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Abstract

A nonoverlapping domain decomposition iterative procedure is developed and ana-
lyzed for generalized Stokes problems and their finite element approximate problems in
RY (N=2,3). The method is based on a mixed-type consistency condition with two pa-
rameters as a transmission condition together with a derivative-free transmission data
updating technique on the artificial interfaces. The method can be applied to a general
multi-subdomain decomposition and implemented on parallel machines with local simple
communications naturally.
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1. Introduction

It is known that large scale simulation of viscous incompressible fluid flow requires the
solution of the nonlinear time-dependent Navier-Stokes equations. The key and most time-
consuming part of this process is the solution of the generalized Stokes problem at each non-
linear iteration. The numerical solution of the generalized Stokes problem plays a fundamental
role in the simulation of viscous incompressible fluid flow. Therefore, efficient algorithms for the
generalized Stokes problem are indispensable for the numerical solution of the Navier-Stokes
equations. However, the systems arising from the generalized Stokes problem are indefinite.
This then causes difficulty for solving systems by most preconditioner and iterative methods.
On the other hand, it is also difficult to solve these systems directly since they are very large
usually. Therefore, a nonoverlapping domain decomposition iterative procedure seems to be at-
tractive for such ill-conditioned problems because it combines iterative methods on the artificial
interfaces method on the small subdomains.

The motivation of this work is to develop and analyze a nonoverlapping domain decom-
position iterative procedure for solving the generalized Stokes problem and its finite element
approximate problems. The nonoverlapping domain decomposition iterative procedure is based
on a mixed-type consistency condition with two parameters as a transmission condition to-
gether with a derivative-free transmission date updating technique on the artificial interfaces.
The method can be applied in a general multi-subdomain decomposition and implemented on
parallel machines with local multi-subdomain decomposition and implemented on parallel ma-
chines with local simple communications naturally. Firstly ,we consider the nonoverlapping
domain decomposition method for the differential problems of generalized Stokes problem. In
particular, its convergence is demonstrated by a “pseudo energy” technique. Then, we apply
the method to the famous Crouzeix-Raviart linear nonconforming finite element problems of
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generalized Stokes problem. A nonoverlapping domain decomposition iterative procedure is
developed for solving the Crouzeix-Raviart linear nonconforming finite element problems. Its
convergence is proved for a very general domain decomposition and finite element mesh even
without the quasi-uniform and regular requirements. The algorithm is directly presented to the
finite element problem without introducing any Lagrange multipliers.

Nonoverlapping domain decomposition methods have been studied extensively and become
very attractive for their parallelism and flexibility (cf. [4-7,9-11,15-21]) . The basic idea to
develop our method is originally from [5] as well as [6]. A mixed-type transmission condition
with two parameters and its derivative-free updating technique are developed and analyzed
for second order elliptic problems. In [6], the idea of [5] is extended and applied into mixed
finite element problems for second order elliptic problems and mixed finite element methods of
nearly elastic waves in frequency domain as well. The other closely related works are [4,11,16-
21], In particular, the word of [4] is very similar to [15] but with only one parameter in the
transmission condition. In fact, the method in [4] uses the same transmission data as the
famous Lions method of [15] but different updating techniques. Moreover, the method of [4]
can be regarded as a variant and improvement of Lions method for the continuous differential
problems. In [4,11,16-21], the Lions method of [15] is applied into the generalized Stokes problem
and its closely related problems, for instance, the Oseen equations, as well as their finite element
approximations. All of the rest apply the Lions method to the various problems, for example,
the mixed finite element problem (cf.[10]), by introducing Lagrange multipliers on the artificial
interfaces.

2. Generalized Stokes Problem and Its Finite Element
Approximations

Let Q be a domain of RY(N=2,3) and 99 its boundary. For the sake of simplicity, this
paper is to consider the following generalized Stokes problem over (2.

—Au+aou+Vp=f in Q,

V-u=0 in Q, (2.1)
u=0 on 0f2,
where u = (u1(x),--- ,un(z)) is the velocity vector, p = p(x) is pressure function, the f €

L?*(Q) = [L2(Q)]V is the field of external forces, and «a is a non-negative constant either 0 or
ap > 0. When o =0 we have the Stokes problem, and the case « = oy > 0 usually arises as
part of the solution process for the Navier-Stokes equations or non-stationary Stokes equations
by implicit difference discrete for time (cf.[ 12],[19]).

