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Abstract

Based on two-grid discretizations, in this paper, some new local and parallel finite
element algorithms are proposed and analyzed for the stationary incompressible Navier-
Stokes problem. These algorithms are motivated by the observation that for a solution
to the Navier-Stokes problem, low frequency components can be approximated well by a
relatively coarse grid and high frequency components can be computed on a fine grid by
some local and parallel procedure. One major technical tool for the analysis is some local
a priori error estimates that are also obtained in this paper for the finite element solutions
on general shape-regular grids.
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1. Introduction

In this paper, we will propose some new parallel techniques for finite element computations
of the stationary incompressible Navier-Stokes problem. These techniques are based on our
understanding of the local and global properties of a finite element solution to the Navier-Stokes
problem. Simply speaking, the global behavior of a solution is mostly governed by low frequency
components while the local behavior is mostly governed by high frequency components. The
main idea of our new algorithms is to use a coarse grid to approximate the low frequencies and
then to use a fine grid to correct the resulted residual (which contains mostly high frequencies)
by some local and parallel procedures. One technical tool for motivating this idea is the local
error estimate for finite element approximations. Let (wp, 7,) be a finite element approximation
to the linearized Navier-Stokes problem on a quasi-uniform grid 7" (), then the following kind
of local estimate holds (see Lemma 3.2):

lwnlli,p + lIrello,p < clllwnllo,oo + Irall-1,00 + 1111 -1,90), (1.1)
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where D CC Qg C 2, here D CC Qy means dist(0D \ 99, 9 \ 99) > 0.

This paper may be considered as a sequel of papers [7,23,24,25] on designing local and
parallel finite element algorithms. In [7,23,24,25], local and parallel algorithms for a class of
elliptic problems and the Stokes problem are studied, based on the local behaviors of finite
element approximations on sharp-regular grids.

The rest of the paper is organized as follows. In the coming section, some preliminary
materials and assumptions of mixed finite element spaces are provided. In section 3, a num-
ber of local a priori error estimates are obtained for the finite element discretization of the
Navier-Stokes problem. Based upon these local error estimates, several new local and parallel
algorithms are devised and analyzed in section 4.

2. Preliminaries

In this section, we shall describe some basic notations and assumptions on the mixed finite
element spaces and then study some properties of the mixed finite element approximation to
the Navier-Stokes problem.

Let 2 be a bounded domain in R%(d = 2, 3) assumed to have a Lipschitz-continuous bound-
ary 9€). We shall use the standard notation for Sobolev spaces W*P (), W*? ()% and their as-
sociated norms and seminorms, see e.g. [1,4]. For p = 2, we denote H*(Q2) = W*2(Q), H*(Q)¢ =
We2(Q)® and H(Q) = {v € HY(Q);v]sn = 0}, where v|gpo = 0 is in the sense of trace,
I lls.2 = lls,2.0 and |- |s,0 = | - |s,2,.0- In some places of this paper, || - ||2,q should be viewed as
piecewise defined if it is necessary. The space H~1(Q)", the dual of H} ()4, d=1,2,3, will also
be used. For D C G C Q, we use the notation D CC G to mean that dist(9D\ 092, dG\ ) > 0.

Throughout this paper, we shall use the letter ¢ ( with or without subscripts) to denote a
generic positive constant which may stand for different values at its different occurrences.

2.1. Mixed Finite Element Spaces

For generality, we will not concentrate on any specific mixed finite element space, rather we
shall study a class of mixed finite element spaces that satisfy certain assumptions. We shall
now describe such assumptions.

Assume that 7"(Q) = {7} is a mesh of  with mesh-size function h(z) whose value is the
diameter h, of the element 7 containing x. One basic assumption on the mesh is that it is not
exceedingly over-refined locally, namely

AQ. There exists v > 1 such that

h¢, < ch(z) Yz € Q, (2.1)
where hqo = max,cq h(x) is the largest mesh size of T"(Q2).

This is apparently a very mild assumption and most practical meshes should satisfy this
assumption. Sometimes, we will drop the subscript in hg to A for the mesh size on a domain
that is clear from the context.

