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A DOMAIN DECOMPOSITION DISCRETIZATION
OF PARABOLIC PROBLEMS

MAKSYMILIAN DRYJA*AND XUEMIN TUY

Abstract. In recent years, domain decomposition methods have attracted much attention due to
their successful application to many elliptic and parabolic problems. Domain decomposition methods
treat problems based on a domain substructuring, which is attractive for parallel computation, due
to the independence among the subdomains. In principle, domain decomposition methods may
be applied to the system resulting from a standard discretization of the parabolic problems or,
directly, be carried out through a direct discretization of parabolic problems. In this paper, a direct
domain decomposition method is introduced to discretize the parabolic problems. The stability and
convergence of this algorithm are analyzed, and an O(7 + h) error bound is provided.
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1. Introduction. Domain decomposition methods are becoming popular algo-
rithms for the numerical solutions of partial differential equations (PDEs) such as
parabolic problems. Several strategies can be applied to obtain such algorithms.
Among them, a first approach uses the standard discretization of parabolic problems
(e.g., the backward Euler, Crank Nicolson), followed by applying domain decomposi-
tion methods to the resulting systems, as an iterative method as for elliptic problems
(for references, see [1], [5] and literature therein). In contrast, a second approach
is based on the discretization of the parabolic problems which leads to a domain
decomposition algorithm as a direct method (for references, see [3], [6] and the liter-
ature therein). These strategies have proved, theoretically and practically, to be very
effective for parallel computation.

In this paper, a domain decomposition method is introduced for parabolic prob-
lems based on the second approach. For a second order parabolic equation in (0,7) x
Q, where 2 is a polygonal region in two dimensional space, we consider an approxi-
mation of an initial-boundary value problem. This problem is directly discretized by
a finite difference method with respect to the time variable ¢ and by a finite element
method with respect to the spatial variables x = (21, z2), leading to a direct domain
decomposition method. Such a special discretization of the original problem results
in a well-suited algorithm for parallel computation. The algorithm discussed can be
viewed as a domain decomposition analog of the well known ADI methods for finite
difference approximation of parabolic problems, see [2]. Here we prove that the re-
sulting discrete problem approximates the original problem, and that this algorithm
is stable and convergent with an error bound O(7 + h) in an appropriate norm. The
error bound obtained for the method is the same as for the backward Euler scheme.
To the best of our knowledge, this is the best error estimate known in the literature
for this type of discretization.

The method discussed has previously been described in brief in [3]. A theorem
formulated there (without proof) gives an error bound O(7'/2 4 h) provided that 7 is
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proportional to h. Here, we improve our estimate by using refined tools.

The rest of the paper is organized as follows. In Section 2, the original problem
and its special discretization are described. Section 3 is devoted to an analysis of the
stability of the discrete problem. In Section 4, we prove that the method is convergent
with an O(7 + h) error bound. Finally, some computational results are presented in
Section 5.

2. The continuous and discrete problems. We consider a parabolic problem
of the form: find u € L3((0,T); Hj(2)) N CY((0,T); L*(Q)) such that

ou
(21) (E, ’U)LQ(Q) + a(u, ’U) = (f, ’U)LQ(Q), v E Hol(Q), ae. te (0, T)
(2.2) (u, ) 2(0) = (w0, V) 1202, v € L*()
where

a(u,v) = (Vu, Vo) r2(q)

and () is a polygonal region in R?. We assume that f € L*((0,7); L*(Q)) and ug €

H}(€2). The problem (2.1) has a unique solution and is stable, see for example [4].
We solve the problem (2.1) using a finite difference method and finite element

method for the ¢ and z variables, respectively. The interval [0,7] is partitioned

uniformly, ¢, = nt,n = 0,---, N, N7 = T. A triangulation of {2 is constructed as
follows: first 2 is divided into triangular or quadrilateral substructures €2; with a
diameter H;, where ¢ = 1,---,1 ; a coarse triangulation is formed with a parameter

H = max;H;. We then divide each (2; into triangles el(-J ) with a diameter h;. The
resulting triangulation is conforming across 0€);, and is called the fine triangulation
with a parameter h = max;h;. We assume that the coarse and the fine triangulations
are shape regular in the sense common to finite element theory. Let V"(Q) be the
space of continuous, piecewise linear functions on the fine triangulation which vanish
on 0f).

