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equations on rectangular domain
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SUMMARY

Galerkin domain decomposition procedures for parabolic equations with three cases of boundary conditions
on rectangular domain are discussed. These procedures are non-iterative and non-overlapping ones. They
rely on implicit Galerkin method in the sub-domains and integral mean method on the inter-domain
boundaries to present explicit flux calculation. Thus, the parallelism can be achieved by the use of these
procedures. Two kinds of approximating schemes are presented. Because of the explicit nature of the flux

calculation, a less severe time-step constraint is derived to preserve stability. To bound L2-norm error
estimates, new elliptic projections are established and analyzed. Numerical experiments are provided to
confirm theoretical results. Copyright © 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

When solving parabolic equations, the implicit Galerkin method has an advantage over the explicit
Galerkin method. That is, the former is unconditional stable, but the latter needs severe time-
step constraint to insure stability. But, a global system of equations must be solved at each
time step when using the implicit Galerkin method. On the other hand, most practical problems
in engineering can be turned into solving large-scale global partial differential equations, such
as reservoir simulation [1, 2], aerodynamics [3], etc. To economize the workload and time, the
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450 K. MA AND T. SUN

large-scale global equations must be broken into several smaller ones. Parallel algorithms, based
upon overlapping or non-overlapping domain decompositions, have been proved to be effective
ways. These methods can decompose the large-scale problem into small-scale ones, making the
computation more easier (see, e.g. [4—17]).

Dawson and Dupont [9] presented explicit/implicit non-overlapping domain decomposition
procedures for parabolic equations. They used implicit Galerkin procedures in the sub-domains
and some weight functions on the inter-domain boundary I" to predict explicit flux calculations.
These procedures were conservative both in the sub-domains and across inter-domain boundaries.
The explicit nature of the flux calculations induced a time-step limitation to preserve stability, but
less severe than that of a fully explicit Galerkin method. They derived a priori error bounds in
terms of the errors of certain elliptic approximations rather than the powers of some asymptotic
parameter. But, in fact, there was a loss of H~!/? factor for space variable, which was noted that
it can be avoided in certain special cases using some techniques [18] but was not improved in [9].

Our purpose is to present two kinds of Galerkin nonoverlapping domain decomposition proce-
dures for parabolic equations with three cases of boundary conditions on rectangular domain.
These procedures are also explicit/implicit schemes, i.e. implicit Galerkin procedures in the sub-
domains and explicit calculations to predict the flux on I'. But, the ways to predict explicit flux
calculations are distinct different from [9]. Firstly, an integral mean method is utilized. The explicit
flux calculation is just the integral mean value of the directional derivative of the solution on
I' over a strip domain with width 2H. This scheme is called as integral mean parallel Galerkin
domain decomposition (IM-PGDD) scheme. Secondly, in order to improve higher-order accuracy
with respect to H, we extrapolate the flux calculation to derive another scheme. We call this
case as extrapolation-integral mean parallel Galerkin domain decomposition (EIM-PGDD) scheme.
Because of the explicit nature of the flux calculation, time-step constraints are derived to preserve
the stability that is also less severe than that of a fully explicit Galerkin method. To bound L?-norm
error estimates, new elliptic projections are established and analyzed. With respect to the accuracy
order of i, L*-norm error estimates are optimal for higher-order finite element spaces (r>2) and
almost optimal for linear finite element space (r=1). Compared with [9], these L?-norm error
estimates avoid the loss of H~!/2 factor.

An outline of this paper is as follows. In Section 2, we introduce the model problem, then present
IM-PGDD scheme and EIM-PGDD scheme on rectangular domain, respectively. We discuss three
cases of boundary conditions. In Sections 3 and 4, new elliptic projections are defined and analyzed
to derive L2-norm error estimates for IM-PGDD scheme and EIM-PGDD scheme, respectively. In
Section 5 we present some numerical experiments, which confirm our theoretical results. Finally,
conclusions and perspectives are described in the last section.

Throughout the analysis, the symbols C, C1, C 1,..., etc. will denote generic constants, indepen-
dent of mesh parameters At and 4. The symbol C is not necessarily the same at each occurrence.
The symbols ¢ will denote smaller positive constants.

2. GALERKIN DOMAIN DECOMPOSITION PROCEDURES

2.1. Model problem

We will adopt the notations and norms for usual Sobolev spaces. Suppose Q be a rectangular
domain in %2 with a piecewise uniformly smooth Lipschitz boundary 0Q.
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GALERKIN DOMAIN DECOMPOSITION PROCEDURES 451
We consider the following parabolic equations:

(;—l:—V-(AVu)—i-cu =f inQx(0,T]

(AVu)-v=0 on dQx(0,T] (1

u=u’ inQ, =0

where v is the unit vector outward normal to dQ, ¢c=c(z,x) >0, u®=u"(x) and f=f(t,x) are
given real-valued functions and assumed as regular as necessary, A=(a;;(X))2x2 is a uniformly
positive definite matrix function, i.e. there exists positive constants O<ag<a; such that

2 2 2
a0 Y E< Y aj&EE<ar Y & VEe A, xeQ )
i=1 i,j=1 i=1

For simplicity, we consider mainly the homogeneous Neumann boundary condition for parabolic
equations. The methods discussed below can be easily extended to inhomogeneous Dirichlet or
Neumman boundary condition and similar results can be derived. These two cases of boundary
conditions are

u=g; on 0Qx(0,T] 3)
and
(AVu)-v=gp, on 0Qx (0, T] @)

respectively. Here, g; =g;(¢,x) (i =1,2) are smooth given functions. We discuss these two cases
briefly later.

