
concludes the proof. 0
Since R is analytic for |z| > 1, which corresponds to n > 0, R satisfies a maximum
principle for n > 0 and hence attains its maximum on the boundary n = 0. It therefore
suffices to study the behavior of R Afor n = 0, and we do this by studying the factors
TAL

p(z,7v,q) for n = 0. Setting w := T5*, we consider w varying between 0 and 7. (The

same computations apply for negative w.) For n = 0 we have the explicit formulas

—v/72 —sin?w + vy cosw

= if sinw < 7,
V42 — sin® w + ¢y cosw
\/'27_2 -
p(z,7,q) = S W — 77 iy cosw if sinw > 7,

—/sin?w — 42 + igycosw

if sinw = 7.

Q| =

To find a first necessary condition for convergence of the Schwarz method, we choose

s

c
w1 such that sinw; =1, w1 € (0,%), and ¢ = =L We obtain for the convergence rate
2

atp =20

Yo coswi — /73 — 7}

if’}/l < 72,
R 1 ’ygcoslerq\/’y%*’le

7| iyacoswi+ /75 =7

iv2 coswi — q\/73 — i

if Y1 > V2.

In the first case, R is a real number strictly between 0 and 1, and in the second case,
if ¢ <1, |R| > 1. We therefore have the following theorem.

THEOREM 6.7. If the convergence rate R given in (6.18) of the discrete Schwarz
waveform relaxation algorithm is bounded by 1 for all z of modulus larger than or
equal to 1, then

(6.20) (c1—c2)(m —72) > 0;

in other words, c1 > co implies y1 > Y.

We now study the variations of |p(z,7,q)| for n = 0 as a function of w. An
example is shown in Figure 6.1 for the case v; < 72 and ¢ = ¢;/ca < 1. The complete
results are obtained by explicitly computing the derivatives and are summarized in
Table 6.1. They rely on

(6.21) ip(z,’y,q) = (q * l)ég = 1) za(z)(U(hZ()Z‘l‘

dz k(2))?

where h is given in (6.6), k in (6.11), and o in (6.17). For w < arcsin(v;), we have

2
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FIG. 6.1. Ezample of the dependence of |p(e***,v,q)| as a function of w atn =0, ¢ = c1/ca.

Behavior of |p(e

24w

TABLE 6.1

,7,q)| as a function of w > 0 for n = 0.

w=0 | 0<sin(w) <~v | sinw) =7 | v <sin(w) <1 | sin(w) =1
g<1 0 /! 1/q N 1
g>1 0 /! 1/q / 1

|p(e*™71,q)| < 1/q and |p(e*™, v, é)| < ¢. By (6.21), a final explicit computation
shows that the modulus of R is an increasing function of w for w > arcsin(vyz) and

(622) sup |R(62iw7’71772aq)| = |R(_1a’ylv’72aQ)| =1

wel0,%]
We therefore have the following theorem.
THEOREM 6.8. For (¢1 — ¢2)(71 —¥2) > 0 the convergence rate R(z,v1, Y2, ¢1/c2)
satisfies
sup |R(Z, V15725 C1/62)| =1
|z|=1
For purely propagating modes, n = 0, the convergence rate equals 1.
For n > 0, however, we have the following convergence result.
THEOREM 6.9. For (c; —c2)(y1 —72) > 0 and n > 0 fized, there exists a constant
K strictly positive such that, for nAt sufficiently small but nonzero, the convergence
rate satisfies
sup |R(z,71,72,¢1/c2)| <1 — KnAt.

|z|=enat

Proof. By (6.21) we can calculate the derivative of |p| with respect to nAt and
get

@+ D0 =1 h2)p()
+

z 2 = .
(lp(z,7v,@)|7) 2 5 U(z)(a(z) k;(z))2

d(nAt) nAt=0

q
Y
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For nAt = 0, h is real, k is purely imaginary, and by Lemma 6.3 we have the explicit
value of o which is purely imaginary for sin(w) < v and real negative for sin(w) > ~.
We thus have

W(‘P(%%‘DF)‘"N:O =0 ifsin(w) <7,
W(\p(z,%q)ﬁ)‘wzo <0 if sin(w) >,
which together with (6.22) gives the desired result. 1]

6.4. Convergence of the discrete Schwarz waveform relaxation algo-
rithm. We introduce the discrete norms in space and time

S

(623 [Vl o = [ Atda, 3 37 e
JjEQ; n>0

THEOREM 6.10. Let U be the iterates of algorithm (5.25). For (¢c1—c2)(y1—72) >
0 there exists a positive constant K such that for nAt sufficiently small but nonzero,
we have

1UF ] ecmae < (1= KnAt) L max [[UP ||, .