We will assume that there is a red-black ordering of the substructures €2;. Thus no
two substructures of the same type share an edge. Let QF and Qf denote the union
of the black and red substructures, respectively. Let I' = 9Qf\0Q and QF = QB UT.

Define

(2.3) (va)L%z(Q): Z wiu(wg)v(zk),

TR €EQp

where €, is the set of nodal points of Q and the wy, are weights. With A (zy) the
union of the elements that share a nodal point @k, we take wi = 3, v, ) 1/6/det Bil,
where B, is the nonsingular matrix of the affine mapping between this element and
the reference triangle.

The problem (2.1) is approximated by the following scheme: forn =0,---, N —1,

find U™ € Vh(Q) such that, for Vv € VH(9),

{ (U 0) 12 @) + ar((UT2+U™)/2,0) = (f5* 0) 2 am),

24
( ) Un+1/2($) _ U"(:E), = ij

n+1/2 n n n
(2 5) (Ut Y av>L%(Q) + aB((U U +1/2)/2,’U) = ( B+17U)L2(QB)a
' Urtl(z) = UM1/2(2), z € QF,
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and
(2.6) (U°,v)12() = (u0,v), veV*Q).
Here
ur= Ut —umy e, UMY = Ut - unt?) )

and Qf and Qf are the sets of interior nodal points of QF and QF, respectively. We
have

a(u,v) = ar(u,v) + ap(u,v),

where ag(:,-) and ap(-,-) are the restrictions of a(-,-) to QF and QF, respectively,
and

f"(@) = f(n7,2) = fr(z) + fB(2),

.
where f(z) =0 at x € QP and fr(z) =0 at z € QF.

Let us comment on the scheme (2.4)-(2.6). We note that (2.4) and (2.5) separately
do not approximate the equation (2.1) in the standard sense. However, the sum of
the equations (2.4) and (2.5) approximates the equation (2.1) with an error O(7 + h)
for a sufficiently smooth solution u of (2.1). To see this, let us fix the level n, i.e.
t, = nt, and set u"(z) = u(nt,z). We have

ar((u"? +u")/2,v) = ar(u”,v) + O(7),
and
ap((u"tt + u"+1/2)/2, v) = ap(u”,v) + O(1).

Hence ap(,-) + agr(:,) approximates a(-,-) with an error of O(7). The right hand

sides of (2.4)-(2.5) approximate (f"*!,v)r2(q) also with an error O(7) on the nth

level. It is obvious that the approximation of Ju/0t by u} and u?“/ ? has an error

O(7) at interior nodal points of Qf and QZ. For points common to 9QF and 005,
the same follows from the fact that at those points

uy + u?+1/2 = (u"Tt —u™) /7.

In the following sections, we prove the stability and convergence of the scheme
(2.4)-(2.6) in an appropriately chosen norm.

Let us briefly discuss the implementation of (2.4)-(2.6). Let U™ (z) be given. We
first need to find U™*+/2(z). The values of U"*'/2(z) at the interior nodal points of
QF are equal to U™ (z) by definition, see (2.4). There remains to compute U"+1/2(z)
at the nodal points of Qf by solving (2.4). This reduces to solving a set of local
Neumann problems on Q which are weakly coupled by equations for the unknowns at
the substructure vertices of 2. This system can be solved by block Gauss elimination
reducing the system to a small system with the subdomain vertex unknowns only.
Knowing the vertex unknowns, the system reduces to local independent problems on
the QF. Each local problem has a unique solution. Another approach to solving the
systems which are weakly coupled at substructure vertices can be found in [5, Section
6.4] in connection with the FETT-DP algorithm. It should be pointed out that the
coupling in the system acts as a coarse space, necessary for domain decomposition
methods for elliptic discretizations to obtain an algorithm with a rate of convergence
independent of the number of substructures. To compute U™ (z), we solve (2.5) in
the same way as (2.4) described above.



