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Abstract

Regular assumption of finite element meshes is a basic condition of most analysis of
finite element approximations both for conventional conforming elements and nonconform-
ing elements. The aim of this paper is to present a novel approach of dealing with the
approximation of a four-degree nonconforming finite element for the second order elliptic
problems on the anisotropic meshes. The optimal error estimates of energy norm and L>-
norm without the regular assumption or quasi-uniform assumption are obtained based on
some new special features of this element discovered herein. Numerical results are given
to demonstrate validity of our theoretical analysis.

Mathematics subject classification: 656N30,656N15.
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1. Introduction

It is well known that Carey’s element [1] is a very famous four-degree triangle nonconforming
membrane element. Numerous studies have been advocated to its convergence analysis (see
[2],[3] and [4] for details). However, one of the drawbacks of the analysis of convergence of
above studies is that the regular assumption of the finite element meshes should be satisfied
, i.e. there exists a constant C' > 0, such that for all element K, hg/px < C, where hg
and px are the diameter of K and the biggest circle contained in K respectively. Therefore,
this restriction limits the applications of many elements of practical problems. In practice, the
solution of elliptic boundary problem may have anisotropic behavior in parts of the domain,
i.e. it varies significantly only in certain direction. In such cases it is an obvious idea to reflect
this anisotropy in the discretization by using anisotropic meshes with small mesh size in the
direction of rapid variation of solution and a larger mesh size in the perpendicular direction.

In recent years, some researchers have been interested in the study of theoretical analysis
and computations without the above regular assumption, i.e. anisotropic behavior, and paid
more attention to the interpolation error estimate of conforming Lagrange type elements [5,6,10]
and nonconforming C-R type element [7] with narrow edges or having anisotropic properties. In
these cases, the key problem is that the usual Sobolev theories (for example, Hilbert-Bramble
Lemma) can not be used directly. An example is given in [7].

In this paper, we focus on the study of convergence analysis of Carey’s element with the
narrow edges or anisotropic properties. The optimal error estimates are obtained by using
Lagrange interpolation results for conforming elements and some new properties discovered
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herein. The results and the approach of this paper are also valid for some other elements, such
as the Wilson element [4], the arbitrary quadrilateral quasi-Wilson element [8,9] and five-node
element [12] and so on . At the same time, we also present some computational results which
demonstrate the validity and coincidence of our theoretical analysis very well.

2. Carey’s Element and Some Lemmas

Let K be a triangle with vertices p; = (x;,¥:),1 <4 <3, and \; be the area coordinate
corresponding to the vertices p;, €; = pitiPite, (1 = 1,2,3,mo0d(3)) be the three sides. Let S
denote the area of the triangle K and set the following remarks

§1 =12 — 13, &2 =x3— 1, &3 =11 — T2,
m=Y2 —Ys3, NN2=1Y3— Y1, n3 =Y — Y2,
G+ni=0 C=0+6+04

Then, the shape function on element K may be found by

3
U= Z ui\; + t(u)gp, (1)

where
© = A1A2 + A2 A3 + Az, (2)

and u; denotes the functional value of u at the vertex p; (i=1,2,3) of K respectively, and the
parameter ¢(u) is taken as

t(u) = %ts"/KAudxdy. (3)

Obviously, this element is a nonconforming membrane element and it is continuous at each
vertex of the element K. Let

T = w1\ + ugde +ugs, u' =t(u)p. (4)

Then, v = % + u' , ie. @ and u! are the conforming part and nonconforming part of u
respectively.

Let  be the polygonal domain, .J, be a family of decomposition of Q with Q = |J K,

KeJy

and diam(K) < h ¥ K € Jy,. For a given element K € .J,, let p1ps be the longest edge of K.
Then we denote hy = hy g = meas(pips) its length and by hy = hok = % the thickness of
K perpendicularly to pips. We assume that the element satisfies the maximum angle condition
and a coordinate system condition [11], but it is not necessary to satisfy the regular assumption
or quasi-uniform assumptions on meshes [4]. Let Fx be an affine mapping from Kto K
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Let V}, be the associated Carey’s finite element space.
Vi={v:vlg =00Fg', © € Pk, v(a) =0, V node a € 90 },

where Px = span{\1, A2, A3, ¢} is the shape function space.
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Now, let us consider the following Poisson problem

—Au=f, in Q, (5)
ulp =0, on I'=0Q.

Let V = H}(Q) , then the weak form of (5) is

Findu eV, such that, (6)
a(u,v) = f(v), VoveV,

where

a(u,v) = /QVU-Vvdxdy, flw) = /vadxdy.