Associated with a mesh T"(), let X, (Q2) C H(Q)?, My,(Q) C L?(Q2) be two finite element
subspaces on {2 and set

Xp(Q) = Xn(Q) N Hg ()7, MR(Q) = Ma(Q) N L§(Q),
where
L) = g € (@ | ado =0}
Given G C Qg C Q, we define (X, (G), My (G)) and T"(G) to be the restriction of (X, (2), My (Q))
and T"(Q) to G, and
X0 (G) = {v e Xp(Q)suppv CC G}, Mg(G) = {g € My(Q);suppg cC G}

We now state our basic assumptions on the mixed finite element spaces.
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Al. Approximation property. For each (u,p) € (H*1(G)¢, H*(G))(t > 1), then there
exists an approximation (m,u, ppp) € (Xi(G), My (G)) such that

(div(u — Whu), qh) =0 th S Mh(G) (2 2)
1R~ (u = mpu)flo,g + llu — mhullie < chgllullivs,e, 0<s<t, '

Ih=" (0 = prp)ll-1.¢ + lIp = prpllo.c) < chgllpllsc, 0 < s <t. (2.3)
A2. Inverse estimate property. For all (v, q) € (X,(G), M}, (G)), there holds
lvlie < cllh vllog, ldlloc < clh™qll-1c- (2.4)

A3. Superapproximation property. Let w € C§°(Q2) with supp w CC G. Then for any
(u,p) € (Xn(G), Mi(G)), there is (v,q) € (X2(G), M (G)) such that
[p~Hwu = v)lle < cllullig, 1R wp = d)lloe < clplloc- (2.5)
A4. Stability property. For D CC g, there are two positive constants 5 and hg such
that for all h € (0, ho], there is a subdomain G(= G},) : D CC G C y for which

N
Blalloc < sup \E¥9)
vEXQ(G) lvll1,c

Vg € MY(G). (2.6)

The approximation property Al is referred to [5] and inverse estimate property A2 is referred
to [23-25]. Many finite element spaces are known to have the superapproximation property, cf.
[3, 13-15,18,23-25]. When G = Q, Assumption A4 is the standard stability condition for the
Stokes finite elements. It will usually hold as long as Gy, is chosen to be a union of elements in
ThQ).

2.2. The Navier-Stokes Problem

In this subsection, we shall study some basic properties of the Navier-Stokes problem and its
mixed finite element approximation. First, we consider the following generalized Navier-Stokes
problem:

—vAu+ (u-V)u+Vp=f inQ, (2.7)

divu = ¢ in Q, (2.8)

u=0 on 99, (2.9)

where u = (u1,--- ,uq) is the velocity, p is the pressure, v > 0 is the viscosity, the functions f

and g are given.
In order to introduce a variational formulation, we set

((u,v)) = (Vu, Vo), a(u,v) = v((u,v)) Yu, ve HY(Q),
d(v,q) = (divv,q), ¥(v,q) € (H' (), L§(%)),

b(u,v,w) = ((u- V)v,w) + %((divu)v, w)
1

((u-V)v,w) — %((u Vw,v) Yu,v,w e HY(Q)L

It is well known that a(-, ), 2d(~, -) and b(-, -, -) satisfy the following properties (see [5,7,12]):
alvlli.q < alv,v) =vvli g, alu,v) < v|uholvie Yu,ve HY ()4, (2.10)
d(v,q) < dillullelldlloe ¥(v,q) € (H(Q)?,L*(Q)), (2.11)
b(u, v, w) = —b(u, w,v) Yu,v,w € H(Q)?, (2.12)
b(u, v, w)| < ctllulrellvlielwlie Yu,v,we H(Q), (2.13)

here o, d; are two positive constants. For given f € H=1(Q)? and g € L2((2), the variational
formulation of (2.7)-(2.9) reads: find a pair (u,p) € (HE ()%, LZ(2)) such that for all (v,q) €
(Hy ()7, L§()

a(u,v) + b(u, u,v) — d(v,p) + d(u,q) = (f,v) + (g, 9)- (2.14)
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Throughout this paper, we will assume that the linearized dual problem to (2.14) is W?2:2-
regular, 0 < h < hg, where hg is sufficiently small. Also, we assume that Assumptions AO,
Al — A4 and the sequel A5 hold.