4 M. Dryja and X. Tu

3. Stability. In this section, we prove the stability of (2.4)-(2.6) in an appropri-
ate norm.
THEOREM 3.1. The solution of (2.4)-(2.6) satisfies the following inequality:

N-1
B max [ U™ |32q) +7 DU+ U qry + U + U250 o}
0<n<N h "0

N-1
< MY U (G2 +7 D (1 F5 2y + 1 BT 1F20))}
n=0

where M is a positive constant independent of h, H, and 7.
Proof. We take v = 27(U"t/2 4 U™) and v = 2r(U™' + U™1/2) in (2.4) and

2.5), respectively. Adding the resulting equations, we obtain
( y g g

27_(Utn7Un+1/2 + U")Li(ﬂ) +2T(Utn+1/2,Un+l +Un+1/2)L§(Q)
(3.2) + 7Y L UG gry + 7O + U2 o)

= 27‘(]017%-"_1, Un+1/2 + Un)L2(QR) + 27‘( g+1, Un+1 + Un)L2(QB).

We note that

T(UP, U2 4 U™ 2 ) = U2 720y = 1 U™ 1172 0):
and

n+1/2 n n " "
(U 11/ U 1y +1/2)L,2L(Q) =|U +1 H%;QL(Q) - U +1/2 ||2L§(Q)a

where we use that

(U, U2+ U")r2) = 7(U, Utz 4 Un)Li(QR)

— |y o=l U172

172 @my = 10" 720 1720y = 10" 1720y -

Using these identities in (3.2) and summing the resulting equation with respect to n
from 0 to k, we obtain

(3.3)
k
2 || UFt? ||2L§(Q) +7 Z{|Un+1/2 + U”|§11(QR) + Ut Un+1/2|§11(93)}
Z:O
=2 (| U° |32y +27 D (5T U2 4 U agamy + (f5T U™+ U™ V2) 2 sy ).
n=0

The second and third terms of the right hand side of (3.3) are estimated as follows.
We have, for any ¢ > 0,

n n n 1 n n n
(3.4) 2(fp*1, UM2 £ U™ p2(qmy < 2| R e +e N U2 U™ (720,
and

(3.5)

n n n 1 n n n
25T UM +U +1/2)L2(QB) < z I fatt ||%2(Q) +e || UM+ U2 ”%2(9) :
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We now estimate the second terms of the right hand sides of (3.4) and (3.5). We have
(3:6) U U )

I
<M U [[f2g@) + 1 U™ T2(q) +Zh | Utz 4 g ||%2(395))-

i=1

Note that here and below I reduces to the number of QF substructures.
We show below that

I
(3.7) S onjurttr o 17200 < M|U™2 + U™ gny-

i=1
Using this in (3.6) and knowing that || v ||12(q) is equivalent to || v [|r2(q) for v €
V(Q), we obtain

(3.8) 1T Y2+ U™ (20
< M(| untt H%i(ﬂ) +1u" ||%§(sz) U2 U™ 3 ary)-
In a similar way, we show that
(3.9) 1T+ U2 g
< M{|| Ut ”%i(ﬂ) +|u" ||%i(n) ot Ut T am) -

Substituting (3.8) and (3.9) into (3.4) and (3.5) and the resulting inequalities into
(3.3), we obtain

k
(2 — 2Me) | k1 H%fl(ﬂ) +r Z(l _ ME){|U”+1/2 + Unﬁ{l(QR) + |Un+1 4 Un+1/2|§{1(93)}

n=0
k
< M{||U° ||2L§(Q) "’TZ(H ur ||2L§(Q) 1 FE e + I BT 1720}
n=0

Choosing € < (2M)~! and applying the Gronwall inequality, we obtain (3.1).