The most commonly used Galerkin-type weak formula for the generalize Stokes problem
(2.1) is: Find (u,p) € Hy(Q) x LZ() such that

a(uvv)Q + b(’U,p)Q = (f?v)ﬂ Yo S Hé(Q)v (2 2)
b(“’v q)Q =0 Vq € L%(Q)u '
where H}(Q) = [H3 (Q)]Y, LE() is the subspace of L?(2) whose integrable function with zero
mean value, (-, - ) inner product over L?() or [L?(2)]Y
a(u,v)q = (Vu, Vo)q + (au, v)q, (2.3)
b(v,q)o = (¢,V - v)a. (2.4)

It is well-known that the generalized Stokes problem (2.1)-(2.2) has a unique solution (u, p) €
H{ (Q)x LZ(Q) . Moreover, there holds the regularity (u, p) € (Hp(Q)NH?(Q))x (LZ(Q)NH(R))
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for a suitably smooth domain € and the regularity (u,p) € (Hg(Q)NH"?(92))x (L3 (Q)NH >(Q))
for a very general domain Q (cf.[ 1],[14]) .
To describe mixed finite element approximations for (2.2), we begin with the triangulation

of Q. let 7;, be a general finite element triangulation of € and, for simplicity, @ = |J 7. At
T€Th
this moment, 7}, is not assumed it is either quasi-uniform or regular. For the sake of simplicity,

we consider the famous nonconforming linear finite element, Crouzeix-Raviart element (cf. [3])
for the velocity field and piecewise constant finite element for the pressure field on the n-simplex
(triangle, if n = 2, tetrahedron, if n = 3) triangulation 7. However, it is not difficult to see
that the analysis and conclusion of this paper can be easily extended to other nonconforming
finite elements, for instance, the nonconforming finite elements for n-quadrilateral partition or
n-simplex partition (cf. [10]) and the nonconforming finite elements for n-rectangle partition
(cf. [13]).

Assume that V € L2() is the Crouzeix-Raviart finite element approximate space of HE(Q2)
associated with 75, that is,

Vh={v:v|, € Pi(7),7 € Th,v vanishes at k€ Ny, and vanishes at k € T},

where Ny, is the set of all face barycenters of 7;,’s element, i.e. n-simplex, in the interior of €2
and I'j, as the set of all face barycenters of 7,’s element on the boundary of 9. Let V! =
[V c L?(9) as the finite dimensional approximate space of H}(2). Also, let M" C L2(Q) be
the piecewise constant finite element approximate space of L3({2) associated with the triangle
partition 7;. The mixed finite element approximate problem for the problem (2.2) is: Find
(u,p) € VP x M" such that

{ ah(u7v)ﬂ + bh(’l),p)g = (fav)ﬂ Vv € th (2 5)
bh(u,q)g:() quMh, ’
where
a"(u,v)0 = Y [(Vu, Vo), + (au,v)-], (2.6)
T€TH
V(v,9)o = Y (4, V- v)s, (2.7)
T€TH

It is well-known that such V” and M" satisfy the Babuska-Brezzi condition:

b"(v,q)
sup g > vollgl|2) Vg€ M", (2.8)
vevh  [vlln

where

[v]]n = [(Vv, VV)g + (v,0)a] /2, ve V", (2.9)

and 7 is a positive number independent of the mesh size h. The Babuska-Brezzi condition
(2.8) not only guarantees the existence and stability of the mixed finite element problem (2.5)
but also makes the finite element approximate solution (u" ,p"*) € V* x M" with the optimal
error estimate if 7}, is quasi-uniform, that is,

e — ull ey + Alu® — ulb + 1" — pllze) (2.10)
< Ch2(||u||H2(Q) + [Pl g1 (o))

where (u,p) € (Hy(2) N H*(Q)) x (L3(Q) N HY(Q)) is the solution of the generalized Stokes
problem (2.2) (cf. [1], [3], [12]).
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3. Domain Decompositions and Consistency Conditions

To develop a nonoverlapping domain decomposition methods to solve the generalize Stokes
problem (2.1) or (2.2) and its nonconforming finite element problem (2.5), we begin with de-

composing €2 into an arbitrary m(> 2) of disjoint subdomain ( open sets ) 1, Qa,- -, Qyy, that
is,
Q=0 UQRU---UQ,=QUQU---UQ, U, (3.1)
S= |J Ty =09n09, Ii=00;NoQ. (3.2)
1<i#j<m

Moreover, while considering the finite element problem (2.5), we also need assume the above
nonoverlapping domain decomposition is aligned with 75, that means, every €; is a block
(union) of some elements or even an individual element of 7.