2.2. Domain decomposition schemes

We now present Galerkin domain decomposition procedures. Without losing generality, we only
discuss the case of unit square domain with two equal sub-domains. But the algorithms and theories
can be extended to the case of general rectangular domain with many sub-domains.

Let Q=(0,1)x(0,1) and be divided into two sub-domains €;(i =1,2) by an inter-domain
boundary I ={%} x (0, 1) (see Figure 1). We denote by I'; =0QNadQ; the part of the boundary
of the sub-domains which coincides with 0Q. Let vp denote the unit vector normal to I', which
points from Q; toward Q.

Let I lh be quasi-uniform partitions of Q;(i=1,2) and 7~ h— g ’fuf é’, where h denotes the
maximal element diameter of 7. We construct the finite element space ./ " on 77", which satisfies
the following conditions:

(1) For j=1,2,let 4 ? be a finite element subspace of H L i), and let ./ h L%(Q) such that
if ve. 4", then vlg, e,ﬂ?.
(2) For j=1,2, P(Q;) c. ", where P, () is a polynomial space of degree at most r.
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452 K. MA AND T. SUN

Figure 1. The domain Q with the inter-domain boundary T'.

Figure 2. The strip domain G=[1—H, §+ H]x [0, 1] with width 2H.

3) For j=1,2, he(0,1], some integer k>1 and u € Hk(Qj), there exists a positive constant
C independent of % such that

N

inf Jlu—vll s <Chlull gy, 0<s<I )

ve/%}
where o=min(r +1—s,k—5s).

From the above definition, we note that functions v in .#" have a well-defined jump [v] on T":

Wlx)=v(x")—v(x") VxonT

A L.
where v(xt) =1im;_, o= v(X+ Avr).
To construct parallel algorithm, for some H € (0, %), we introduce an integral mean value of a

given function V € L*(Q) on T as (see Figure 2)

_ 1 [H
VH(x)zm/HV(X+ivr) di vxonT (6)
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GALERKIN DOMAIN DECOMPOSITION PROCEDURES 453

Furthermore, the extrapolation of V z(x) on I is defined as

4V g p(x)— Vg (x)

Ve (x) = 3

vxon I @)

Let At be time-step size, integer N=T/At, t"=nAt, 0,U"=U" —U”_l)/At, n=1,...,N.
Introduce a bi-linear form

D(¢, ) =(AV ), Vi) +(ch,¥) Vo, yeH' (Q)

We define the following two parallel Galerkin domain decomposition schemes:
(D) Integral mean parallel Galerkin domain decomposition scheme (IM-PGDD): Given an initial
function U% e 4", seek {U”}ffl\’:1 €./" such that

@U" 0)+ D", 0)+ Ty g, WD+ @, (U™ Dr+ar H (U, [oDr
=(f"v) Vv ed" ®)
where
Uit =AvUrhvr ©)

To get the scheme of higher-order accuracy with respect to H, we have another scheme.
(I1) Extrapolation-integral mean parallel Galerkin domain decomposition scheme (EIM-PGDD):
Given an initial function U° € 4", seek {U "}Q/: |EAM " such that

(@, U", )+ D", 0)+ U} oD+ @, (U™ Dr+2a H' (U], [vDr
=(f",v) Vv eu" (10)
where
Up =AvU" ) vr (11)

In these two schemes, the flux on I is computed explicitly from U”~! by integral mean method,
so that U" can be computed fully parallel on Q; and Q, once U"~! has been got. These schemes
are conservative in the same sense as mentioned in [9].

2.3. Extensions to other boundary conditions

Now, we give a brief discussion for the inhomogeneous Dirichlet boundary condition (3) and
Neumman boundary condition (4).
(I) Inhomogeneous Dirichlet boundary condition (3) case:

u=g(t,x) on dQx(0,T]

If g1(t,x) € L*(0, T; L?(0Q)), by trace theorem [19], there exists ug € L2(0,T; H'(Q)) such that
Yolgloo =281, where yq: H 1(Q) — L?(0Q) is a continuous trace operator on 0.
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By setting the transformation ¢ =u —ug, we find g satisfies the following equation:

0
O—CII—V'(AVq)—i—cq = f+V-(AVug)—cugy in Qx(0,T]

qg=0 ondQx(0,T] (12)

g=u"—ug(0,x) inQ, r=0

Then, we only need to present Galerkin domain decomposition procedures for ¢g. The procedures
for g are similar to that in Section 2.2, but two modifications should be made.

(1) Firstly, since the boundary condition of Equation (12) is essential, the first condition of
element space .#" in Section 2.2 is modified as follows:

For j=1,2, let %7 be a finite element subspace of H'! (Q;)N{v:v=0on 0Q}, and M L2(Q)
such that if ve.#", then U|Qj E%?.

(2) Secondly, two terms ((ug)v, [vDr and —D(ug, v) should be added to the right-hand side of

the schemes (8) and (10). For example, the scheme (8) changes to:
Given an initial function Q° e .#", seek {Q"}"_. € .#" such that

n=1

(00", )+ D(Q",0)+(Qypg. WD+ @t [0 Dr+ar H (0", [wDr

=(f" V) +(Wp)u. [Wr— D@}, v) Vv e (13)

where Q" is the approximating solution of ¢" and (u'é'ﬁ),lz (AVu’Z,) VT
(IT) Inhomogeneous Neumman boundary condition (4) case:

(AVu)-v=gp(t,x) on 0Qx(0,T]

This boundary condition is a natural one. Only one modification should be made. A boundary term
(g2, v)pq should be added to the right-hand side of schemes (8) and (10). For example, scheme
(8) is as follows:

Given an initial function Q%€ .#", seek {Q”}YI:’=1 €. #" such that

—n—1 _ _ _ _
(00", v)+D(Q", v)+(Q) - WDr+@un. [Q" Dr+ar H ' (Q" 1. D
=(f"v)+(gh,v)oq Vv M" (14)
Comparing (13) and (14) with (8), we know that the added terms have no influence on the
parallelism of the schemes. The convergence analyses for (13) and (14) are similar to that in the

following Sections 3 and 4, respectively. And similar results as in Theorems 3.1 and 4.1 can be
derived. We omit them in the rest of the paper.