Proof. By (6.15) and (6.19), we have (A]izk(j,s) = RkUlQ(j, s) for any j,s and
therefore

IVHRpae= [ JREPIONCIR A< sw B[ 00@)R,d:
|z|=enAt |z|=enat |z|=enit
< sup  [R(2)PPNUPIR, pae < (1= EnA)*[|UP[[8, a0
|z[=enat
A similar argument holds for Ukarl. O

7. Energy estimates and convergence proof for continuous wave speed.
We consider here the case of I subdomains, with a continuous velocity, and nonuniform
grids in space and time. We use the same approach as in the continuous case to prove
convergence of the discrete domain decomposition algorithm. Such estimates have
been used in [21] in the context of discrete absorbing boundary conditions for the
wave equation and in [10] to prove stability for a nonuniform scheme.

7.1. Stability for the discrete subdomain problem. Let U(j,n) for 0 <
j<J+1and 0<n< N solve the leap-frog scheme
1
(7.1) CT(-)DZFD;(U)(J} n) =Dy D, (U)(j,n) =0, 1<j<J
J
Here n stands for the discrete time variable and j for the discrete space variable. We

define a discrete energy. First, we denote by V' = {V(j)}o<j<s+1 a sequence in R7+2,
and we define for V, W € R/*2 a bilinear form on R’*? by

Ag I
(7.2) an(V, W) = —= Z D (V)(4) - Dy (W)(5)-
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Accordingly, for any positive n, V(n) stands for the sequence {V(j,n)}o<;j<st1. The
discrete energy F,, at time step n, global in space, is defined as the sum of a discrete
kinetic energy Ex , and a discrete potential energy Ep, given by

B =22 | LDy 0.m) 4 3 e (07 (V)i
Kn — 9 202(()) t ’ = CQ(]) t Js
(7.3) + mwﬂwﬂ 1n)?|

Epn=ap(V(n),V(n—1)),
En = EK,n + EP,n-

The quantity F y is clearly a discrete kinetic energy. It is less evident to identify E,,
as an energy. The following lemma gives a lower bound for F,, under a CFL condition
and hence shows that E,, is indeed an energy.

LEMMA 7.1. For anyn > 1, we have

At ?
. > - -— ns
(7.4) E, > (1 (CM> ) Ek.

where C' is defined by C' = supy << ;.1 C(j). Hence, under the CFL condition

At
(7.5) OA—x <1,

E,, is bounded from below by an energy.
Proof. For any V,WW € R7*2 we have

(7.6) an(V, W) = iAh(V W) — iAh(v —w)

with Aj, defined by A,(V) = an(V, V). Since ay, is a positive bilinear form, the first
term on the right-hand side is positive, which gives a first lower bound on E,,

(17) Bo 2 By — 3 AnV (1) = V(n = 1)),

It remains to estimate the second term on the right-hand side. Using the well-known
inequality

(7.8) (a+b)? < 2(a® +b?),
we obtain
Az J+1 )
Ap(V(n) =V(n=1)) = == > [D; (V)(G:n) = D7 (V)(j,n = 1)]
J+1 s 9
= S5y AL D)) - DG~ L)
N g
2A7$2 A{E; 02( )(Dt (V)(j’n))2
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Thus

o5 At?
(7.9) Ap(V(n) —V(n—1)) <4C @EK,”,
which, together with (7.7), gives the desired result (7.4). d

Having defined a discrete energy, we obtain a discrete energy identity as stated
in the following theorem.

THEOREM 7.2 (discrete energy identity). For any n > 1, if U(j,n) is a solution
of (7.1), we have the energy identity

B = B, + MDO)0.0) - (D} = 555500 D7 ) @)0.m)
(7.10)
= AtDY(U)(J 4+ 1,n) - (Dx + 202(Af+1)D:rDt_> (U)(J +1,n).