Now, we consider the standard Galerkin finite element method for solving problem (2.14):
Find (uy, p.) € (X)(Q), M}(2)) such that

a(tp, 0) + b(ty, tp, v) = d(v, pu) + d(w, q) = (f,0) + (9, 9), (2.15)
for all (v,q) € (X2(Q), M()), where yu = h, H.
The following results on (uy, p,) are classical (see [5,8,16]).
Theorem 2.1. Assume that Q is C**'-smooth bounded domain in R® for t > 1 or a bounded
convex polygonal domain in R for t = 1, (u,p) is a nonsingular solution of problem (2.14).

Then, there exists a small hg > 0 such that for i € (0, hol, problem (2.15) has a unique solution
(uy,pu). Moreover, if (u,p) € (HL(Q)T N HL(Q), HY(Q) N LE(2)), we have the error bound:

v —upllio + llp = pullog < eu®(ulls+r.0 + lPlls,0), 1 < s <4, (2.16)

and
lupllie + lpulloo < c (2.17)

Furthermore, we need the W?22-regularity assumptions on the linearized dual problem of
problem (2.14).

A5. Regularity property. If € (0,ho] and (p, ¢) € (L%(Q0)¢, H'(Q0) N L2(Q)), the
linearized dual problem of (2.14): Find (®, V) € (H%(Q0)? N H (Q0)%, HY(Q0) N LE(Qp)) such
that for all (v,q) € (H(Q0)%, L3(Q)),

a(v, @) + buy, v, ®) + b(v, uy, @) + d(v, ¥) = d(®,q) = (¢, 0) + (4, 9), (2.18)
admits a unique solution (¥, ¥) satisfying (c.f., e.g. [5,8,16])
H(I)| 2,90 T ”\I]' 1,9 < C(HSDHQQO + H¢||17QO)' (219)

Moreover, a finite element scheme for solving problem (2.18) reads: Find ®,, € XS(QO), v, €
M) () such that for all (v, q) € (X(Q0), M (Q0)),
CL(’U, (I),u) + b(u,ua 1}, (I),LL) + b(l}, u,u.? (I),u) + d(’U, \IJ,LL) - d((I),uv Q) = (907 ’U) + (¢a q)7 (220)

where pr = h,H. It is shown that there is a unique solution (®,,¥,) satisfying the above
equation and

12 = Pplli00 + ¥ = Wullo,oy < culllelloo, + 19l1.00); (2.21)

H(I)M| 1,9 + ”\I]M' 0,20 < C(HSDHQQO + ||¢| 1,90)' (222)

Throughout this paper, we will assume that h < H < hg and Assumptions A0 — A5 hold.
Now, by applying the Aubin-Nitsche duality argument in [2,5] one can easily prove the
following error estimates.
Theorem 2.2. Under the assumptions of Theorem 2.1, for all h € (0, ho], there holds

v —wunllo+ [|p = prll-1,2 < ch(lu —unll1,0 + [[p — prlloe)

<ch(Jullstro + lpllse), 0<s <t (2.23)
Proof. We will apply the Aubin-Nitsche duality argument to prove (2.23). For (¢, ¢) €
(L2(Q)4, HY(Q) N L3(Q)), there exists (®, V) € (HL(Q)?, LE(2)) satisfying (2.18)-(2.19) with
= h,Qo = Q. Moreover, let (P, ¥,) € (X (), MP(Q)) be the finite element approximation

of (@, ¥), then (2.20)-(2.22) hold with p = h and Qo = Q.

Now, we obtain from (2.14) and (2.15) that
a(u — up, ®p) + b(u — up, up, Pp) + blup, v — up, ®p) + blu — up, u — up, Pp)

+d(u—up, V) — d(®p, p—pr) =0, (2.24)
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which together with (2.18) yields
(p,u—up) + (6,0 — pr) = alu — up, ® — Pp) + b(u — up, up, ® — )
+ b(up, v — up, ® — Pp) + b(u — up, u — up, —Pp)
+du—up, ¥ —U) —d(®— P, p— pp). (2.25)
Thanks to (2.10)-(2.13), (2.16)-(2.17), (2.21) and (2.22), we have
la(u — up, ® — Pp)
[b(u — up, up, ® — @p)
)
)