3. CONVERGENCE ANALYSIS OF IM-PGDD SCHEME

3.1. Basic lemmas
In this section, we will derive convergence theorem for IM-PGDD scheme (8). We need some

auxiliary lemmas. Because of the long delay in review for this paper, when this paper was under
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GALERKIN DOMAIN DECOMPOSITION PROCEDURES 455

revision, our another paper [20] was accepted for publication, where these auxiliary lemmas were
proved similarly. But for the benefit of the readers’ reading, we prove the main lemmas here.
First, we have an approximate result on the inter-domain boundary I'.

Lemma 3.1 (Ma et al. [20])
For smooth enough function V, there holds estimates

Vi =Vil2m<V2HIVVI 20 (15)
IV i =Vl <CH |V 2o (16)

and
V(X)—VH(X):—%H2V‘;F(X)— 1;—OH“v‘,f_(x)+o(Hﬁ) vxon I (17)

where VV% and Vvi4_ are the second and fourth normal derivative of V on I', respectively.

To obtain error estimates, we introduce an elliptic projection Ve " of the solution u as
follows:

AV, 1) =W, 1), Vo) + (-, 1) =W, 1),v) =0 Yve./" (18)

It is clear that the auxiliary problem (18) is equivalent to
(AVW, Vo) +(cW, v) = (f— O—LI‘ v) +H(=DH g vr e, j=1.2 (19)
0

where g =(AVu)-vr. These are two standard finite element equations.
Let n=u—W. From [21-24], we see

Lemma 3.2
For 1 defined by (18), there holds L?-norm error estimate

max )
0<I<T ”’/I”LZ(Q) + ”nt ||L2(0,T,L2(Q))

gC/’lr—i_l { ”M ||L°°(0,T;H’+| @) + ||I/l[ ”LZ(O,T;H"H (Q))} (20)

L®°-norm error estimate
||7]||L°°(Q)+||”It||L°°(Q)<Ch2|lnh|{”””WZ-OO(Q)+“”t”WZOO(Q)} if r=1 21
17l o0 @)+ 17, | e @) ST {llulyyrs1.00 0y + Nt g ooy} if 71 (22)

For functions ¥ with restrictions in H'(Q;)UH!(Q,), we define a norm

111> = (AVY, Vi) +a H (Y1, WD (23)
Lemma 3.3
There exists a positive constant Co=1— */TE such that for each H >0,
CollyIIP<(AVY, V) +ai H™ (1. WD +200, 5. WDr VY €. 4" (24)
Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:449-472
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456 K. MA AND T. SUN

Proof
Noting that

— 1 r rH ) 2
H“lpu,H”iz(r):ﬁfr /_Hlt//u(x+Avr)|d/1:| dr

1 H ’
:ﬁ/r / |(v}:Al/zvl")(v}:Al/sz)(X—i-in)|d){| dr
LJ—H

1 H 2
g—/ f |(V¢TAV¢)(x+Avr)|‘/2|v;Avr|‘/2dﬂl dr
41 Jrl )y

< %(Aw, Vi)
we have

(AVY, Vi) +ar H @1, WD +200,, 1, W Dr

> AV, V) +a H I = [ eAVY Vi + S H W o
1\
>(1—8)(AVY, Vi) + (1 - g) ar H W

Here, we used the e-inequality
1
af<en’ + 4—ﬁ2 Yo, f>0
€

and ¢ is a smaller arbitrary positive constant. This inequality will be applied frequently in the

V2

following analysis. Taking ¢ =5 in the above estimate leads to (24). The proof of Lemma 3.3
ends. ]

3.2. Analysis of a new elliptic projection

The IM-PGDD scheme (8) includes two terms to present explicit flux calculation on the inter-
domain boundary I' by the integral mean method. These two terms are distinct from Dawson—
Dupont’s schemes and lead to some difficulties in the theoretical analysis. To get optimal error
estimates, we need a new elliptic projection W €.#" of the solution u as follows:

(AV(u—W), Vo) +(u—W), g [VDr+@pm, [u— W

+a1 H \(u=W1,[vDr=0 VYve.#" (25)

It follows from Lemma 3.3 that the project problem (25) has a unique solution for H.
Let

S=u"—W", 0"=U"-W" (26)
The following lemma gives the bounds of &.

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:449-472
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Lemma 3.4 (Ma et al. [20])
There holds the a priori estimates:

€11 20 <CIR T+ H'2|In] Lo} 27
and

11 200 SCUR T+ H'Y2 |, | 1o )} (28)

3.3. Error estimate

Now, we turn to derive an L%(Q)-norm error estimate for 6" . It follows from trace theorem [25] that
W22 <Gl VY eH @ (29)
which will be used in the following proof.