Furthermore, if U(j,0) is a solution of (5.15), we have the energy identity

Exi+E + ALDF(U)0,0)- (D;—O;(O)Dj) ((0,0)

(7.11) — A ) +1,0)- (D; i

5 Dj) (U)(J+1,0)

1
C2(J+1)
A J+1

J
+ M; Cgl(j)Ut(j)DZr(U)(% 0) + 79: > (D7 (U)(5,0)2.

j=1

Proof. The proof is the discrete analogue to the proof in the continuous case.
The problem here is that there is no canonical translation of the derivatives and the
integrals. For n > 1, the appropriate choice is to multiply (7.1) by the centered finite
differences DY (U)(j,n). Then we sum up for 1 < j < J. We obtain for the derivatives
in time denoted by Iy

J
1= gy (DFDFO)G.m) (D))

= C*0)
J
= ﬁ ; 021(]-) (D = D)) (G,n)) ((DF + D7 )(U) 3G, n))
J
- ;Atjzl 021(]-) [(D;r(U)(j,n))Q — (D (U)(j,n— 1))2} ,

where we used D; (U)(j,n) = D; (U(j,n—1)), and for the derivatives in space denoted
by I

J

J J
= A%: ZDJ(U)(J}H) -DY(U)(G,n) = > D5 (U)(j,n) - DY(U)(j.n)

j=1
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By a translation of indices in the first sum of I using D (U)(j,n) = D, (U(j+1,n)),
we get

J+1
I = MZD )+ (DY) = 1,n) = DI(U)(,m)
+ﬁ (=D} (U)(0,n) - DY(U)(0,n) + D, (U)(J + 1,n)) - DY(U)(J + 1,n))
1 J+1 J+1
= 5A; => D (U)(j,n+1)- D +ZD n)- D (U)(j,n—1)
j=1
+ﬁ (=D (U(0,n)) - DY(U)(0,n) + D, (U(J 4+ 1,n)) - DY(U)(J +1,n)).

We now compute the difference I; — I and find

1 1<
~ 52:: U)(j,n+ 1)) 5]202 U)(J, ))2}
e @ U+ 1), U @) — an(U (), Uln ~ 1))
+A%; (DF(U)(0,n) - DY(U)(0,n) — Dy (U)(J +1,n) - DY(U)(J + 1,n)).
Using the definition of F,,, we finally obtain
0= sz (Bt = )+ Jemag (-0 0.0 + (D7 (©)0.0)))

DF(U)(0,n) - DY(U)(0,n)  —(Dif (U)(J+1,n))*+ (D; (U)(J+1,7n))?
+ Az + 1C2(J )AL
_ﬁp;(m(” 1,n) - DY(U)(J +1,n),

which gives (7.10) using the identities D;" — D; = AtD;"D; and D} + D; = 2DY.
For n = 0, the appropriate choice is to multiply (5.15) by the forward finite difference

D (U)(4,0) and to perform the same computations. d
We define the discrete boundary operators
_ 1 Ar ~_ 1 5 _ Ax
Toe = Di— Df + 202 i D Toc = Di—Dy — 550Dy,
1 Az ~ 1 Az
+ 0 - +1y— + 0 + 71—
I o = EDt + D, + TCQDt Dy, T o = &Dt + D} — TCQDt Dy,

(7.12)

to be applied to U(j,n) for n > 1, where « is a positive real number. For n = 0,
D; D; /2 above is replaced by D;" /At, and DY is replaced by D; . Using the identity
ab= 2 ((2a+0b)?>—(La—1b)?) for o > 0, the energy identities (7.10), (7.11) can be
rewritten for any positive a and 3 as

B =B+ (0T @)00) + 8T @) + 1.)°)

4
(7.13) A

= (0T ) 0.1)" + B(T o) )T+ 1,m)),
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2Bk +2E1 + % (a(T;C(O)(U)(o, 0))* + B(T5 ¢ sy U + 1, 0))2)
(7.14) = % (a (T, 0oy (O)(0, 0))* + B(T5 ey T +1, 0))2)
J J+1
280 Y U DF (U)G.0) + Aa 3 (D7 (0)(.0)

Suppose now the discrete boundary conditions are to be given for n > 0 by
(7.15) T(;C(O)(U)(O,n) =G (n), TBJCC(J+1)(U)(J +1,n) =G"(n)

and the initial conditions are to be given by {U(4,0)}, {U:(j)}. Summing (7.13) in
time and adding (7.14), we get

Fuii + 2B + By < 7A0Y (a(G(0)* + B(G*(0)?)

pZOJ 1 J+1
+24x 2_; P U)6,0) + A Z;(D;(U)(j, 0))*.

Using the discrete Cauchy—Schwarz inequality on the right-hand side, we get stability
for the numerical scheme.

THEOREM 7.3 (stability). Suppose U(j,n) is a solution of (7.1), together with
initial conditions and boundary conditions (7.15), with a and B positive. For any
positive time step n one has

Fuer + B £ 7003 (a(G () +B(G*()?)