There remains to prove (3.7). Let z = U"Y/2 4 U™ and let Iz be the lin-
ear and bilinear interpolant of z on triangular and quadrilateral substructures {Q;},
respectively, by using values at the substructure vertices. We have

I T
(3.10) Zh | = ||iz(anR)§ 2Zh(|| z—1Inz ||%2(BQIR) + || Inz ||2Lz(anR))-
i=1 i=1

Using a simple trace theorem and a discrete Sobolev inequality, see [5, Remark 4.13],
we obtain

H
(3.11) | 2= Inz ||2LZ(BQ§)§ MH;(1+ log E)p@pm?),
where H; is the diameter of Q. The second term of (3.10) is estimated as
I I 1
DM w2 a0 < M (Z Hi| sl om) + 372 | 1= ”i%sz?)))
i=1 i=1 i

_ M H
(3.12) < MH Igzlip ) < 57 (1 +log E)|Z|§11(QR)-
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We have used first the Friedrichs inequality on €, since z = 0 on 012, and then the
discrete Sobolev inequality. Substituting (3.11) and (3.12) into (3.10), we obtain

I ) h H 9
Zh 12 112200 < Mﬁ(l + log W)MHI(QR)'
i=1

From this, (3.7) follows since 4 (1 + log £) is bounded.
In a similar way, we prove

I
Zh | Ut U2 ||%2(aszg3)§ Mﬁ(l + log %)|U 1 +U +1/2|§{1(QB)'
i=1
This is needed to prove (3.9). O

4. Convergence. In this section, we prove the convergence of the discrete prob-
lem (2.4)-(2.6) to the original problem (2.1). We first prove the following two lemmas.

LEMMA 4.1. Let QY be a subdomain QF or QB let QN be convex, and let v be
harmonic on QN. Then,

(4.1) v lz-1720000)< C [ v || L2y,

where C' independent of h and H;.
Proof. We first prove (4.1) for D = QY with a diameter on the order of one. By
definition

(079)L2 oD
(4.2) 1o lmiz@py=  sup 2L
geH/2(8D) I g HH1/2(8D)

Let w € H?(D) N Hg (D) be the solution of the problem:

0
A’w=0in D, w=0 and _w:g on 0D.
on
It is known that

| w | z20y< M || g | gr1/20D) -

In addition,

/(—Aw)vdwz/ VwVvdx—i—/ a—wvds:/ guds,
D D op On oD

since v is harmonic. Thus,
|/6D guds| <[ w w2yl v [|L2(0)< M || g [[1200) || ¥ [IL2(D) -
Using this in (4.2), we obtain

| v ”H*l/?(@D)S M |v ||L2(D) :

This is also valid for an QY of diameter H; by a scaling argument. O
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LEMMA 4.2. Let u € H2(Q) N HY(Q) and v € VR(Q). Given any € > 0, there
ezists a constant M, independent of h, such that

(4.3) (1, 0) 220) — ()1 )| < MW [ oy +e Il v 22 gy -

Proof. Let 4 be the piecewise linear interpolant of u in the finite element space
V(Q). We have

(4.4) [(w,v)r2(0) — (u,v) 20| < [(u— 4, v)p2(0)| + (4 v) L2(0) — (W, V)12 (@) -

The first term in the right hand side of (4.4) can be estimated by an interpolation
theorem:

(4.5)  [(u—a,0) 20 < Mllu—a 2o |[v]l2) < MA?||ul gz |0 L2 @),

where we use that [[v[|r2(q) is equivalent to [|v]|2(q) for v € Vi(Q).

We now prove an estimate for the second term in the right hand side of (4.4). Let
w; = u(zy). Since, u € H*(Q) and 4 is the piecewise linear interpolant, we have:

(4.6) > (ui —uj)* = > (@ — 5)* < Clil3n -
IiEQh,m]‘ GN(CCI) miGQh,ijN(zi)

Let us consider an element e. Denote by B the nonsingular matrix of the affine
mapping between e and the reference triangle. The mass matrix of this triangle is

1/12 1/24 1/24
M =|detB| | 1/24 1/12 1/24
1/24 1/24 1/12

Therefore,

(G, 0) p2(e) = (1, u2, us)M(v1,v2,v3)" = |detB|(1/12 Z uv;+1/24 Z ;).
i=1,2,3 1,j=1,2,3;i#j

We sum over all the elements and remark that (u,v)z2q) = (@,v)12(). By (2.3) and
(4.6), we obtain:
(@, v)r2(0) — (@, 0) 2 (0]

< Mh? Z (wi — uj)v;
2, €, EN (24)

< Mh? Z (i — uj)? ( Z Uf)