The approximation of (6) reads as follows

Find up, € Vy, such that, (7)
ah(uh,vh) = f(vh), A v € Vh,
where
n(tn,vp) Z / Vu - Vudzdy.
KeJdy,
Define || - ||l = ( X1+ %K)%, then it is easy to see that || - || is the norm over V}, . By

K
Lax-Milgram theorem, (6) and (7) has an unique solution u and wuyp respectively. In order to
estimate ||u — up||n and ||u — upllo , we first prove the following very useful lemmas.
Lemma 1. ForV wy € Vp,,

ow},

1
/ %dgcdy
x Oy

Il
o
—~
o
~~

Proof. By (2) and (4),

U}}l = t(wh)@ = t(’wh)()\l)\g + A3 + )\3)\1).

So
I 52 Dw dzdy = fK ;\" %Aw dxdy
) [ [771()\2 +X3) + 721+ As) + 13(A1 + Ag)]dzdy (10)
— t(wh) 2A(771+772+773)
25 3
Similarly,

owy
—dzdy = 0, 11
/K dy ()
thus lemma 1 is proved.

Lemma 2. For Y wy € V},, there holds

Cllwalln, (12)
Chl|lwh | . (13)

o 1n

[wp o

IAIA
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Here and later C > 0 denotes a constant independent of hi /pr, ¥ K € J, and the function
under considered.

Proof. By the equalities (8) and (9) of lemma 1, since
can deduce that

ag”y" are two constants, we

Owy,
5 and

lwnlf = [ l(%52)? + (%)) dady
= [l(& @ +wh))? + (£ (@n + w}))?]dady
[(222)2 + (%)) dady + [ ( (2 )2 +(awh)]dxdy

ox

And using the definition of || - ||, we have
lwnllf, = ll@nll7 + w17
So, (12) follows.
To prove (13), we only need prove
[willo < Chllwy]ln-

We compute ||w} o and ||w}||n as follows

lwiplls =[x lwp[Pdady
= tz(wh fK (MA2 + Ao A3 + )\3)\1) dxdy
= t2(wp) fg[(AQAQ + A2 A3A2) 2003003 + A3As Ay 4+ A3 do)ldady  (15)
= tz(wh)(s3_0 =)
= t2(wh)_57
A [(%2 + (%8 2] dady

w

ELon) ([ (A2 + As) +12(As + A3) + n3(\ + Ao)]2dwdy

[ l€1(A2 4+ A3) + &A1 + A3) + & (A1 + A2))2dady)

:4(3;) (JrlmAn +m2A0 +n303)% + (&M + €2A0 + E3X3)? |dady (16)
L ([ D363 + 2363 + 2343

2)\1)\2(5152 + mn2) + 2X2A3(&283 + m2m3) + 2A3A1 (§3&1 + 3 )|dzdy)

— t? (wn)
- 485}’ 82

+

+

Thus,
wpll5 < Ch? [Jwp |7,

and (13) follows.

3. Estimates of ||u — uyl|, and ||ju — upl|o
Let v = (y1,72) be the multi-index, and |y| =1 + 72, DYv = %.

Theorem 1. Let u and uy, be the solution of (5) and (7) respectively, u € HE(Q) N H?(Q),
then, under the anisotropic meshes, we have the following estimates

|u—unln < Chlulzq, (17)
lu—urllo < Ch*|uls0. (18)
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Proof. By Strang second lemma [4], we have

. ap(u,wp) — f(w
Ju—unll < CCint u—on o+ sup @t L)y (19)

wneVi\{0} l[wn [
Let I1;,: H?(2) — V}, be the linear interpolation operator defined by
IIpu = ur A1 + us Ao + usAs.
Then by the similar argument of [5,6], the first term on the right hand of (19) can be estimated

as

inf |lu—vnlln < Ju—pullp < Chlulzq. (20)
hEVh

v

Now,we begin to estimate the second term on the right hand of (19), i.e. the consistency
error. This is the key point of our estimates.
Y wp €V, wp =wp+ w,ll, then, wy, € CO(Q) N H&(Q)

thus,

= lan(u, wn +wy) — f(wn +wy)|
= lan(u,wy) — f(wy)] (21)
< lan(u, wy)| + 1 f (w)]-

lan (u, wn) — f(wn)

Define the zero order operator Py as follows
~ 1 . ~ 1/ 72
Pyi=— | vdxdy, VieH (K)*, KeJp.
K| Jk
Let ¢ = Vu, from lemma 1, we get