(7.16) ij+1 o
+ Az Z(D;(U)(J} 0)* + Amz CT(j)(Ut(j))Q~

Thus, under the CFL condition sup,<;< C(j)% < 1 required in Lemma 7.1, the

scheme 1s stable.

7.2. Convergence of the discrete Schwarz waveform relaxation algo-
rithm. Corresponding to the continuous analysis, we take the velocity to be con-
tinuous at the interfaces. To shorten the notation we denote by 7, the operator
Tg(ai)’c(ai) and the others accordingly. To analyze convergence of the discretized
domain decomposition algorithm (5.25), it suffices to consider homogeneous initial
conditions in (5.25) and to prove convergence to zero.

THEOREM 7.4. Assume that the velocity is continuous on the interfaces a;. If
the CFL condition (7.5) is satisfied by the discretization in each subdomain, then the
nonoverlapping discrete Schwarz waveform relaxation algorithm (5.25) with homoge-
neous initial condition converges to zero on any time interval [0,T] in the energy
norm

I
ZENi(Uik) — 0 ask — 0.

i=1
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Proof. The energy estimates (7.13) and (7.14 ) can be rewritten as

At;
Eyii— BN+ =2

C(ai)(i—Jr(Uerl)(O,n))Z + c(ait1)( ,Jrl(U’(”'+1 Ji+1,n) 2)
(7.17)

(
At; (

. c(ai) (T (UFY(0,1))? + c(aisr) (T, (UFY (T, + 1,m) 2)

(elan) (T UFF(0,0))” + elain) (T, (UF ) (5 +1,0))*)

(7.18)
At; _
= 4 (C(al)(Tz (Uzk+1)(070))2+c(ai+1)( z+1(Uk+1 Ji+1, 0 2)
We define the boundary energies
F = Se(an) (T (U (0,0), Ff =2t e(an) (T (UE ) (Jima+1,m))%

(F‘i’fnJr):Atzl_lc(ai)(TiJr(Uzk—l)(Ji1+17n))27 F= At‘C( (T (UF)(0,n))
7.19
and rewrite (7.17) and (7.18) as

k k+1,+ k+1,— k+1,+ k+1,—
(7 20) [En—i-l _ETL](Uz +1) +F7,,n +F7,+1n = F7,+1n +F7,,n )
RExq+ 2B (U + B+ By = FEAGT+ FGT

Summing these equations in every subdomain for 1 < n < N;, we find

N;
[ENor1+ 2Bk + E(UFH) + 3 DB 4 Z FrotT
n=0 n=0

_ Z k1,4 Z k+1,—
- Fi,n + Fin .
n=0 n=0

Using now the transmission conditions and the fact that the projection is a contraction
in L?, we get

(7.21)

N;
[Exie1 + 21 + EJUFY) + SO FRLT 4 ZF’“ -

(7.22) =0

7.+1

N;_1
§ : ok, + § : ik, —
F1+1n+ Fi—l,n'
n=0

Note now that by definition we have as in the continuous case Flk’jE Flkfl = 0.
Thus, defining the total boundary energy at iteration k by

ZZFk— Fk+

i=1 n=0
we have, by summing in ¢ and shifting the indices, the inequality
I
(7.23) > [En1+ 2Bk + E(UFTY) + FFE < PR
i=1
Thus the same arguments as in the continuous case prove that Zle En,(UF) — 0 as
k — oc. O
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8. Numerical experiments. We perform the numerical experiments on the
wave equation
0%u

Ox?’

0%u

(8.1) -

=c*(2) O0<z<L, 0<t<T,

where we truncate the spatial domain at 0 and L using absorbing boundary conditions
so that the results obtained correspond to the analysis on an infinite domain. We
discretize the wave equation and the optimal transmission conditions using the finite

volume scheme presented in section 5.

8.1. Optimal global transmission conditions. First we test the convergence
result proved in Theorem 2.1 for a two subdomain problem with L = 2, T' = 2, and a
constant wave speed c¢(x) = 1. The domain is partitioned at = 1, and the optimal
transmission conditions at the continuous level are local. We use the initial conditions

u(z,0) =0,
Oou

57 (7:0) = ~100(05 — x)eP0(0-5-)*

and we start the iteration with the initial guess zero. Table 8.1 shows for various
mesh parameters the difference of the domain decomposition algorithm result after
two iterations and the numerical solution on the whole domain and compares this
value to the truncation error, the difference between the numerical solution on the
whole domain, and the exact solution. One can see that the discretization of the
optimal local transmission conditions leads to an algorithm which converges in two
iterations to well below the accuracy of the numerical scheme.