Let us now decompose of the generalize Stokes problem (2.1) over {Q;} of the domain
decomposition (3.1) -(3.2). In addition to requiring (u; ,p;), ¢ =1,2,3,---,m to satisfy

—Au; +au; + Vp; = f in Q,
V- U; = 0 in Qi, (33)
u; =0 on Pij,

It is necessary to impose the following consistency conditions (cf. [11], [16], [17], [18], [20], [21])
Uy = Uy, On Fij (34)

ou; ou;
8—]/1_ —piV; = _8_1/5' + p;vj, on Fij (35)

where v; is the unit outward normal from §2;. It is much more convenient and efficient to replace
the consistency conditions (3.4) - (3.5) by the following mixed-type consistency conditions (cf.

4], [5], [6]). ) )
U; U4
@5(5 = piti) + Aiju; = ﬁij(a—yj_ —pjvj) + Aijuj, on Ty (3.6)
1 J

ou; du;
53‘1‘(8—1/]_ —pjvj) + Ajiuj = —53‘1'(5 — pivi) + Aijui, on Iy (3.7)
J

K2

where (3;;, called penalty coefficient, )A;;, called transmission coefficient, satisfy

Bij = Bji, 1<i#j<m, (3.8)

)\ij:)\ji7 1§’L7éj§m (39)

It will be clear later why we call 3;; penalty coefficient and A;; transmission coefficient.

By using the idea of [5] or [6] and the consistency condition (3.6)-(3.9), we can define a
nonoverlapping domain decomposition iterative procedure for the the generalized Stokes prob-
lem (2.1) over the domain decomposition (3.1) - (3.2) as follows:

—Au; +au; + Vp; = f in Q;,

Vou; =0 in €, (3.10)
u; =0 on I
8ui n

Bis(5,- = pvi) + Aijus = g5, on Ty (3.11)
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g;}H =2X\juj — g5, 1<i#j<m, if means(I';;) >0, (3.12)

where g?j are given. In fact, we understand precisely the iterative procedure (3.10) - (3.12) in
the sense of the weak solution.

We now discuss how the iterative procedure (3.10) - (3.12) implements the consistency
condition (3.6) - (3.7). It follows from (3.8) - (3.9) and (3.11) - (3.12) that we can derive that

Qup ™! +1 +1 +1
Bij ( 8;1- =P v Au T =g = 2X5uf — g
= 2/\”11,? — [ﬁﬂ(f)—yj — p}luj) + )\NU?] (313)
J
= —Bij(5, - = Pijvi) + Ajiug, on T
J

Clearly, (3.13) implies that the iterative procedure (3.10) - (3.12) implements the consistency
condition (3.6) - (3.7) through the iterative process. Hence, if the sequence {ul'} converges to
u;, then u; (i =1,2,--- ,m)will satisfy the consistency condition (3.6) - (3.7).

Finally, we conclude this section by introducing the following special notations G, (r =
1,2,--+), which will be used later.

{ G1 = {UQy |0 N OQ has positive measure } (3.14)

Gry1 = {UQ;C ’5919 N G, has positive measure, 00, NT; =, VI < r}

4. A nonoverlapping Domain Decomposition Iterative Procedure for
the Differential Problem

This section is to develop and analyze a nonoverlapping domain decomposition method for
the generalized Stokes problem (2.2) based on the mixed-type consistency condition (3.6)-(3.7)
and the domain decomposition (3.1)-(3.2). In particular, its convergence is demonstrated by
a “pseudo energy” technique, which also is the motivation for proving the convergence in the
case for the finite element problem next section.

We define the nonoverlapping domain decomposition iterative procedure based on the anal-
ysis in last section. In fact , we just need rewrite and (3.10)-(3.12) as in the sense of weak
solution of generalized Stokes problems. The nonoverlapping domain decomposition iterative
procedure for the generalized Stokes problem (2.2) is defined as follows.

Algorithm I
(i) Given gf; € L*(Ty;) = [L2(Ti))? , 1 < i # j < m, meas(T'y;) > 0, arbitrarily;
i

(ii) Then recursively find (ulp}) € Hf () x L*(€), i = 1,2,---,m, by solving the

subproblems
Aij "
! b0 pa+ > G2 [ utuds= (7w (41)
1<iztj<m 79 T
+ > 3 Ji glvds, Vo € Hp ()
1<iFj<m =7 Y

b(ul',q)a, = 0,Yq € LE(%). (4.2)

(iii) Update the transmission condition data for ¢ =1,2,--- ,m

gfj‘H =2\;ul — g, in L*(Ty), 1<i#j<m, if meas(I';) >0 (4.3)
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where 3;; and \;; satisfy (3.8)-(3.9), and HY, (€;) is the restriction of H}(£2) over the subdomain
Q;.