2, €Qp,x; EN(z7) z, €EQp

< Mhla| g 9)llvllz @)
(4.7) < Mbllull gz llv)l L2 ()

Substituting (4.5) and (4.7) into (4.4)and using the ¢ inequality, we obtain (4.3).
o
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THEOREM 4.3. Let (Ou/0t) € L*((0,T), H*(Q)) and (0f/0t) € L?((0,T), L*(R)).
Then there exists a constant M, independent of h, H, and 7, such that
N-1
n |12 n+1/2 n|2
max z +7 z +z
.25 1 By 7 ( 04

n=0

(4.8)
+|Zn+1 + Zn+1/2|§{1(QB)}) < M(T2 + h2),
where 2" = u(nt,x) — U™(z), 2"TV2 = wu((n + 1)7,2) — U"*Y%(2), and u and

(U2 Uty are the solutions of (2.1) and (2.4)-(2.6), respectively.
Proof. Let

" = U™ — Wn’ ,Un-i-l — Un—i—l _ Wn—i-l, ,Un+1/2 _ Un+1/2 _ Wn—i-l,

where W™ is an interpolant of u(n7, ) in the finite element space V(). Let
2" =u(nr,x) — W(z), W)= W' —w")/r.

We first substitute U” = o+ W", U"t! = p?H1 4 Wntl and Un+1/2 = ynt1/2 pjpntl
into (2.4) and (2.5). In the resulting equations, we then set v = 27(v"+1/2 4-v™) and
v =27(v" + v"+1/2), respectively, as in the proof of Theorem 3.1. The equations
obtained are of the form

27 (vf', U’;“/Q + ") 2 ) + T 0 3 gy =
2r{(f " 02 b 0" pagany = 2AWL 02 £ ") 12 o))

(4.9) —T(V(W™HL + W), V(0" 2 4 0™)) 12 gy,
o tL/2 —yn Wr, oz eQf,
and
27(1}?““,@"*1 + ,Un+1/2)L§(Q) + 1ot + Un+1/2|§{1(93) =
2T{(fg+1, ’Un+1 + ’Un+l/2)L2(QB)
(4.10) —(VIWmHL V(o o 12)) 1 6y},
ot =2 g e Q.

Adding these equations, we have, cf. (3.3),
2(]| vt H%i(sz) =" H%i(sz)) + T{|Un+1/2 + Un@[l(QR) +
|Un+1 + Un+l/2|§{1(QB)} — T{2( Ir%+1,vn+1/2 + ’Un)LQ(QR) +

(4.11)2(fg+1, ot 4 ’Un+l/2)L2(QB) — (V(Wn+l + Wn), V(’U"+1/2 + 'Un))LQ(QR)
—2(W£n, ’Un+1/2 + Un)L,QL(Q) — 2(VW”+1, V(Un+l + ’Un+1/2)L2(QB)}.

We note that for u™(z) = u(nr, z), where u(t, ) is the solution of (2.1), it holds that

Q(U?, vn+1/2 + 'Un)LQ(Q) + (v(unJrl + un), v(vn+1/2 + 'Un))LQ(Q)
(412) = 2(fn+l, ’Un+1/2 + ’Un)LQ(Q) + (Q(T), ’Un+1/2 + ’U")Lz(g),
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with o(7) = O(7). Let the left hand side of (4.11) be denoted by J(v" !, v™). Using
(4.12) in (4.11) and doing simple manipulations, we obtain
J(" T o™) = r{27( n+1, V7)) L2(0B) + 2(5?71)”“/2 + U")Li(ﬂ)
HVE 42, V"2 £ 0")) 2 on)

(4.13) +2(V2" T V(" 4 'Un+1/2))L2(QB) —7(Vu}, V"t + 'Un+1/2))L2(QB)
(V@™ +u™), Vol ) 2oz — (o(1), 0" /2 4+ 0™) 12
+(2(u?, ’Unle/2 +v )LZ(Q) — 2(’(1,{ y ’l)77'+1/2 + UH)L%(Q))}

We now estimate each term of the right hand side of (4.13). We obtain
27’2 Z fn+ ? L2(QB)