TABLE 8.1
Convergence in two iterations to below the accuracy of the discretization.

Grid Error after 2 iterations | Discretization error
50 x 50 2.6128e-04 2.1515e-02
100 x 100 2.7305e-05 4.9472e-03
200 x 200 3.2361e-06 1.2218e-03
400 x 400 3.9852e-07 3.0321e-04
800 x 800 4.9548e-08 7.5567e-05

For the next model problem, we choose L = 6, T'= 8, and a speed function c¢(z)
with a discontinuity at x = 1,

o) = 1 1<2<6,
12 0<z<1.

We decompose the domain into three subdomains, 2y = [0, 2] x[0, 6], Q22 = [2,4]x]0, 6],
and Q3 = [4, 6] x [0, 6], and we use the initial conditions

u(z,0) =0,
Ju
2 (2,0) = —20(5 — x)e 106—2)°,
ot
We use again a discretization of the optimal transmission conditions, which are
nonlocal in this case. We start the Schwarz waveform relaxation with a zero ini-
tial guess. Table 8.2 shows that the algorithm converges at the third iteration to the
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discretization error level and illustrates Theorem 2.1, which states that we should find
convergence in a number of iterations identical to the number of subdomains. More
accuracy is achieved as the iteration progresses further. The nonlocal transmission
conditions (2.8) require this value of T' to include three terms of the sum of the opera-
tors S; in (3.3), (3.4) on the middle subdomain and one term on the right subdomain.
We computed the solution on a uniform grid with Az = 1/20 and At = 1/40 for this
example.

TABLE 8.2
Convergence for a 3 subdomain problem and a discontinuity in the left subdomain.

Iteration 0 1 2 3 4 5
[lu — ug|loo | 5.0230e-01 | 5.0164e-01 | 5.0065e-01 | 4.0289e-03 | 3.9800e-03 | 3.9535e-05

8.2. Optimal local transmission conditions. Now we introduce time win-
dows for the same example to be able to use optimal local transmission conditions.
We cut the time domain into four equal pieces [0, 2], [2,4], [4, 6], and [6, 8] such that
the condition (3.15) according to Theorem 3.4 is satisfied. We solve the problem
consecutively on the four time subdomains, and in each time window we expect the
algorithm to converge in two iterations. We show the convergence results for the first
time window only, [0,7 = 2]. Table 8.3 shows the error in the infinity norm over
five iterations for the same mesh parameters as before. The algorithm converges now
already at the second iteration as predicted by Theorem 3.4 to the discretization error
level, and more accuracy is achieved as the iteration progresses.

TABLE 8.3
Convergence with local transmission conditions over a shorter time interval.

Iteration 0 1 2 3 4 5
[lu — ug|loo | 5.0200e-01 | 5.0135e-01 | 1.2089e-03 | 9.0654e-06 | 1.4775e-06 | 1.2551e-06

8.3. Nonconforming grids. As an illustration of Theorem 3.5 on noncon-
forming grids, we consider a problem with a layered medium of six layers, and we
decompose the domain into six subdomains corresponding to the different layers,
Q; = [i — 1,4] with corresponding wave speeds ¢; € {1,2/3,1/2,3/4,1,4/5}. We dis-
cretize each subdomain with a grid in space using Az; = 1/50 and in time using an
appropriate time step satisfying the CFL condition ¢; ﬁtl < 1 but close to 1, which
is important for accuracy in the propagation properties of the solution, so dlﬂerent
time steps are essential in different subdomains. This leads to nonconforming grids
between subdomains. Since we have no algorithm that computes the entire solution
over nonconforming grids to compare with, we choose to compute the zero solution to
the homogeneous problem with zero initial conditions. We start with a nonzero initial
guess on the artificial interfaces, g*(t) = 1. According to Theorem 3.5 the algorithm
will converge in two iterations if 7' < 1. Table 8.4 shows that this is also observed
numerically. After two iterations the Schwarz waveform relaxation has converged
to the precision of the numerical scheme. Figure 8.1 shows a solution computed on
nonmatching grids with the optimal Schwarz waveform relaxation algorithm.