It is not hard to know that the subproblems (4.1)-(4.2) are always well-posed in the whole
iterative process. Furthermore, it is easy to see that 3;; looks like a penalty put on the artificial
interface I';; in (4.1) and only A;; takes part in the update of transmission data but 3;; is not
in the formula for updating the transmission data explicitly. That is why, like [5] and [6], 3;; is
called “penalty coefficient” and \;; is called “transmission coefficient”, respectively. It will be
clear that (3;; and \;; play the key role in the convergence rate estimates.

We now discuss the convergence of Algorithm I. We first define the error function at the

iterative step n:
el =uf —u e Hf (), i=1,2,--,m, (4.4)

p?:p?_pEIP(Qi)u i:1727"'7m7 (45)

where (u,p) € Hy(Q) x L?(Q) is a solution of the generalized Stokes problem (2.2). Then we
can have that

G(El U )Q + b( 7p?)9i + / E ’UdS = (46)
1<z7$_]<m 6” Lij
> ﬁi fF” gisvds , Yo € Hpi (),
1<ii<m "7 Y
b(ef',q)a, =0, Vg€ L§(), (4.7)
g:zj+1 = 2X\ijef — gji, in L*(Ty;), 1<i#j<m, if meas(I';;) >0, (4.8)

where we have used g7 to replace g;’ — [ﬁij(% — pv;) + Ajju]. Furthermore, we have the
following lemma, which play the key roles in the convergence analysis.
Lemma 4.1. There holds the following identity

m

1= g 1P - 4 alel e, (4.9)

=1

where g~ = (gfj), 1<i#j<m defined as in (4.6)-(4.8), and

WA= 3 g lablas (.10

1<i#j<m

Il

Proof. First, from (4.6)-(4.7), we can have that by taking v = €} in (4.6)
1 n ’n, ’n,
EIEIEDS ﬁ_J/ (g7 — Agjel)elds. (4.11)

Fi]‘

It then follows from (4.8), (4.10) and (4 11) that

o iiiF =3 / 571 ds (@.12)

1<z7$_]<m6 A”
1 2
1<ij<m 7 T
1 2 " 1
= Y o [ mlPas-a XS [ - asenenas
1<iztj<m "7 T i=1 jAi 1 T

m
2
g™ 11" =4 a(el el
i=1
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where (3.8) and (3.9) have been used in (4.12). Then, the proof completes.

Theorem 4.2. Let (u,p) € H5(Q) x L3(Q) be a weak solution of the generalized Stokes problem
(2.4)-(2.5) with reasonable regularity(u,p) € [H**(Q)]N x H**(Q). Let (u,p;) € Hf () x
L2(Q)(i = 1,2,--- ,m) be the weak solution of the subproblem (4.1)-(4.2) of Algorithm I at
iterative step n. Then we have that ,for any initial g?j eL(Ty;)

m

D (luf = ullf ) + IpP = pllZ2@,))]* =0, as n— oo (4.13)
=1

Proof. Clearly, it suffices to show that, for any ¢ =1,2,--- ;m,

m

D (i = ullf @ + PP = pllZ2,)] = 0, as n— oo (4.14)
=1

From (4.9) and (4.10) of Lemma 4.1, we have that the sequence {gg} is bounded in L?(I';;)(1 <
i #j < m, meas(';;) > 0). Hence, there exists a g;; €L?(I';;) and a subsequence, still denoted
as {g?j}, such that, for any meas(I';;) >0, 1 <i#j<m

9gi; — 9ij, weakly in L*(Ty;), as n — oo. (4.15)
Also, from (4.9) of Lemma 4.1, we can have that, for any position integer M,
Mo 1 2 2
S>> atetena, =7 (I = [l [IF) = 0.
n=0i=1

which implies

Za(a?,s?)gi — 0 as n — oc. (4.16)
i=1
Thus, for any i =1,2,--- ,m,
[(Vel,Vel)q, + (ael',el)q,] — 0, as n — oc. (4.17)

Therefore, if & = ag > 0, then (4.17) directly implies that
||€?HH1(Q¢) —0, as n—o0, i=1,2,---,m. (4.18)
Thus, by Sobolev embedding theorem,

||E?||L2(Fij) —0, as n— o0, 1<i#j<m, meas(T;;) >0. (4.19)

Moreover, for any 1 < i # j < m, meas(I';;) > 0, and for any n € [C5°(Ty;)]V, we define
(v,q) € Hllﬂl (€2;) x LE(Q;) satisfying

{ —Av+Vg=0, in Q

V-v=0, in O (4.20)

o n, on Fij
v_{ 0, elsewhere on 0%);. (4.21)
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Clearly, there exists such a (v,q) € H (Q;) x L*(;) (cf. [1], [12]). Hence, Plugging this
v € Hy (€;) into (4.6), we can derive from (4.18)-(4.21) that