Lemma 3.5
For 0" defined in (26), there holds the following error estimate:

72 ny2 ny2 2
max ”9 ||L2(Q) gC:H[lg:lag(N(Hn ||L00(Q)+”77 ” )+||nt”L2(0,T,L2(Q))i|

0<n<N <n<
+(AD)2+ H 40 +D } (30)
provided
1-9)2¢?
AN<CH?, C = % V0<d <1 31)
16a;C5
Proof
From (1), we get the weak formulation:
(@, )+ D", )+l WD =(f"+p",v) Vve.d" (32)

where u" (x) =u(x,t") and ”Z =(AVu")-vr. The time truncation term p" satisfies

M T
> 1" 1A <(@n? [P dr<C(an?
n=1 0
Combining (25) and (32), we have
~ ~ —n—1 ~ ~
@ W™ )+ (AVW", Vo) + (W, g, D+ @, W Drtar H (W1 [vDr

—n—1 —=n ~ ~ ~ ~
=W, —W,.oDr+@uu. W =W Dr+aH (W = W"]. [vDr

(" 4" 0) = (08" +cu, v)+ @, g —uf, VD Vel (33)
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Subtracting (33) from (8) and taking v=0", we obtain
(00", 0")+(AVO", VO ) +ay H ([0, [0"Dr +2(0, 4. [0"Dr

nk o=l Nk n— - n n— 7
=0,y — 0, 10D+ O, . [0"=0"" Dr+ar H ' (0" 0", [0"Dr

FAV(E = EN, VO 4 (8, +c&" —c0" — p", 0")

(34)

— (@ g =, o [0 Dr+ (=, [0"Dr

Since
(00", 9”)— [IIH"II ||9”1||2]+ Ilaﬁ”ll

and
@t 10" =0 Dr =1, 10D = O, 0 Dr = Ty =00, 10" D
summing (34) over n yields

At —n
||9"|| +( o’ 166" 1>+ At[(AVO", VO™) +ar H™ (6", 10" D1+ (0, . [0"Dr]

n—1T At _
+Ar Y [7||a,0"||2+(Av0", VO +a H (010D +20, 4 [9"1>r]
k=1

||60|| ~ M@, . [0°1>r+AtZ[(6ﬂH 0, 10°— 0"

+ar HH([0F =051, [0F D+ (AV (= &), VO 4+ (0, + e &5 — c0F — pF, 0F)
—(uﬂ H—ﬁﬂ s [0F D+ (uf —uﬂ - 10FDr] (35)

Furthermore, noting that

—k a
20,1, 10 DP<ENONT 4+ 5= H ™ IO

where ||v||%’A=(AVv, Vv), and taking O<e = §<1, we have

1 At 1y
SO+ = Co((AVO", V) +ar H 10"z )

n [ At
+Ar Y [7||at0"||2+co<<Av0k,ve")+a1H—1||[0’<]||iz(r)>]
k=1

—

<102 + AL D 4, (0D + At z (@ gy = Oy [0F =0 D a H (105 = 05711, 105D

HAV(E =N, VO + (0, + et —ct0F = p*, 06 — @y =10y, 4, 10 Dr
+uy—y 4, [0°Dr] (36)
Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:449-472
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We estimate the terms on the right-hand side of (36) one by one. From (29), we see that

ok —k—1
At Y (O, =0, .10 0 1>r<ArZu[9" 0 l]an(r)neﬂH—HﬂHan(n
k=1 k=1

1/2 1/2
<cy AtZHGk OF= 1111210k — 0+~ ‘||1/2||0#H—0M||L2(F)

2CH(A1)3?* n

—

- A 1/2 Qk Gk 1 Qk ek 1 Qk_ek 1
<5 (@CoAr) E(” i+ 16 )l I+ == 21 2H,u I3 4
(Af)z 1 k & 4a1Co (At )3/2 n 2
10,0411+ 202 S 6k )2 + —= 20 A
Z t Z 1 @ OH kgl 1,A
(Ar)? CoAt
< S l6:04 13+ 02 Z[||0"||1A+ao||0k|| 1+(1- 5)CoAtZ||0k||1A 37)
k=1 k=
provided that
1-0)2C3H?
OG5« (38)
l6a1C2
Similarly, we have
ai At
0 > (10"~ 110*Dr
a At
: ank O~ W 2 1O 2
1/2
2a1C At _
\TZ 10% — 05113721108 — 0511211081 o oy (39)

1 n _ 1. 2a3Cy(An3? n
<5(@0CoAD 2 3 (N0 1+ 110~ 110" = 0* 1||+7Z IO 2

k=1 vagCoH

(Az)2 . aoCoAt v o 2a3C (A2
0,0 0 0
ZII I+ ZII 1T+ VoG k;”[ 72y
(At>2 "

Z 16,0511 et Z[||9"||1A+ao||e"||]

+(1-8)CoAtarH™ Z Il (40)

provided that

ap(1—0)2CH?
AM<——— 0 V0<ik1 (41)
4aiCy

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:449-472
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It is easy to get

_ At
AV =N, VOVSTONT 4+12:E17 4] (42)
For the last three terms, we can get
(0 & ek —c0f — p* L OOV <K (1" IF+11E 1P + 10,5117 + 110811 (43)
| @y, gy =Ty g [0°DT] < zéc Ty, 1= 11172y +0-50Coar H IO 2y
< Clluk —u MG 4 +0.56Coar H IO 2 (44)
and
k=T D] < — ik =T 2 +0.56Coa H 10412
wMuH N 20Coa, " r T H L@ T 041 L2(I)
< CH[u¥ 132,00 g +0.56Coar HMII0TI1Z (45)
by Lemma 3.1.
By (38) and (41), we take
ap(1—0)>C3H?
Ar= %Dﬁf CiH? Y0<d«k1 (46)
16a G
Collecting together from (36) to (45), we obtain
||0"|| e <1—co)(||9"||1 a+ar HHI0M07 5 )
1
<N 4+AIT, 1 (0D I+ CAE S [ACIOIR 4 10,41 )+ 1041
10 I NI+ 10512+ QO IVu 12+ H [0 )] (47)

Taking 0°=0, using the discrete Gronwall lemma and Lemma 3.4 to (47), we finally
drive (30). Ol

Now, we can derive an error estimate as the following.