= 27'{(fjl§avk)L2(QB) - (f%av )L2 zB)} —27? Z 7U )2 QB)}

<e| o 1220y +M{7” | /% 1220y +72 1| f3 ||L2(Q) + [10° 1720
k-1

+7 ) (7 | g Mgy + 110" 1220)))-

n=0

Using a Sobolev inequality, we have

27? Z Do) <ello* 72y +MA{) 00 [ Z2() +

(4.14) +TZ 10" 120y +7 Z (1 5 22y + 11 f5 172}
The second term of (4.13) is estimated as
2(27, 0" £ 0" pa (o) S e | 02 0" ||L2 ) "’ Il 2 ||2L§(Q)

Using that [[v0""1/2 + 0" 12(q) is equivalent to ||o"+1/2 + ™| 2 (@), We know that the
first term of the right hand side of this expression has already been estimated, see
(3.8), while the second one is estimated by an interpolation theorem. Considering
these terms, we obtain

27 (27 "2 V") 2 () < Mer{| o™ ||2L§(Q)

(4.15) + 10" 1172 @ o2 0 5 ory } A+ MTRY0F e ) -
The third and fourth terms of (4.13) are estimated as
T(V(E 4 27), VT2 4 o™)) p2omy

(4.16) <7e | VT2 4™ 1Z20my +MTR?[u™ + u"* 32 oy
and

2r(VZ" T V(0" 4+ 0" T2)) 1 )
(4.17) <re || VT 4+ 0" T2) (72 gy +MTR W o8y,
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The fifth term of (4.13) is estimated as

(Vg V(" + 0" 2)) ooy
3
T n n n
(4.18) < 1 | Vug ||%2(sz) ter || V(T 40" H?) ||%2(QB) :

The sixth term of (4.13) is estimated as follows. Setting g"™! = u"*! + u", we
have

k—1
—T2 Z(VgnJrl, V’U?)L2(QB) = T(ng, V’Uk)Lz(QB)

n=0
k—1

(4.19) —T(Vgo, VUO>L2(QB) + 7'2 Z(Vg?, Vv")Lz(QB).

n=0

We have
)
(4.20) T(ng, V’Uk)LZ(QB) = —T(Agk, Uk)LZ(QB) + ZT(%Qk,Uk)Lz(BQIB).
i=1

Using Lemma 4.1, we have

T(—ng Uk) 20908) < T|£gk| 1/2(90B |’Uk| —1/2(9QB

on V)2 eeP) = Tlg g a2 008) IV lH-1/2(00P)
< M7%19 iz ap) + £l L2 ap)-

We have also used that v* can be represented as v¥ = Pk + H;v* where H;v* is
discrete harmonic on QF with the value v* on 9QF and P; is the H{(£2;) projection.
Using this estimate in (4.20), we obtain

(4.21) T(ngvvvk)L2(QB) < M72|gk|§{2(93) +ell o* H%Q(QB) .

The second and third terms of right hand side of (4.19) are estimated in the same
way. Using these estimates in (4.19), we obtain

k-1
7 Z(Vg”“,Vv?)LQ(Q) < g(]| o ||%2(QB) + ]| v ”%2(93))
n=0
k-1
(4.22) +M{TZ(72|9?|§{2(QB)+ | v" ||2L2(QB))}'
n=0

The seventh term of (4.13) is estimated using (3.8) and (4.12). Recall that o(7)
is defined in (4.12). We have

(o), 02 ") ey < M7 0 20y + 10" 2
(4.23) Hlom 2 4 V" oy} + M7 U () -

We estimate the last term of (4.13) by using Lemma 4.2. From Lemma 4.2, we
have

(4.24) | 2(up, 0™ ™) 20y — 2, 0" 40 2 )]

SMP? || uf [z +e 0" 2 40" (22 -



A Domain Decomposition Discretization of Parabolic Problems 11

TABLE 5.1
u = et x sin(nz) X sin(my)