/ giinds — 0, as n— o0,Vn € L*(T'y;). (4.22)
iy

That means the subsequence { QZ} is weakly convergent to 0. Therefore, by a standard argu-
ment of functional analysis, we immediately obtain that, for the whole sequence { g?j},

HQZHL(PU) —0, as n— o0, 1<i#j<m, meas(l;;)>0. (4.23)

Next we try to show that (4.18) and (4.23) still hold for & = 0. First we consider the case
of Q; C Gy. It follows from (3.14) that

el =0, on I';, meas(T';) > 0. (4.24)
Hence, by the Poincaré inequality and (4.17),
HE?H%_P(Q” < C(Ve,ei)a, — 0, as n— o0, VQ; C Gy. (4.25)
Therefore, repeating the same arguments of (4.19)-(4.23), we have that, for any Q; C Gy,

||€ZIHL2(F”) — 0, as n— o0, (1 <i#j< m) (426)

HQZHIF(FI-]‘) —0, as n—o0, (1<i#j<m). (4.27)

Then, we consider the case of ; C Ga. It follows from (4.8) and (4.26)-(4.27) that, for any
Qi C Gg,
Hg?jHLz(r-v) — 0, as n— o0, VQ; CGy. (4.28)
ij

For any €2; C G, replacing (4.21) with

’U:{ €;, on Fij, QjCGl, (429)

0, elsewhere on 0.

we then have v € H} (€;) satisfying (4.20) and (4.29). Thus, plugging this v € H} (©;) into
(4.6) and using (4.17) and (4.28), we have that, for any Q; C Ga

||E?HL2(F”) - 07 as n — oo, VQJ C Gl- (430)

From (3.14), for any Q; C G2, there exists at least a ; C G1 such that meas(T;) > 0. Hence,
it follows from (4.17), (4.30) and the Poincaré inequality that

HE?”%‘II(QZ) < C[(VEU vsi)Qi + Z HE?HiQ(F”)] — 0, (431)
Q;,CGy

as n — oo, VQ; C Gs.
Therefore, repeating the above arguments until the subdomains are exhausted, we have proved
that (4.18) and (4.23) still hold for a = 0.
Finally, we consider the convergence for the pressure. It the follows from the LBB condition
and (4.6) that

n b(v, p7)| n n n
ll i ”L?(Qi) <C sup 7” < C[lle; HHl(Qi) + Z(ng ||L2(Fi.) + HginLQ(F.,))]'
UGHIl‘i UHHI(QZ') i#j ’ “
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Moreover, by using (4.18), (4.24) and the embedding theorem, we get
108l L2 — 0, as m— o0, i=1,2,--- ,m. (4.32)

Thus, (4.14) can be obtained from (4.18), (4.23) and (4.32) easily. This completes the proof.
Corollary 4.3. Under the assumptions of Theorem 4.2, we have that for any 1 < i # j <m,
meas(I';;) >0

— 0, as n — 0. (4.33)
L2(Ti5)

gz] [ﬁu( — pvi) + Aijul

5. Finite Element Case

This section is to develop and analyze a nonoverlapping domain decomposition method for
the nonconforming finite element problem (2.5). We define our algorithm as follows:
Algorithm II

(i) Given g, €V™(Ly;) = [V™(Ty;)]YV , 1 < i # j <m, meas(Ty;) > 0, arbitrarily;

(ii) Then recursively find (u}" ,pl*) EV? X Mih7 i=1,2,---,m, by solving the subproblems

o W), + (0, ), + P / ods = (f,v)a, (5.1)

1<z7£_]<m

+ > B” fl“l givds, Vv €V,

1<iZj<m
b (ufl,q)o, =0, Vg€ M. (5.2)
(iii) Update the transmission condition data for i =1,2,--- ,m
g5 (k) = 2M5uf (k) — gf(K), k€ NNy, 1<j#i<m, (5.3)

where V(T ij) is a piecewise constant ﬁnite dimension space over the partition of I';; induced by
the finite element triangulation 7;; V' = =Vh |, , the restriction of V" over Q;; Mlh = M"
the restriction of M™ over ;; Bij the penalty coefﬁcient, and J;;, the transmission coefficient,
satisfy (3.8) - (3.9); and

/F* uvds = Z u(k)v(k)meas(si), (5.4)

iJ kel ;NN

where, and in this paper, {cpp}peNh is the node basis of the finite element space V" and sy, is
the element face with k as its barycenter. Clearly, (5.4) implies the numerical integration has
been applied to compute the integration on the interfaces in (5.1).

Clearly, every subproblem (5.1) of Algorithm II is well-defined in the whole iterative process.