Theorem 3.1

Let u and {U ”}f:]:l be the solutions of parabolic equations (1) and IM-PGDD scheme (8), respec-
tively. Suppose that u is sufficiently smooth and U Oc./#" is taken to be WO, which is defined
by (25). For linear finite element spaces, let H = O((1+|lnh|)_2). Then there exists a positive
constant C independent of mesh sizes &, H and At, such that

max " —U" 2@ <C{At+h"+ + H/) (48)

1<n<N

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:449-472
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provided
At<C H? (49)
where constant C; is given by (31).

Proof

Applying Lemmas 3.4 and 3.5, we have

max |lu" —U"|| < max {[["[|+16" [}
<n<N

1<n<
SCUHHH2 max I e+ H 22+ HP) - (50)
By (50), using (21) and (22), respectively, we have
(1) For linear finite element space (r =1) case
max |u" —U"|| < C{h*+ HY*h*|inh|+ H'*h*> + At + H/?}

SUSS

< C{h*+H'?h>(1+|Inh|)+ At + H?)

< C{h2+At+HY% (51)
provided that H = O((1+|Inh|)~2).
(2) For the other finite element space (r>1) case

<ma<xN||u"—U"|| §C{hr+l+Hl/2hr+]+At+H5/2}

1<n<
< C{WH + At +HY? (52)
Then we can derive (48). O

Remark 1

For linear finite element spaces, i.e. r =1, Theorem 3.1 shows a weaker restraint of mesh ratio
between Ar and & than that of explicit Galerkin schemes. In explicit Galerkin schemes, mesh ratio
At/ h2<C* is necessary, where some constant C* > 0. But in our IM-PGDD scheme, if we take
H>'*>=0(h?) to balance error accuracy with respect to 4 and H, only mesh ratio At/ h33<Cy is
required for some constant C1>0. It is easy to see that mesh ratio of IM-PGDD scheme is 42/
multiple of that of explicit Galerkin schemes.

From Theorem 3.1, we know that the L2-norm error estimate is optimal for higher-order finite
element spaces (r>2) and almost optimal for linear finite element space (+ = 1) with respect to the
accuracy order of A.

4. CONVERGENCE ANALYSIS OF EIM-PGDD SCHEME

Since EIM-PGDD scheme (10) extrapolates the flux calculation of IM-PGDD scheme (8) on the
inter-domain boundary I', the convergence analysis of scheme (10) is similar to that of scheme (8).
We will describe the processes of analysis and present Theorem 4.1 simply. Theorem 4.1 is also
based on some basic lemmas, whose proofs are similar to that of Lemmas in Section 3 accordingly.
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Lemma 4.1 (Ma et al. [20])
For smooth enough function V, there holds estimates

~ 22 +1
1Ve =Vl < =5 —VZHIVV I 2 (53)
IVE =Vl <CH IV [l yam ) (54)
and
V(x)— VE®) = 755 H4Vz} xX)+0(H® VxonT (55)
where VV? is the fourth normal derivative of V on I'.
For functions y with restrictions in H'(Q)UH!(Q,), we use the norm
Y11= (AVY, Vi) +2a1 H (Y], W Dr (56)
Lemma 4.2 _
There exists a positive constant Co=1—2+/2/3 such that for each H>0,
CollWIIP<AVY, Vi) +2a1 H™ (W), WD r+2(0,, g WDr  Ve.u" (57)
Proof
Noting that
R 4 H/2
lrb,u,E:?)_H/_H/zlpﬂ(X—i_/wr)d/h__/ lﬁ'u(X-i-}Vr)d}
1 H/2
=— v (X—f—)vr)d)——/ Y, (x+vp)dA
H /_H/z K sHpR "
1
— Y, (x+Avp)di
6H Jy<np "
4 H , 12
< —= [, (x+Avp)| d){|
AL
such that
H”lpy E”LZ(F)\ / / |WH(X+;V1")| d/“dr< ”lp”l A
We have
(AVY, Vi) +2a H (1, WDr +2W . WD
8 _
>(1-e)(AVY, Vi) +2 (1 - Q) arH™ Y02
Taking £ =2+/2/3 in the above estimate leads to (57). The proof of Lemma 4.2 ends. O
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To get error estimates, we introduce an elliptic projection W €.4" of the solution u as follows:

(AV (U= W), Vo) + (@ — W), g [0Dr+ B e, [ — W

+2a1 H " ([u— W1, [v)r=0 VYve.#"

It follows from Lemma 4.2 that the project problem (58) has unique solution for H.
Let

énzun_ﬁ/n 9n=Un_"X/n
The following lemma gives the bounds of .

Lemma 4.3
There holds the a priori estimates:

€11 20 <SCIR T+ H' 2| Lo}
and

1€ 0 2@ <CUA™ + H Y2 I, || )
Now, we can derive an L2(Q)-norm error estimate for 0".

Lemma 4.4
For 0" defined in (59), there holds the following error estimate

)2 ny2 ny2 2
Og}lang ”0 ||L2(Q) gC{H[lg}fE(N(Hn ||L00(Q)+”’1 ” )+”nt”L2(O,T,L2(Q)):|

YRS

+(At)2+H9+h2(r+1)}

provided
ap(1-9)*C3

At<CH?*, C;=
‘ ' 6?2

V0<dk 1

Here, the main equation for 6 is

(00", )+ (AVE", Vo) + @, g D1+ @, [0 Dr+2a H (0", [Dr

o~

=@ 50 2 ODr + @ [0 = 0" Dr+2a H (0" — 0", [or

HAV(E =N, Vo) 4 (8,8 +c&"—c0" —p", v)

— @~ g Dr+ )~ g oDr

(58)

(39

(60)

(61)

(62)

(63)

(64)

Similar to the proofs of Theorem 3.1, applying Lemmas 4.3 and 4.4, we can derive the following

theorem.
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Theorem 4.1

Let u and {U”}ff:l be the solutions of parabolic equations (1) and EIM-PGDD scheme (10),
respectively. Suppose that u is sufficiently smooth and U° € .4" is taken to be WO, which is defined
by (58). For linear finite element spaces, let H = O((14|Ink|)~2). Then there exists a positive
constant C independent of mesh sizes &, H and At, such that

max [lu" —U" |2 <C{At+4"F + HP2) (65)

s
provided
At<CH? (66)
where constant C 1 is given by (63).