16

< alllello.e+ lI4lh.0),
+ [b(un, u —uh,fb—@h)l < Ch|\u—uh||1ﬂ(||80||osz+ [6ll1,2),
<

cllu—unlli oll®nllie < chllu — unlliallelloo + o)),

2.
|
|
[b(uw — up, u — up, Pp)|
|

|d(u — uh,\If \Ifh

+ [d(® — @, p — pn)

< di([|® — Pull1,0llp — prlloo + lu — unlliol ¥ — Prlloq)
< ch([lu —un10 + lp = pullo.o)(lello.q + [[9ll1,0),
which together with (2.24) yields

v —unllo,0 + [[p — prl-1.0 < cha(llu — urll1,0 + [[p — Prllo,0)-
Finally we obtain (2.23) from Theorem 2.1.

3. Local a Priori Error Estimates

In this section, we shall present some local a priori finite element error estimates for the
Navier-Stokes problem on general shape regular grids. The results presented here generalize lo-
cal a priori error estimates for the linear problem known in the literature (c.f. [3,7,13-15,23-25]),
which will play a crucial role in our analysis. Although these general estimates are theoretically
interesting in their own right, our main motivation is to use them to devise and analyze some
new local and parallel algorithms to be presented in the following sections.

First, we need the following technical result, which can be derived from Lemma 3.1 in Xu
and Zhou [24].

Lemma 3.1. Let w € C3°(§2) such that suppw CC Qo. Then

lowllf o < ca(w, w?w) +c|w||f o, Ywe Hy(), (3.1)
We shall now present a local a priori estimate for finite element approximation for the
Navier-Stokes problem, which will play a crucial role in our analysis. This type of estimates is
an extension of the results in [3,7,23,24].
Lemma 3.2. Suppose that f € H=*(Q)%, 0 < u < ho. If (w,r) € (XP(Q), MP(Q)) satisfies
that for all (v,q) € (X§(Q0), M§(Q0)),
a(wa 1)) + b(u,uv w, U) + b(wa U,y 1)) - d(’U, T) + d(wv Q) = (fv U)v (32)
then for D CC Qg C Q,

lwll1,p +[I7llo.p < ¢(

[wllo.o + lIrll-1.00 + £l -1.2); (3-3)
where = h, H.
Proof. Let s be an integral such that s > max{2y — 1,y + 1}, D; and Q;(j = 1,2---,9)
satisfy
DiccDycc---ccD;cc---cc D, cc Qs,
Q, CC Q1 CC---CCQj--- CC O CC Q.
Choose G C Q satisfying D CC G CC D; and w € C§°(Q) such that w = 1 on G and

supp w CC Dj.

Note that
d

wrdzllo,p, < ¢ sup (gb,wr) <c sup M

|D1] Jp, $EX?(Ds) Tole
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while for 1 € X2 (Q),
d(¢a LUT) = (Wle ¢a T) = d(W(b, T) - (¢vw7 T)
=d(w¢ — 1, 7) + a(w, ) + b(uy, w, ) + b(w, uy, ¥) — (f,9) — (#Vw, 7).
Choose 1) € X['(D;) such that
lwd = ¥ll1,p, < chaylldll1,

then
[¥ll1,0, < elha,l16ll1,00 + [[wll1,p,) < cllBll1,0,
|d(we — ¥, 7)| < chag|7]lo,p, |9]]1,0;
la(w, V)| + |(f, )+ [(g,7)| < c(lwll1,p, + 1 fll-1,0:)18][1,0;
1b(wp, w, )| + [b(w, wu, )| < cl|wlly,p, [|9ll1,0,
[(@Vw, )| < cf|r[-1,0, 18]]1,0,
and
(¢, wr)| < c(ha,lléllellrllo,p, + ([wll1,p, + [[rll-1,0, + I fl-1,00)[[¢]l1,0)-
Namely,
f|wr — ﬁ /D1 wrdzllo,p, < c(ha,llrllo,p, + [lwlli,p, + [I7|-1,0, + [ fll-1,9);
or
[7llo,p < e(hay,llrllo,p, + lwll1,p, + I7][=1,p, + I fl|=1,02)
where

1
I /D wrdzljo.p, < ellrll-1.01,
1

is used. Similarly, we have

I7llo,p; 1 < clhaylrllo,p; + l|wll1,p, + 71,0, + | fll-1.00),8 = 1,2+ ;5 =1,
where Dy = D. Thus