We then consider the convergence of Algorithm II. Unlike Algorithm I for partial differential
problem of the generalized Stokes problem, we have to show an equivalent splitting subproblem
form with respect to the nonoverlapping domain decomposition for finite element problem (2.5)
before proving the convergence of Algorithm I1.
Theorem 5.1.  Let (u,p) €V" x M" be a solution of the finite element problem (2.5) .
Then, the problem (2.5) can be split into an equivalent subproblem form, that is, there exist
g5; €VMILy), 1 <i#j<m, meas(Ti;) > 0,such that (u;,p;) €VI x M!(i =1,2,--- ,m),
satisfies

a(ui, v)a, +b"(v, pi)a, + / uvds = (5.5)
Bis Jr,

1<z7£_]<m
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> % frij givds, Vv evh,

1<i#j<m
" (ui,q)a, =0, Vg e M) (5.6)
where (u;,pi) = (u,p) la, = (ula, ,pla; ), the restriction on €.

Proof. First, notice that M" is a piecewise constant space, then it is easy to check that (2.5)
can be rewritten as the splitting form (5.6),i.e.,

b (ui, q)o, =0, Yge M, i=1,2,--- m. (5.7)
Then we consider to split (2.5). Notice that {¢;} 5, is the nodal basis of the finite element
space V" it is then not difficult to check that {gpé}(peN} I=1.2,-N) consist of a basis of the finite

dimension space V", where <p]lo is a N-vector function with ¢, as its [-th component and 0 as
all of its other components. Hence, (2.5) can be rewritten as the following equivalent system.

a"(u,or)a, + 0" (r, D), = (f.ox)a,, Vk €Ny, i=1,2,--- N. (5.8)

Thus, it follows from the small support property of ¢, (x), we have that, for any k € N,y N T, ,

a (ui, o), + " ek, pi)a, — (f, er)a, = —1a"(uy, o), + 0" (orpj)e, — (fren)a,]. (5.9)
Hence, for any k € N, NT';;, we can define Gi—“j as follows

1
Gy = W[ah(%‘vwk)szi + " (orspj)e, — (f, 0)a,)- (5.10)

Thus, we construct g;; eVH(Ty;) , meas(Ty;) > 0, as

gi; = Z (Aijulp)vi — Bi; Glion (k). (5.11)

kel ;NN

Therefore, it follows from (5.8) - (5.11) and some direct calculation that, for any k € Nj, N Q;,
i=1,2,---N, (u;,p;) satisfies

A
a"(ui, or)a, + 0" (er,pi)a, + Y 5_]/ uiprds = (f, or)a; (5.12)
1<izj<m 7 T
+ > ﬁ%jfpijgfjwkds,izl,2,-~,m.
1<iZj<m

Finally combining (5.7) and (5.12), we have (5.5)-(5.6). The proof is then completed.

We are now ready to consider the convergence of Algorithm II for a general domain decom-
position and finite element triangulation even without quasi-uniform and regular requirements.
We begin with introducing the error function at the iterative step n:

et=ul —ueVi =12 m. (5.13)

where (u,p) €V x M" is a solution of the finite element problem (2.5). Then we have the
error equation as follows:

Mij
(e}, v)a, + 0" (v, e+ Y —J/ efvuds = (5.15)
19;&;‘5771517 Ty
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> fr givds, Vv €V,

1<iZi<m
b" (e q)o, =0, Vg e M/, (5.16)
g (k) = 2Xijef (k) — gfi(k), k€ NonTyj, 1<i#j<m, (5.17)

where we have used g;; to replace g;; — g;; in which g;; is defined in Theorem 5.1.

We have the following lemmas, which will be used in the convergence analysis of Algorithm
IT later. First we can obtain the following lemma by taking v = e in (5.15).
Lemma 5.2. There holds the following identity

N / (g8 — Ajel)erds. (5.18)
i 7Y

Lemma 5.3. There then holds the following identity

[llg =lg"lIlZ =4 a" (e}, e (5.19)
=1

where g~ = (gfj)lgi;éjgm defined as in (5.15) - (5.17), and

R Vi oy (5.20

1<i#j<m

Proof. Tt follows from (5.15) - (5.17) and (5.18) of Lemma 5.2 that

il = > g [l fas

1<z;£j<m
1 2
= 12Xije} — gfy|"ds (5.21)
1S#Zjﬁm ﬁij/\ij T J ] J
1 * 9 m 1 /*
= n%ds — 4 — n_ijel)erd
IS#ZKm BijNij /F gl ds ;; Bij Jr, (o~ AugerJei ds

g™l 42@

where (3.8) and (3.9) have been used in (5.21). Hence the proof has been completed.
Theorem 5.4. Let (u,p) €V" x M" be a solution of the finite element problem (2.5). Let
(u? jp;) €VP x M (i =1, 2, ..., m) be the solutions of the subproblem (5.1)-(5.2) of
Algorithm II at iterative step n. Then we have that for any initial g?j eL(Ty;),

m

D (g —ullf o, + 1P} = pll2@)))> =0, as n— oo (5.22)
=1
where
ol = Y. (IVolla + I3z (5.23)
T€T,, TC8,;