Remark 2

Analogically as Remark 1, for linear finite element spaces, i.e. r =1, Theorem 4.1 also shows
a weaker restraint of mesh ratio between At and % than that of explicit Galerkin schemes. In
the EIM-PGDD scheme, if we take H%/2= O(hz) to balance error accuracy, only the condition
At/ h3/9°<C; is needed for some constant C;>0. The mesh ratio of EIM-PGDD scheme is 4~ 10/°
multiple of that of explicit Galerkin schemes.

From Theorem 4.1, we know that the L?-norm error estimate is optimal for higher-order finite
element spaces (r>2) and almost optimal for linear finite element space (r = 1) with respect to the
accuracy order of h.

Comparing Theorem 3.1 with Theorem 4.1, we can see that the EIM-PGDD scheme has an
accuracy of higher order for H better than that of the IM-PGDD scheme, and has the accuracy
of the same order as that of the implicit method on Af and h. This shows that the EIM-PGDD
scheme can use larger H than that of IM-PGDD scheme so that the time-step constraint of the
EIM-PGDD scheme is weaker than the IM-PGDD scheme.

5. NUMERICAL EXPERIMENTS

In this section, we present some numerical experiments for the schemes described above.

Example I (IM-PGDD scheme case).

We consider the following case of two sub-domains: let Q= (0, 1) x (0, 1), and take Q; = (0, %) X
0, 1), sz(%, 1) x (0, 1), and the inter-domain boundary I'= {%} % (0, 1). The problem is just as
same as the second model in [9]:

ur—Au = f(x,y,t) in Qx(0,T]

(67)
uWWx,y)=0 inQ, t=0

where f(x,y,t) is chosen so that u(x,y,t)= 100¢x3(1 —x)zcos(Zny). See Figures 3 and 4.

In these runs, the solution u is approximated in the space of piecewise continuous bilinear
function. We consider two scenarios: (1) fully implicit Galerkin method on uniform mesh; i.e. no
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Figure 3. The solution u(x, y,t)= 100zx3 (1 —x)? cos(2my) at t=0.5.
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Figure 4. The contour of the solution u(x,y,t)= 100¢x3 (1 —x)2 cos(2my) at t=0.5.

domain decomposition; (2) Galerkin domain decomposition with two sub-domains, with interface
I'= {%} % (0, 1) and global uniform mesh.

We approximate (67) by the IM-PGDD scheme using 4-node quadrilateral mesh on
20x20,40x40,80x 80,160 x 160 and 320x 320 grids, respectively. In these runs, we take
H>/>=h? to balance error accuracy with respect to & and H. From Remark 1, we know that

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:449—472
DOI: 10.1002/fid



466 K. MA AND T. SUN

Table 1. L?-norm error for each case at r=0.5.

Implicit IM-PGDD
Grids h H/h llenll 2 Rate llenll 2 Rate
20x20 0.5000e —01 0.1821e+01 0.8065e—02 0.7942e—02
40x 40 0.2500e —01 0.2091e+01 0.2020e —02 1.997 0.1985e —02 2.000
80x 80 0.1250e —01 0.2402e+01 0.5050e —03 2.000 0.4962¢ —03 2.000
160 x 160 0.6250e —02 0.2759¢+01 0.1264e—-03 1.998 0.1241e—-03 2.000
320320 0.3125e—-02 0.3168e+01 0.3154e—04 2.003 0.3103e—04 2.000

Table II. L°>°-norm error of grids on I' at r=0.5.

Implicit IM-PGDD
Grids h H/h Rate L-side Rate R-side Rate
20x20  0.5000e—01 0.1821e+01 0.6323e—02 0.5324e—-02 0.5346e —02

40x40  0.2500e—01 0.2091e+01 0.1574e—02 2.006 0.1363e—02 1.966 0.1377e—02 1.957
80x80  0.1250e—01 0.2402e+01 0.3721e—03 2.081 0.3348e—03 2.025 0.3364e—03 2.033
160x 160 0.6250e—02 0.2759¢+01 0.9018e—04 2.045 0.8280e—04 2.016 0.8310e—04 2.017
320x320 0.3125¢—02 0.3168e+01 0.2230e—04 2.016 0.2065e—04 2.004 0.2070e—04 2.005

only mesh ratio Ar/H?>=Atr/h¥°<Cy is required for some constant C;>0. This restraint of
mesh ratio is h—2/° multiple of that of explicit Galerkin scheme: At /h2<C * for some constant
C*>0. To compare the results of each case, we take mesh ration Ar/H>/?>=At/h>=2.5, where
2.5<min{(55) "3, (35) 75, (35) 75, (145) "%, (355) */°} =min(3.31,4.37,5.77,7.61, 10.05}.

In Table I, we give the LZ-norm error of e, =u—U for each case and fully implicit Galerkin
method at time r=0.5.

And we present the L°-norm error of grids on the interface for each case at r=0.5. See
Table II. Hereafter, Implicit means fully implicit Galerkin method and L(R)-side stands for the
left(right)-hand side of T'.