/ Vw; drdy = 0,
K

hence,
lan(u,wp)| = | X [ Vu- Vwjddy|
KGJ}L
= | X [x(Vu—PyVu) Vw,dzdy|
KeJy
= | > fK(ﬁ_ Pyv) - Vwidmdyl (22)
KeJy
< X 8= PodlloxlIVwillo
Kedy, ) )
< (X NT=PRollg )2 X [IVwillg k)7
KeJy KelJy,
Since

1 1 .
Poyv = —/ vdxdy = —A/ vdzdy = Py,
K] Jx K| Ji
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we know that Py is affine-equivalent.

N o 2 2, K
|7~ Podllg i = 115~ Podll? ot
191 & 1it

1,K |K]| K|

Yo )12 K]

Iaz‘il"D U”oJA{‘K‘

> ([ h*°| Dt dudy)
|a]=1
Ch? 30 | D* (V)

|a]=1

IN

IN
Q
=
_
£
N
=

Using (14), we have

dwi dwr
IVwplls e = Ji[(F2)? + () ldwdy
whf? (24)

Substituting (23) and (24) into (22), we get

jan(u,wh)| < Ch( 3 Ju3 )2 (3 |wnl}x)?
KeJy, KeJ, (25)
< Chlulz,allwnl|n.
Using (13) yields
|f (wp)] | Jo(=Auw)wydzdy]

| = Aullo,allws llo (26)
Chlulz allwn||n-

INIA I

Substituting (25) and (26) into (21), we obtain
lan (u, wn) — f(wn)| < Chlulz,allwn|a-
Therefore the consistency error term can be estimated as

sup |ah(u,wh)—f(wh)| < Ch|U|2,Q- (27)

wneVi l|lwnlln

Thus substituting (20) and (27) into (19) follows (17). Applying Aubin-Nitsche duality argu-
ment ( refer to [4] ) yields (18), the proof of this theorem is completed.

Remark 1. The approach proposed in this paper is novel and is very different from the analysis
of C-R element on anisotropic meshes of [7].

Remark 2. It has been shown in [8,9,13] that of any vy, € V}, for quasi-Wilson arbitrary
quadrilateral element or Wilson rectangular element, both lemma 1 and lemma 2 are satisfied
and thus the above results are valid for these elements.

Remark 3. It has been proved in [8,9] that for any v, € V}, of quasi-Wilson element, there
holds,

ow} ow}
/ wydxzdy =0, / a1 (z, y)a—hdﬁﬂdy =0, / a1 (z, y)a—hdﬁﬂdy =0 (28)
K K T K Y

where ¢1(x,y) € Py (the set of all linear polynomials on K). At the same time, we have obtained
the super-convergence property of consistency error, that is, when the exact solution of (6)
u € H3(Q) N HE(Q), then the consistency error is of the order O(h?), which is one order higher
than that of Wilson element. But now we find that (28) does not hold for Carey’s element
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and therefore the super-convergence analysis of it on anisotropic meshes is certainly a great
challenge.

4. Numerical Examples

In order to investigate the numerical behavior of anisotropic Carey’s element, we still
consider the second order problem (5) with f(z,y) = 4 — 222 — 2y? € L?(Q), and Q =
(—=1,1) x (=1,1). It can be verified that the exact solution of problem (5) is u(x,y) =
(1—22)(1—y?). Denote the triangulation of Q as Jj,, h = max hi,p= max pK, hx = diam(K),

eJp €Jn
px = max diam(M), and M is an arbitrary circle contained in K. Define the norm |Ju — up||o

and ||u — up||n as follows:

1

[lw — upllo = ( Z llu — up| (2J,K)2
KedJdy

1

lw —up|ln = ( Z |u — Uh|iK)2
KeJy

where v and uy, are the exact solution and the Carey’s element solution of problem (5) and (7)
respectively.

We consider the above three triangulation types of Q: mesh 1, mesh 2, and mesh 3 ( see
Figure 4.1, Figure 4.2 and Figure 4.3 ).

To obtain mesh 1, we subdivide the boundary of € into m and n equal intervals along
the x — axis and y — axis respectively, and then triangulate the rectangular with diagonal
parallel lines. For mesh 2, the subdivision along the y — axis is as same as mesh 1, but (m + 1)

M)(z =1,2,---,m+ 1) are taken along the z — axis. And as for mesh 3, we

points cos(~—-

take (m + 1) points cos((m’L+i)’T)(i =1,2,--- ,m+ 1) along the y — axis and (n + 1) points
sin(wxj =1,2,---,m+ 1) along the y — axis respectively.