Proof. Tt suffices to show that, for any i =1,2,--- ,m

n 2 n 2
[lui — “”h,m + [Ip; _pHLg(Qi) — 0, as n —o0. (5.24)
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From (5.19) and (5.20) of Lemma 5.3, we have that the sequence {g7;} is bounded in the finite
dimension space V*(I';;)(1 < i # j < m,meas(T';;) > 0). Hence, there exists a g;; €L?(I';;)
and a subsequence, still denoted as {g%}, such that, for any 1 < i # j <m, meas(I';;) > 0,

*

/ |9 — gi]ds — 0, as n — oo. (5.25)
F..

tJ

Also, from Lemma 5.3, we have that, for any position integer M,

M m 1 9 9
S aterena = (ol = g™+ 11) = o

n=0 i=1

which implies

Z a"(e}, e}, — 0, as n — oc. (5.26)
i=1
Thus, for any i =1,2,--- ,m
[(Vel,Vei)a, + (ae el )a,] — 0, as n — oo. (5.27)

Therefore, if « = ap > 0, then (5.27) directly implies that
lefllr o, =0, as n— oo, i=1,2m. (5.28)

Hence,
/ le?|?ds — 0, as n— o0, 1<i#j<m, meas(Ty)>0. (5.29)

Moreover, for any 1 < i # j < m, meas([';;) > 0, we define (v,q) €V? x M} satisfying

V-v =0, inQ;. (5.31)
— gg(k)7 at k E Fi] m Nhu
v = { 0, other nodal points on 0€2;. (5.32)

It is easy to see that, there exists such a (v,q) €V x M[(cf. [1], [12]). Hence, plugging this
v €V into (5.15), we can derive from (5.28)-(5.32) that

Ja,

which means the subsequence {gg} is convergent to 0. Thus, by a standard argument of

2
n
gij‘ ds — 0, as n — 0o,

functional analysis, we obtain that, for the whole sequence { gznj},

/ ‘g%fds —0, as n—o0, 1<i#j<m, meas(T;;) > 0. (5.33)

tJ

We now try to show that (5.28) and (5.33) still hold for o = 0. First, we consider the case
of Q; C G;. It follows from (3.14) that

el =0, on I';, meas(I';) > 0. (5.34)
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Hence,
ey o, < C(Vel, Vel)a, — 0, as n— oo, ¥ C Gy (5.35)

Therefore, repeating the arguments of (5.29)-(5.33), we have that, for any Q; C G,

/ leP|?ds — 0, as n— oo, (1<i#j<m). (5.36)
Ty
/ |gii"ds — 0, as n— oo, (1<i#j<m). (5.37)
Then, we consider the case of Q; C G. It follows from (5.17) and (5.36) - (5.37) that, for any
Q; C Ga,

/ |gis"ds — 0, as n— o0, VO, C Gi. (5.38)

for any €; C Ga, replacing (5.32) with

_ [ e, onTyy, Q5 C G,
v { 0, elsewhere on 09);. (5.39)
We then have v €V satisfying (5.30) - (5.31) and (5.39) . Thus, plugging v €V of (5.39) into

(5.15) and using (5.27) and (5.38), we have that, for any Q; C Ga,

/ |e7|?ds — 0, as n — o0, VQ; C Gi. (5.40)
r

iJ

Notice that (3.14) , for any ; C Ga, there is at least a Q; C Gy such that meas(I';) > 0.
Hence, it follows from (5.27) and (5.40) that

< C (Ve Vel ), + Z/ le?*ds| — 0, as n— o0, V¥ C Gy (5.41)
Q;CGy

lle;

Repeating the above arguments until the subdomains are exhausted, we have proved that (5.28)
and (5.33) still hold for oo = 0.