Remark 3
From Tables I and II, we know that the IM-PGDD scheme approximates the exact solution better
than the fully implicit Galerkin method, having second-order convergence in /.

Next, we compare the CPU time cost of fully implicit Galerkin method and IM-PGDD for the
time interval [0, 0.5]. See Table III.

Remark 4
From Table III, we can see that the CPU time cost of IM-PGDD is smaller than that of implicit
Galerkin scheme for each case and when the mesh is finer, IM-PGDD exhibits its superiority.

Example 2 (EIM-PGDD scheme case).

We approximate (67) on 20x 20,40 x40, 80 x 80, 160 x 160 and 320 x 320 grids by the EIM-
PGDD scheme. In these runs, we take H°/>=h? to balance error accuracy. Since only mesh
ratio At/H?>=At/h%/ 9<C is required for some constant C1>0, which is n~10/° multiple of
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Table III. The CPU time cost for the time interval [0, 0.5].

Grids h Implicit (s) IM-PGDD (s)
2020 0.5000e —01 2.04 0.51
40 x40 0.2500e —01 15.59 4.42
80 % 80 0.1250e —01 287.81 70.74
160 x 160 0.6250e —02 552.39 142.36
320x 320 0.3125e—-02 831.74 209.27

Table IV. L2-norm error for each case at t=0.5.

Implicit EIM-PGDD
Grids h H/h llenll 2 Rate llenlly2 Rate
20x20 0.5000e —01 0.5282e+01 0.8065e—02 0.7884e—02
40x 40 0.2500e —01 0.7763e+01 0.2020e —02 1.997 0.1972e—02 1.999
80 x 80 0.1250e —01 0.1141e+02 0.5050e —03 2.000 0.4930e —03 2.000
160 x 160 0.6250e —02 0.1677e+02 0.1264e—03 1.998 0.1233e—03 2.000
320320 0.3125e—-02 0.2465e+02 0.3154e—04 2.003 0.3083e—04 2.000

Table V. L*°-norm error of grids on I" at +=0.5.

Implicit IM-PGDD
Grids h H/h Rate L-side Rate R-side Rate
20x20  0.5000e—01 0.5282e+01 0.6323e—02 0.4974e—-02 0.4987e—02

40x40  0.2500e—01 0.7763e+01 0.1574e—02 2.006 0.1247e—02 1.996 0.1259¢e—02 1.986
80x80  0.1250e—01 0.1141e4+02 0.3721e—03 2.081 0.3034e—03 2.039 0.3054e—03 2.033
160x 160 0.6250e—02 0.1677e+02 0.9018e—04 2.045 0.7515e—04 2.013 0.7558e—04 2.015
320x320 0.3125¢—02 0.2465¢e4+-02 0.2230e—04 2.016 0.1875e—04 2.003 0.1884e—04 2.004

that of explicit Galerkin scheme: At/hng * for some constant C*>0. We take mesh ration
At/H®* = At/ h* =20, where 20<min{(35) "%, () ™', (g) ™', (55) ™', (33p) ') =
min{27.90, 60.27, 130.18, 281.20, 607.44}.

Table IV shows the L2-norm error of e, =u—U for each case and the fully implicit Galerkin
method at time r=0.5.

Table V lists the L®-norm error of grids on the interface for each case at r =0.5.

Table VI shows the comparison of the CPU time cost for the time interval [0, 0.5].

Remark 5

From Tables IV and V, we can see that the EIM-PGDD scheme also approximates the exact
solution better than fully implicit Galerkin method, having second-order convergence in &. From
Table VI, we also can see that the CPU time cost of EIM-PGDD is smaller than that of implicit
Galerkin scheme and a little more than that of IM-PGDD scheme.
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Table VI. The CPU time cost for the time interval [0, 0.5].

Grids h Implicit (s) EIM-PGDD (s)
20 %20 0.5000e — 01 2.04 1.25
40 x 40 0.2500e — 01 15.59 5.24
80 % 80 0.1250e — 01 287.81 87.54
160 x 160 0.6250e — 02 552.39 184.65
320 x 320 0.3125¢—02 831.74 239.72

Example 3 (A parabolic equation in general form (1): IM-PGDD scheme case).
We consider the following problem on Q=[0, 1] x [0, 1]:

uy—V-(AVu)+cu=f in Qx(0,T]
(AVu)-v=0 on 0Qx(0,T] (68)

W, y) = (x—x)*(y—y)* inQ r=0
where the coefficients are

2x2+1 xy
Ax,y)= e,y n=x>+y +1
xy 2y2—|—1
2)2

and f(x,y,?) is chosen so that the solution u(x, y,1)=e ' (x —x2)2(y — y?)2. See Figure 5.

We approximate (68) by the IM-PGDD scheme as same as Example 1. That is to say, using
4-node quadrilateral mesh on 20 x 20, 40 x 40, 80 x 80, 160 x 160 and 320 x 320 grids, respectively;
taking mesh ratio At/ H>?>=At/h>=2.5.

The L2-norm errors of e, =u— U for each case at time r=0.5 are given in Table VIL

Table VIII shows the L°°-norm error of grids on the interface for each case at r =0.5.

Table IX shows the comparison of the CPU time cost for the time interval [0, 0.5].

Remark 6
From Tables VII-IX, we can still get the same conclusions as that of Tables I-III, proving that the
IM-PGDD scheme can be used for parabolic equation in general form (1).

Example 4 (A parabolic equation in general form (1): EIM-PGDD scheme case).

We approximate (68) by the EIM-PGDD scheme as same as Example 2. We use 4-node quadrilateral
mesh on 20 x 20, 40 x 40, 80 x 80, 160 x 160 and 320 x 320 grids, respectively and take mesh ratio
At/ H?? = At/ h* =20.