8.4. Variable wave speed and local transmission conditions. Now we con-
sider a variable propagation speed ¢(x) for which convergence of the Schwarz waveform
relaxation algorithm with local transmission conditions was proved in Theorem 4.3
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TABLE 8.4
Convergence with local transmission conditions in 2 iterations to the level of the truncation
error for a problem with five discontinuities and six subdomains aligned with the discontinuities.

Iteration 0 1 2
[lu — ug|loo | 5.0234e+00 | 5.0234e+00 | 1.1738e-02

M"Mm’fmﬂ“l

(n’o o
.0 ,'mw!

il
bl
il m’"‘

B

i

Fic. 8.1. Computation with nonmatching grids on a layered medium with five discontinuities,
a pulse created in the surface layer and propagating downward.

using energy estimates. The speed profile, which is a typical underwater profile, was
obtained from [23], and it is given as a function of depth by

300, =, <0 (above ground),
1500 — 2/12, ™, 0 <z <120,

() =9 1480 + 2/12, ™ 120 < x < 240,
1505, mo g > 240,

We decompose the domain into two subdomains € = [0,300], and Qs = [300, 600],
and we apply the domain decomposition algorithm with the local transmission con-
ditions (3.10), which would be exact if the sound speed was identically constant over
both subdomains and equal to the sound speed at the artificial interface at x = 300.
Table 8.5 shows the convergence of the algorithm for the variable sound speed for a
time interval [0,1/2]. The algorithm converges again to the accuracy of the scheme
in two iterations, even though the sound speed is variable in this example. This is
because the variation is small in scale, and thus the local approximations to the trans-
mission conditions are sufficiently accurate to lead to the convergence in two steps.
Note also that continuing the iteration, the error is further reduced.
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TABLE 8.5
Convergence behavior of the algorithm for the variable sound speed profile from an application.

Iteration 0 1 2 3
[lu — ug|loo | 5.0316e+00 | 5.0316e+00 | 9.9024e-03 | 6.2439e-04

9. Conclusions. We have presented and analyzed a nonoverlapping Schwarz
waveform relaxation algorithm for the one dimensional wave equation with variable
coeflicients, both at the continuous and the discrete level. The algorithm permits the
use of grid CFL conditions adapted to the local wave speeds and nonmatching grids on
different subdomains, and it has optimal scalability when implemented on a parallel
computer. The formulation of the algorithm is quite general; it can be applied to the
wave equation in higher dimensions and even to other types of evolution equations.
The convergence result with the optimal transmission conditions also holds in these
more general situations; specific results for the wave equation in higher dimensions will
be presented elsewhere. The convergence analysis for the discretized algorithm with
approximate transmission conditions, however, is specific to the one dimensional wave
equation with variable coefficients. Although the ideas can be generalized to higher
dimensions, the discrete energy estimates present a real challenge. The advantage of
the continuous analysis is, however, that convergence results similar to the continuous
ones can be expected to hold when the algorithm is consistently discretized.

Appendix. A projection algorithm for nonmatching grids.

The projection operation between nonconforming grids as given in (5.23) is not
an easy task in an algorithm, since one cell can intersect with an arbitrary number of
neighboring ones or even not intersect at all if it is fully contained in the neighboring
one. In one dimension, the following short algorithm in Matlab performs this task in
an efficient manner:
function b=transfer(a,ta,tb);

% TRANSFER integrates a stepfunction between given intervals

%  b=transfer(a,ta,tb); computes the integral of the

%  stepfunction with values a(j) in [ta(j),ta(j+1)] in the

% intervals [tb(i),tb(i+1)] and stores the result in b(i).

%  Note that the first and last entry in ta and tb must be equal.

n=length(tb); % n-1 is the length of b
ta(length(ta))=tb(n); 7% numerical equality for proper termination
=y

for i=1:n-1,

b(i)=0;

m=ta(j+1)-tb(i);

while ta(j+1)<tb(i+1),
b(1)=b(i)+m*a(j);
j=i+1;
m=ta(j+1)-ta(j);

end;

m=m- (ta(j+1)-tb(i+1));
b(1)=b(i)+m*a(j);

end;
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Given a vector ta = [0,t,(1),...,T] of arbitrary grid points in time and a piecewise
constant function on the intervals between the grid points ta whose values are given
in the vector a, the algorithm computes the integrals of a on the intervals between the
grid points of a second grid given in the vector tb = [0,%,(1),...,T]. The algorithm
does a single pass without any special cases using the fact that the grid points are
sorted in time. It advances automatically on whatever side the next cell boundary
is coming and handles any possible cases of nonmatching grids at a one dimensional
interface.
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