Irllo.p < e(hgyy Irllo,p.—y + lwllp._y + Irll-1.y + 1 fll-1.0)

<clrll-1,0. -y + llwlls,p, s + [f1l-1,00)

and
[rllo.p, < e(lrll-10. + lwlie. + [ fll-1.00)- (3.5)
On the other hand, there exists (v, q) € (X (D1), M#(D1)) such that
[w?w — vl|1,p, < chayllwli,p,, |lw*r —dqllo,p, < chayllrllo,p,
which imply
a(w,w’w —v) < cha, vt p,.

jd(v — w?w, )| + [d(w, w*r — q)] < challwllr.p,lIllo.p,

[(F; o)l < I ll-1pulloll, oy < ellfll-1,00 (haollwllh,p, + lwwll,),
and for some ¢ € (0,1),
1b(wy0, w, v)| = [b(up, w, v — Ww) + bluy, w,w

1
cha, llwll? p, + B ‘/ﬂ(u# V)w - (Ww)dr — /Q(u# V) (w?w) - wdz

“w)]

IN

CthHw||17D1 +

/(uu - V)w - wlw|?dzx
Q

chay Wl p, + eluullzs lwrw] Lallw]o,.0

IN

chag l|lupll1,00 lww|l1allwlo.q,

IN A

cha, Wl p, + elwwl o + ez~ Hwll§ gy,

[b(w, wy, )| < chay Wi p, + ellwwllf o + e |w]lf o,
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Note that
d(w?w,r) = d(w,w?r) + QwwVw,r) = d(w,w?r — q) + (2wwVw,r)
< choyl|wll1,p, |70,y + cllwwll,p, [[7]] 1.0,
we have, from Lemma 3.1, that
cHwwl? g < alw,w?w) + ||[w][§ o,
a(w,w?w = 0) + d(w, ) + (f,0) + [0l gy — bt 0,0) = b(w, 1,0)

= CL(U},(.U2’LU - 1)) + d(w2w7 T) + d(v - (.«)211}, T) + (fv ’U) =+ ||w||(%,520

- b(u#a w, 1}) - b(w7 Uy, ’U)
< chay(|wllf p, + llwlls,p, I7]l0,p,) + el +e™Hwllf o) + cellow]?q

+ c(llwwls, py 7l -1,0, + €l fll-1,00 (ha [w]l1, D, + lww]l1.0)-

Thus

1/2
lwwli,a < elhg, (lwll,p, + I7lo.0,) + lwllo.go + 7] -1,00 + 1 -1,00);

which together with (3.5) leads to

1/2
lwllp < e(hgg*lwllve. + lwlo.gn + 7] -1.00 + £ -1.00):

Similarly,
1/2 .
[wll1,0; < C(hﬂ/o w10, + lwllo0, + 7l -1,.00 + I fll-1.02,), j=1,2--,s.
Hence
+1)/2
lwllp < clhés 2 lwllraq + lwlog, + 7l —1.ao + [ £ll-1.0).
namely
lwlli,p < c(lwllo.q + [I71-1.020 + I Fll-1.9)- (3.6)

Combining (3.5) and a similar estimate
lwlhe, < c(llwllogo + 117 -1.90 + 1 Fll-1,00);
we obtain
I7llo,.p < lIrllo,p, < ellwllo,eo + [I7ll-1.00 + [1fll-1.20),

which together (3.6) completes the proof.

4. New Local and Parallel Algorithms

In this section we shall present some new local and parallel finite element algorithms for the
Navier-Stokes problem with g = 0. These algorithms are motivated by the local error estimates
studied in the previous section. First, we shall discuss the local algorithms. The generalization
of the local algorithms to parallel algorithms is straightforward.