Table X shows the LZ-norm error of e, =u—U for each case and the fully implicit Galerkin
method at time t=0.5.

Table XI lists the L°°-norm error of grids on the interface for each case at t =0.5.

Table XII shows the comparison of the CPU time cost for the time interval [0, 0.5].
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Figure 5. The solution u(x, y,t)=e~"(x —x2)2(y —y?)? at r=0.5.

Table VII. L%-norm error for each case at +=0.5.

Implicit IM-PGDD
Grids h H/h llenll 2 Rate llenll 2 Rate
20%20 0.5000e—01 0.1821e+01 0.9542e—02 0.8321e—02
40 x 40 0.2500e—01 0.2091e+01 0.2407e—02 1.987 0.2086e —02 1.996
80x 80 0.1250e—01 0.2402e+01 0.6050e—03 1.992 0.5223e—03 1.998
160 x 160 0.6250e —02 0.275%+01 0.1516e—03 1.997 0.1306e—03 2.000
320 %320 0.3125¢—02 0.3168e+01 0.3791e—04 2.000 0.3264e—04 2.000
Table VIII. L°°-norm error of grids on I' at r=0.5.
Implicit IM-PGDD
Grids h H/h Rate L-side Rate R-side Rate
20x20  0.5000e—01 0.1821e+01 0.7256e—02 0.5849¢—02 0.5898e—02
40 x40 0.2500e—01 0.2091e+401 0.1508e—02 2.267 0.1474e—02 1.989 0.1480e—02 1.995
80x80  0.1250e—01 0.2402e+01 0.3380e—03 2.158 0.3502e—03 2.074 0.3548¢—03 2.060
160x 160 0.6250e—02 0.2759¢+401 0.8018e—04 2.076 0.8532e—04 2.037 0.8698e—04 2.028
320%x320 0.3125¢—02 0.3168e+01 0.1958¢—04 2.034 0.2116e—04 2.012 0.2168¢—04 2.004
Remark 7

From Tables X—XII, we can still get the same conclusions as that of Remark 5, proving that the
EIM-PGDD scheme can be used for parabolic equation in general form (1).
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Table IX. The CPU time cost for the time interval [0, 0.5].

K. MA AND T. SUN

Grids h Implicit (s) IM-PGDD (s)

20 %20 0.5000e —01 4.24 1.21

40 x40 0.2500e —01 17.82 4.53

80 x 80 0.1250e —-01 325.37 80.84

160 x 160 0.6250e —02 676.39 168.74

320320 0.3125e—02 965.35 241.48

Table X. L2-norm error for each case at t=0.5.
Implicit EIM-PGDD
Grids h H/h llenll 2 Rate llenlly2 Rate
20x 20 0.5000e —01 0.5282e+01 0.9542¢ —02 0.8027¢ —02
40 x40 0.2500e — 01 0.7763e+01 0.2407e—02 1.987 0.2010e —02 1.998
80x 80 0.1250e —01 0.1141e+02 0.6050e —03 1.992 0.5025¢ —03 2.000
160 x 160 0.6250e — 02 0.1677e+02 0.1516e—03 1.997 0.1256e—03 2.000
320 x 320 0.3125¢—-02 0.2465¢+02 0.3791e—04 2.000 0.3141e—04 2.000
Table XI. L°°-norm error of grids on I" at r=0.5.
Implicit IM-PGDD
Grids h H/h Rate L-side Rate R-side Rate
20x 20 0.5000e—01 0.5282e+01 0.7256e—02 0.5632¢—02 0.5686e —02
40 x40 0.2500e—01 0.7763e+01 0.1508¢—02 2.267 0.1416e—02 1.992 0.1427e—02 1.994
80x 80 0.1250e—01 0.1141e+02 0.3380e—03 2.158 0.3412¢e—03 2.053 0.3467¢e—03 2.041
160x 160 0.6250e—02 0.1677e+02 0.8018e—04 2.076 0.8345e—04 2.032 0.8520e—04 2.025
320x320 0.3125¢—02 0.2465¢+02 0.1958¢—04 2.034 0.2070e—04 2.011 0.2118¢—04 2.008
Table XII. The CPU time cost for the time interval [0, 0.5].

Grids h Implicit (s) EIM-PGDD (s)

2020 0.5000e — 01 4.24 1.85

40 x40 0.2500e —01 17.82 6.04

80 x 80 0.1250e —01 325.37 95.43

160 x 160 0.6250e — 02 676.39 190.27

320320 0.3125e—02 965.35 267.42

6. CONCLUSIONS AND PERSPECTIVES

We have presented Galerkin domain decomposition procedures for parabolic equations on rect-
angular domain. IM-PGDD and EIM-PGDD schemes have been constructed by the integral
mean method to approximate explicitly the flux on the inter-domain boundary. They are also
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explicit/implicit schemes. Thus, the parallelism can be achieved by the use of these procedures.
These procedures are conservative both in the sub-domains and across inter-boundaries. Mesh ratio
At/ H*<C for some constant C>0 is still needed for these procedures to preserve stability, but less
severe than that for fully explicit methods. To bound L?-norm error estimates, new elliptic projec-
tions are established and analyzed. Compared with [9], these L2-norm error estimates avoid the loss
of H™1/2 factor. Moreover, L%-norm error estimate of the EIM-PGDD scheme has higher order
of H than that of the IM-PGDD scheme. Numerical experiments have confirmed our theoretical
results.

The main aim of this paper is to present explicit flux calculation on the inter-domain boundary
by integral mean method. We can extend our method combined with dynamic grid modification
to parabolic equations. The results for this case will be presented in a forthcoming paper.
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