Finally, we consider the convergence for the pressure. It follows from the Babuska-Brezzi
condition (2.8) and (5.15) that

1/2
b * 9 * 9
Irill 20, = sup [Prwr] . 1€ 1.0, +Z</F 7| ds+/F 9331 ds)
ij k%3

T ||h N 2
Moreover, by using (5.28) , (5.33) and the embedding theorem, we have
H’r’?”iz(ﬂi) —0, as n—oo0, i=1,2---m. (5.42)

Thus, (5.24) can be obtained from (5.28), (5.33) and (5.42) easily. This completes the proof.
On the other hand, we can rewrite Algorithm II as an iterative procedure to find the fixed
point of an affined map. Assume that

W = ﬁ(v? x M, A= [ VT (5.43)

i=1 1<i#j<m
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Let Ay: WxA — W x A be an affine mapping defined by (5.1) - (5.3) of Algorithm II. That
means,
[(un+lvpn+l)7 gn+1] = Af[(unvpn)v gn]v (5'44)

where [(u"T! pnT1), g™ 1] satisfies (5.1) - (5.3) . We then have the following lemma from the
definition of A directly.
Lemma 5.5. Let (u,p) €V x M" be a solution of the problem (2.5) and denote by (u,p) =
(ulq, ,pla,) € W, then there exists g € A such that [(u,Dp), g] is a fized point of A ;. Conversely,
let [(u,p),g] € W x A is a fized point of Ay and (u,p) €L?(Q)x L%(Q) satisfying (u|a, ,pla,) =
(ui, pi). Then, (u,p) €EVP x M" is a solution of the problem (2.5).

Furthermore, if let A= Ay |;=0, F = A;(0,0). Then, A is a linear mapping, indeed, which
is the iterator (iterative matrix) of Algorithm II, and satisfies

Asl(u,p), 9] = Al(u, p), 9] + F, (5.45)
which means that, we have
[(e™ 1), g ] = Al(e", "), g"]. (5.46)
Theorem 5.6. There holds the following estimate
o(A) <1 (5.47)

where o(A) is the spectral radius A.
Proof. Let u be an eigenvalue of A and [(e, ), g] # [(0,0), 0] be its corresponding eigenvector.
Then we have that A[(e,r), g] = p[(e, ), g], and,

Aij
ah(ei,v)gzi +bh(v,’l”i)gzi + Z —J/ ejvds = (5.48)
1<izrem B Jr,
> 5, gijuds, Yo €V],
1<igj<m "7 Y
v (ei,q)a, =0, Vg€ M, (5.49)
pgij (k) =2Xijej(k) — gji(k), ke NyNTy, 1<i#j<m, (5.50)

which, together with Lemma 5.2 and Lemma 5.3, imply that
2 2
plllglls = lglls =4 a"(ei e, (5.51)
i=1
which means |p| < 1 and || = 1 if and only if
a(ei,ei)a, = (Vei, Vei)a, + (aei e, =0, ¥V i=1,2---m. (5.52)

We next show |u| < 1, that is, |u| # 1. Clearly, if |u| = 1, then each e; is a constant over €2;.
Then we have that since e; vanishes at nodal points on 99Q; C G1.

e; =0, in Qi, vQ, C G. (553)

With similar arguments as in the proof of Theorem 5.4, taking v €V satisfying (5.30)-(5.31)
and

’U—{ gij(k), atkel"ijﬂNh, (554)

0, other nodal points on 0;.
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Plugging it into (5.48)-(5.50), we derive that

Gij = 0, on Fij, meas(Fij) > O, VQ,; C Gl, (555)
gij = 0, on Fij, meas(Fij) > O, VQ,; C Gl, Qj C GQ, (556)
e; =0, on Fij, VQ, C Gl, Qj C Gs. (557)

Hence, it follows from (3.14) and (5.52)-(5.57) that
e; =0, in Q;, VQ; C Gs. (5.58)
Repeating the above arguments , we have that
e; =0, in Q, Vi=12--- m. (5.59)

gij = O, on Fij; meas(Fij) > O, 1<q #_] <m. (560)
Moreover, from (5.48)-(5.50) and (5.59)-(5.60),

r; =0, in Q;, Vi=1,2--- ,m. (5.61)

Therefore, [(e,r),g] = [(0,0),0], which is a contradiction. Hence, |u| < 1. This completes the
proof.

Finally, we emphasize an interesting fact. In Theorem 5.4 and Theorem 5.6 and their proofs,
we have neither assumed nor used any restrictions for both the domain decomposition (3.1)-
(3.2) and the finite element triangulations 7. Therefore, the convergence results, Theorem 5.4
and Theorem 5.6, hold for the general domain decomposition and finite element triangulation
even without both quasi-uniform and regular requirements.

6. Concluding Remark

In this paper we have developed a parallel nonoverlapping domain decomposition itera-
tive procedure for the generalized Stokes problems and their Crouzeix-Raviart finite element
approximate problems. The basic idea to define the method is to use an mixed-type consis-
tency condition together with a derivative-free transmission data updating technique on the
artificial interfaces between two subdomains, which is originally from [5]. The method can be
implemented on a massive parallel machine naturally as each subdomain is assigned to its own
process.
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