For mesh 1, h/p ~ m/n, we carry out the numerical computing with respect to the mesh
with 7% =10 and * = 20 respectively. The numerical results are listed in Table 4.1 and Table
4.2. Herein, a denotes the convergence order.

Table 4.1

nxm [lu — unrllo e lu — unlln a
2 x20 | 1.9960394275 / 3.1130196548 /

4 x40 | 0.4897561470 | 2.020047131 | 1.5577242956 | 0.9988747754
8 x 80 0.1219088342 | 2.0062609245 | 0.7797570461 | 0.9983433215
16 x 160 | 0.0304447136 | 2.0015390292 | 0.3900143110 | 0.9994976217
32 x 320 | 0.0076091568 | 2.0003832442 | 0.1950248846 | 0.9998688432
Table 4.2

nxm llu —unlo @ llw — unln @

2 x40 | 1.9974853754 / 3.1108349141 /

4 x 80 0.4903037853 | 2.0264371357 | 1.5566062993 | 0.9988977353
8 x 160 | 0.1220588906 | 2.0060985169 | 0.7791902179 | 0.9983566298
16 x 320 | 0.0304830769 | 2.0014969448 | 0.3897297498 | 0.999501503
32 x 640 | 0.0076188012 | 2.0003726168 | 0.1948824551 | 0.9998698497
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Figure 4.1 : nmesh 1
9 Figure 4.2 : nesh 2

Figure 4.3 : nmesh 3

From the above two tables, we can see that the error between u and uy, is indeed independent
of hi/pk. It means that we can get the same order of error estimates whether the subdivision
satisfies the regular assumption or not.

We take 7 = 20 for mesh 2; and 7+ = 20, * = 40 for mesh 3. The results are listed in the
following Table 4.3-Table 4.5 respectively.
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Table 4.3
nxm | max(hk/pK) [lw — wunllo ! lw — un||n e
2 x 40 324.394506 1.9973710247 / 3.1112169145 /
4 x 80 648.538915 0.4902484469 2.02652 1.5567211777 | 0.99896945
8 x 160 1296.952848 | 0.1220435313 2.00612 0.7792379074 0.9983748
16 x 320 | 2593.843135 | 0.0304791456 2.0015 0.3897523661 | 0.999506087
32 x 640 | 5187.655019 | 0.0076178127 | 2.00037374 | 0.1948936094 | 0.999870996
Table 4.4
nxm | max(hk/pK) [lu — unllo a lu — unlln a
4 x 80 917.172529 0.9667297974 / 2.0299411894 /
8 x 160 1985.289424 | 0.2550953155 1.922076304 1.0471878693 0.9549176
16 x 320 | 4048.269539 | 0.0645291267 1.983013999 0.5273885898 | 0.9895820266
32 x 640 | 8135.665760 | 0.0161800230 | 1.99573684224 | 0.2641668114 | 0.997417133
Table 4.5
nxm | max(hk/pK) [lu — unllo a llu — un|ln e
2 x 80 1297.072830 1.9978186102 / 3.1103841296 /
4 x 160 2593.905636 0.4904269107 2.023155511 1.5563553786 | 0.9989212396
8 x 320 5987.686269 | 0.12209257477 2.00606268 0.7790603672 | 0.9983644952
16 x 640 | 10375.310038 | 0.0341916872 | 2.0014875770 | 0.3896642317 | 0.9995036142
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We note that for mesh 2 and mesh 3, Il(na}({h Kk /pr} increases rapidly with the increase of
€Jn
the element number. In particular, Ir{na;c{h K /pK} increases sharply for mesh 3. Hence, both
€Jn

the condition of regularity and quasi-uniform can not be satisfied. Nevertheless, the error order
a of ||u—wupllo and ||u — upl|p approach to 2 and 1 respectively, which is as same as the result
obtained under the regular condition.

From the above numerical results, we can also conclude that Carey’s element is reliable and
very stable with respect to the increasing of anisotropy of the meshes. The error between u and
uy, is really independent of hi /pr, VK € Jp,, which coincides with the theoretical analysis of
this paper. Besides, we find another very interesting fact, i.e, the Carey’s finite element solution
approaches to the exact solution more exactly with the increasing of anisotropy of meshes (see
Table 4.5). Thus, it is of importance of using anisotropic Carey’s element to deal with the
second order elliptic problems.
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