I h Ly error Ly /L5t
4 | 1/8 | 8.9594 x 102 —
16 | 1/16 | 3.7832x 102 | 2.3682
64 | 1/32 | 14373 x 102 | 2.6321
256 | 1/64 | 5.2540 x 103 | 2.7356

| O N | o~

Using that [|v]|r2(q) is equivalent to [[v]| 12 (q) for v € V5 (2) and (3.8), we obtain
(4.25) | "2 4 n ||%i(sz)
<M (|| VT2 ) + 10" 172 0 AU +Un|§11(QR)) :
Therefore, the last term can be estimated as
(4.26) 7|(2(up, v 4+ 0" p2) — 2(up, 0" + v") 2 (@)
< M7 (B2 | gy +e (0™ Bz o) + 10" 1330y +Ho™ 2 + 0" gn)) )

We now sum (4.13) over n from 0 to k — 1 and then use the estimates above. This
gives

k-1
(2 — 3e — 2MeT) || v* ||2L§(Q) +(1—-3Me)r Z(|U"+l/2 + ’Unﬁ'{l(QR)
n=0
+ o+ Un+1/2|§{1(93)) < M{||° ||%i(sz)
N-1 k-1
@27) +7 3> (B 1) + 1 B M) +7 00 10" 1172 )
n=0 n=0
k—1
+7'Z(7'2 + ) (1w} 2 + I ™ 1 F2) + 4™ [F2@)}-
n=0

Choosing a sufficiently small € > 0 and using the Gronwall inequality, and the as-
sumption on u(t,x) and f(t,z), we obtain

k—1
0% 122y +7 D A2+ 0" 3 gy + [0 + 0" T2 G gm) ) < M7 + 7).

n=0

From this (4.8) follows by using the triangle inequality and an interpolation theorem. O

5. Computational results. We have applied the algorithm to the model prob-
lem (2.1) and (2.2), where we take Q = [0, 1]? and the time interval is [0, 0.1], i.e., T =
0.1. We decompose the unit square into I'/2 x I'/?2 subdomains with the sidelength
H = 1/I'/? and the time interval into N subintervals with the length 7 = At = 0.1/N.
(2.1) and (2.2), in each subdomain, is discretized by conforming piecewise linear ele-
ments with a mesh diameter h. We have carried out two different sets of experiments to
test the convergence of the algorithm. In the first, we take the right hand side function
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TABLE 5.2
u=txzXx(l—z)xyx(1l-y)

k] T h Ly error L/ L5+t
1] 4 ]1/8 [59089x 107 —

2 [ 16 [ 1/16 [ 22110 x 10~7 | 2.6724

3164 [1/32]7.9217x107° | 2.7911

4 256 | 1/64 | 2.8229 x 107° | 2.8062

TABLE 5.3
u = et x sin(rz) X sin(ry)

I h Ly error Ly /L5t
8 | 1/8 | 4.4601 x 102 —

16 1/16 | 3.7832 x 1072 1.1789
32 1/32 | 2.8777 x 1072 1.3147
64 1/64 | 2.1034 x 1072 1.3681
128 | 1/128 | 1.5110 x 102 | 1.3920

ot x| ol | —| o

f = el xsin(rxy) x sin(mra) X (14+27%) and the initial data ug = sin(rx1) x sin(rrs).
The exact solution to (2.1) and (2.2) is u = e! x sin(wx;) x sin(wxy). Fixing I'/? = 4,
we have 16 subdomains. We increased N and decreased h such that At is proportional
to h2. The results are given in Table 5.1. In a second set of the experiments, we chose
f=axix(l—z) Xaa X (1 —22)+2xtXxx2 X (1 —22)+2xt X1 X (1—27)
and up = 0. The exact solution is u =t x 21 x (1 — 1) X 22 X (1 — x2). We varied
At and h as in the first set. The results are given in Table 5.2. These experiments
show that our algorithm is stable and has a rate of convergence of O(r + h). We
note that that we have to choose At proportional to h? in order to get this rate of
convergence. We also give the results by choosing At proportional to A in Table 5.3
and 5.4, respectively. Comparing the results in Tables 5.3 and 5.4 with those in Tables
5.1 and 5.2, respectively, reveals that the rates of convergence in Tables 5.3 and 5.4
are slower than those in 5.3 and 5.4. Nevertheless, convergence can be obtained in
both cases. Limited by our computer, we cannot treat larger problems to test the
rate of convergence when we take At proportional to h. It seems that we will obtain
the rate of convergence at least V2.
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