For clarity, let Q be a polygonal domain or polyhedral domain and X,(Q) ¢ H*(Q)¢, Mp(Q)
C L?(Q) be two finite element subspaces satisfying the assumptions A1 — A4 associated with
a grid Th(Q) satisfying the assumption A0. Let (up,ppn) € (XD (), M2(2)) be the standard
finite element solution of the Navier-Stokes problem:

a(up,v) + b(up, un,v) — d(v,pn) + d(un, q) = (f,v) Y(v,q) € (X}g(Q)v M}?(Q)) (4.1)
Either locally or globally, with proper regularity assumption, we have the following error esti-
mate:

lu—unli0+[Ip—prlloo <ch®1<s <t (4.2)

With this type of error estimates in mind, in the rest of this section, we will only compare
the approximate solutions from our new algorithms with (up,pr) instead of the exact solution
(u, ).
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4.1. Local Algorithms

The local algorithms we shall now present can be used to obtain approximate solution
on a given subdomain mostly by local computation. The main idea is that the more global
component of a finite element solution may be obtained by a relatively coarser grid and, the
rest of the computation can then be localized.

Roughly speaking, our new algorithms will be based on sometimes one coarse grid of size
H and one fine grid of size h < H, and sometimes on a grid that is fine in a subdomain and
coarse on the rest of the domain.

The fine grid may be only defined locally. In our analysis, we shall use an auxiliary fine
grid, say T"(Q), that is globally defined. One basic assumption for this auxiliary fine grid is
that it should coincide with the local fine grid in the subdomain of interest.

Let TH(Q) be a shape-regular coarse grid of size H > h which satisfies A0, so that the
highly locally refined mesh 7" () can be obtained, where € is a slightly larger subdomain
containing a subdomain D C € (namely D CC Qg). More precisely, we let TH:"(Q) denote
a locally refined shape-regular mesh that may be viewed as being obtained by refining T (Q)
locally around the subdomain D in such a way that T"(Qq) = T"(Qo).

We are interested in obtaining the approximation solution in the given subdomain D with
an accuracy comparable to that from 7" (2). We shall propose two different gridding strategies
for obtaining finite element approximations on the subdomain D. We denote the corresponding
finite element spaces by X ,(Q2) C Hj (Q)d,MIO{)h(Q) C L3(9), which satisfies assumptions
Al — A4.

4.1.1. Implicity Approach

The first stragey is simply to solve a standard finite element solution in (X , (), Mg, ,(2)).
Algorithm A.0. Find (u},ply) € (X§,(Q), MY, (Q)) such that

a(u};lv U) + b(u}}iv u}ﬁ, v) — d(’l),p}}{) + d(u}}iu Q) = (f, U)v (4'3)
Jor all (v,q) € (XY (), MY, ().

Strictly speaking, this algorithm is still a global algorithm as a global problem is solved.
But it is designed to obtain a local approximation in the subdomain D and it makes use of a
mesh that is much coarse away from D.

Theorem 4.1. Assume that (ufy,ply) € (X3, (Q), M}y, (Q)) is obtained by Algorithm A.0.
Then

un = wllio + Ipn — Pl llo.p < cH* P (Jullssr.0 + Iplls0), 1<s <t (4.4)

Proof. By the definition of Algorithm A.0 and our assumption on the auxiliary grid T"(£2)
that coincide with TH"(Q) on Q, we deduce from (4.1) and (4.3) that

a(uly —up,v) + b(uy — up, un, v) + blun, uly — up,v)
—d(v,ply — pr) + d(uly —un,q) = =b(ufy —un, ulfy — up,v).
for all (v,q) € (X(Q0), M{(Q0)). By Lemma 3.2 and (2.13), we get
l[un — U}}{HLD + llpn — p}ﬁHO,D

< e(|lun — wllo.eo + lIpn — Plll-1.00 + lun — vy 3 o)

< c(llu—unllog + llu—uflloe + llu—unli o + llu - uf i o)

+elllplr = pll-1,0 + llpn = pll-1.9),
which together with Theorem 2.1 and Theorem 2.2 finishes the proof.

4.1.2. Explicity Approach

Our second strategy is in a way an improvement of the first strategy . In this strategy,
we first solve a global problem only on the given coarse grid T (£2) and we then correct the
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residual locally on the fine mesh T"(Qq). If we correct the residual globally on the fine mesh
Th(S2), then we deduce the two-level finite element method for the Navier-Stokes equations.
For some details of the two-level finite element, the reader can refer to Xu [21, 22] and Layton
[9, 10, 11, 12]. Moreover, for some details of the two-level finite element for the time-dependent
Navier-Stokes equations, the reader can refer to He [6].

Let (Xp(Q), M () C (HE(Q)4, LE(Q)) be the finite element space pair on TH () satis-
fying assumptions A0 — A4. A prototype of our new local algorithms is as follows.
Algorithm B.0. 1. Find a global coarse grid solution (um,pm) € (X% (Q), MY (Q)):

a(ug,v) + bug, ug,v) = d(v,pr) + d(um, q) = (f,v) Y(v,q) € (X5(Q), My ().
2. Find a local fine grid correction (en,mn) € (X3 (Q0), MP(0)):
alen, v) + b(um, en,v) + b(en, upm,v) — d(v,nn) + d(en, q)
= (f,v) = a(um,v) = b(um, up,v) + d(v,prr) — d(um, q) ¥(v,q) € (X3 (Q0), My (Q))-

3.Update: u" = upg + en,p" = py + nn in Q.
Theorem 4.2. Assume that (u”,p") € (X, (Q0), Mp(Q0)) is obtained by Algorithm B.0. Then

lun, — u"|l1,0 + o — p"llo.p < c(lun — umlloe + lpn — Prl-1.0)
+ cH([lun — unllr.o + [[Pn — pHllo.2))
< B (ullgsr + Iplla), 1<s<t, (4.5)
Consequently
Ju= o+ o= p*llo.p < (b + H ) (ullorra+ Iploa), 1<t (46)
Proof. First of all, we derive from Algorithm B.0 and problem (4.1) that

alup —u, v) + b(up — v, ug, v) 4+ blug, u" — ug, ug,v)

—d(v,pn, — ") + d(u, —u", q) + b(up, — wpr, up — up,v) =0,
for all (v,q) € (X£(Q0), M{(Q0)). Thus, Lemma 3.2 and (2.13) imply
lur, = w"l1,p + llpn = 2" lo.0 < c(llun = u* o, + lon — D" [|-1.00 + llun — unllf ,)
< c(llun — v o, + lpn — pall-1.00 + llun —ug|? o)
+ cllenllo.go + lnnll-1,00)- (4.7)

From Assumption A5, for (¢,¢) € (L2(Q0)?, HY(Q0) N L3(£)), there exists (w,r) €
(H2(20)4 0 HY(Q0)2, HY(Q0) N L3(Qp)) such that
{ a(v,w) + blug,v,w)+bv,ug,w)+d(v,t) —d(w,q)
= (p,v) +(d,0) Y(v,q) € (H(Q0)?, L§()),
and

Hw”2790 + ||T‘| 1,Q0 < C(HSDHQQO + ||¢| 1,90)'
Let (wy., ) € (X1 (Q0), M)(€)) be the finite element approximation of (w,r):
a(v,w—wy,) + blug,v,w —wy) + b(v,up, w —w,)
+d(v,r —ry) —d(w —wu,q) =0 Y(v,q) € (X} (), M) (Q)),
where = h or H. Then
lw —wuli0, + 7 = rullo, < culll@llono + llDll1.00)- (4.8)
Note that
a(efu U) + b(eh7 UH, U) + b(UH, €h, U) - d(U7 77h) + d(ehu Q)
= a(up —ug,v) + blup, —ug,up,v)
+ b(umg,un —ug,v) + blup, — ug,up —ug,v)
- d(vaph - pH) + d(Uh —UH, Q) V(U7 Q) S (X}?(QO)7 M}?(QO))u
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and
a(up —ug,wy) +b(up — g, ug, wy) + blug, up — ug, W)
+ b(up, —ug,up —umg,wy) — dlwg, pr, —pu) + d(up, —ug,rg) =0,
we have
(¢, en) + (¢,nn) = alen, w) + b(um, en, w) + blen, um, w) + d(en, r) — d(w,nn)

= alen, wn) + b(um, en, wn) + b(en, um, wn) + d(en, rn) — d(wn, k)
= a(up, —ug,wp) + blup — wg, wm,wp) + b(ug, up — up, wy)
+b(up — um,un —ug, wn) — d(wp, pp — pE) + d(un — wg,Th)

and hence

(¢, en) + (0,mm) = alun — um, wn — w) +b(up — wpr, up, wy — w)
+b(ug, up — ug, wn, —w) + b(up — up, up — U, W — W)
—d(wp —w,pp — pr) +d(up —up,rp —7)
+alup, —ug,w—wg) + blup, —ug,ug, w —wg) + blug, up — ug,w —wp)
+b(un — up, up — ug,w —wy) — d(w —wy,pr — pu) + d(up —up, T —TH).
Therefore we obtain from (2.10)-(2.13) and (4.8) that
[(p,en) + (0. mn)| < cH([lun — unllr0 + [lpn — palloo)([¢llo.g + (4]

1,90)7 (49)
or

lenllo.co + [1mnll-1.00 < cH(llun — ur Lo + P — prllo.),
which together with (4.2) and (4.7) finishes the proof.

4.2. New Parallel Algorithms Based on Local Algorithms

The parallel algorithms we shall present here naturally obtained from the local algorithms
that we studied above. Given an initial coarse triangulation T (), let us first divide €2 into
a number of disjoint subdomains D1, -, D,,, then enlarge each D; to obtain ); that align
with TH(Q). The basic idea of our parallel algorithm is very simple: we just apply the local
algorithms in parallel in all €;’s.

Let us first discuss the parallel version of Algorithm A0. For each j, we use some adaptive
process to obtain a shape-regular mesh T;(£2) and the corresponding finite element solution
denoted by (u;,p;). We note that each T;(€2) has a substantially finer mesh inside ;. We note
that all T;(12) are different triangulations for {2 and they can very arbitrary; but for simplicity of
exposition, we assume each T;(£2) has the same size h in ; (more precisely, T;(Q;) = T"(;))
and has the size H away from Q;. Let X, () C H§ ()%, My, () C L3(€2) be the corresponding
finite element spaces satisfying assumptions A1 — A4.

Algorithm A.1.
1. Find (uj,p;) € (X,?j (Q),M,?j ()G =1,2,---,m) in parallel:
a(uj, v) + b(”j? Uy, v) — d(U,pj) +d(u;,q) = (f,v) Y(v,q) € (X}g] (€), M}?j ().
2. Set (u",p") = (uj,p;) in D;j(j =1,2,--- ,m).

Define a piecewise norm

m
lun = w"(ll0 = O llun — w135,
Jj=1

m
h h
lpn = p"llo. = O llpn = #"1I5.0,)"*.
j=1

By Theorem 4.1, we have
= w"|lle + e = P"llo.0 < cH ™ (Jullsr.a + Iplls), 1<s <t
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Consequently,
llu—u"lr0+lllp =" llo0 < e(h® + H ) (Jullsrr0 + [pllso), 1<s <t (4.10)
We now discuss the parallel versions of Algorithm B.0, although there are many possibilities
for the generalization. For clarity, it appears to be most convenient to discuss these using two
globally defined grids: an initial coarse grid 77 (Q2) and a refined (from TH(Q)) grid T"(Q)
that satisfies h < H.
Algorithm B.1.
1. Find a global coarse grid solution (um,pm) € (X%(Q), M%(Q)):
(I(’LLH, U) + b(UH, UH, U) - d('UaPH) + d(’LLH, q) = (f7 U) V(’U, q) € (XIOJ(Q)7 MIO-I(Q))
2. Find local fine grid corrections (e, 1) € (X2(), MY(Q;))(j = 1,--- ,m) in parallel:
a(efl, v) + b(up, efl, v) + b(efl, ul,v) — d(v, 77%) + d(efl, q)
= (f,v) — alup, v) = b(up, wi,v) + d(v,pr) — d(um, q) V(v q) € (Xp(2;), My (€;)).
3. Set (uhaph) = (qupH) + (egpni)a in DJ(] = 15 27 e 7m)'
By Theorem 4.2, for this algorithm, we apparently have the following error result.
Theorem 4.3. Assume that (u",p") is the solution obtained by Algorithm B.1. Then
lfun = u"[[[10 + 1o = "lllo,0 < cH([lun — un]
< cH " ([[ulls1.0 + lIp]

1o+ |lpn — pall0,0)
s0), 1<s<t, (4.11)

and
=0 + P - P lloe < e(h® + H ) (Jullosro + Iplog), 1<s<t  (412)
Proof. Note that
[[un — Uh||1,Dj + llpn — ph”o,Dj
< c(lun —unllon, + lpr — prll-1,0, + H([|un — un]
< cH(|lun —unlia+ lpn — prllo.q),
the desired result follows.

1.9; + lpn = prlloe,))
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