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Abstract. In the numerical verification method of solutions for nonlinear fourth order
elliptic equations, it is important to find a constant in the constructive a priori and a
posteriori error estimates for the finite element approximation of bi-harmonic problems.
We show these procedures by verified computational techniques using the Hermite spline
functions for two dimensional rectangular domain. Several numerical examples which

confirm the actual effectiveness of the method are presented.

AMS Subject Classification 65N15, 656N30

139



1 Introduction

In this paper, we consider the guaranteed error bounds of the finite element approxima-
tions for the following equation:

Ay = f in €,
u = Odyuu = 0 on 09, (1.1)

where f € L*(Q) with a rectangular domain Q in R?, and d,u denotes the outer normal
derivative of u.

1.1 Notations

In the below, setting © := (0,1)? for simplicity, we denote the L? inner product on by
(+,+)z2 and the norm by || - ||z2. We also denote the usual k-th order L? Sobolev space on
Q by H*(Q) for any positive integer k as well as the space H2(Q2) by

Hi(Q) :={ve H*Q): v=20,v=00n00}.

Let S, C H3(Q), n = dimS}, be a finite element space, under some rectangular mesh,
which is spanned by two dimensional Hermite spline functions {¢;}1<i<, with homoge-
neous boundary conditions in HZ sense [4]. Moreover, we define the space S;, n* = dimSj,
which is spanned by the basis {¢}}1<;<,+, as the finite element subspace of H*({2), not
of H(Q), satisfying S, C S; but S, # S;(n < n*) . Namely, the set of base functions
{¢F }1<i<n+ consists of the elements in {¢;}1<;<, and the Hermite spline functions corre-
sponding to the boundary nodes(cf. [5]).

Next, we define the HZ-projection Py, : H2(Q2) — Sj, of v € HZ(Q) by
(Av — APy, Agp)2 =0, Vo, € Sh.
Moreover, we also define the L?-projection Py : L*(Q) — S; of v € L*(Q) by
(v— Py, ;)2 =0, Voi €S},

Let Sy and S} denote the set of one dimensional Hermite spline functions on (0, 1) with
homogeneous HZ boundary conditions in x— and y— directions, respectively. Then, Sy
is represented as the tensor product S¥ ® S7. Similarly, we have S; =S¢ ® Sg*, where
SE" Sz* are spaces of one dimensional spline functions without boundary functions. In
what follows, a parameter h stands for the maximum mesh size of the partition of the
interval (0, 1).

In the a-direction, for w € HZ(0,1) and w € Ly(0,1), we also define the projections
P§: H2(0,1) — S¢ and P¢ : Ly(0,1) — S& by

(D2w — D2Pyw, D2py) 2 = 0, Ve, € ST,
and

(w— Pyw, )2 =0, Vi €Sy,

respectively. For Py and Py, analogously defined in the y-direction.
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1.2 Motivation

Let up, € Sp, be an approximate solution of (1.1) satisfying

(Aup, App)r2 = (f, n)r2 Yén € Sh.

Then, note that we have u, = P,u by the definition and that the solution w of (1.1)
belongs to H3(Q) N H4(Q)([1]). Therefore, in what follows, we will discuss on the error
estimates for the projection operator P,.

We now assume the following a priori error estimates.

Assumption 1 For an arbitrary v € HZ(Q) N HY(Q), there exists a constant Cy such
that

|Av — APyl < Coh?||A%| e,

Our main purpose of this paper is to find an a priori constant Cj in the assumption 1
by using guaranteed numerical computations on computer. And as a bi-product of the
arguments, we also show a method to get an a posteriori error bound for the approximate
solution of the equation (1.1). In the numerical verification method of solutions for two
dimensional Navier-Stokes problems(e.g., [2]), we need to enclose a solution of bi-harmonic
equations with guaranteed error bounds. In such a situation, the above constant and
a posteriori error estimates for the finite element approximation play an essential and
important role. The basic techniques used in the below are extension of the method in
[5] or [3] to the bi-harmonic problem.

1.3 Preliminary results

We first introduce the following known results.

Lemma 1 [/] For an arbitrary ¢ € HZ(Q) N H*(Q), it follows that
|D3) — DiPsll e < Ch?|| Dyt e, (1.2)

where the constant C' can be taken as C' = 1/m%. Moreover, the estimate (1.2) is equivalent
to the following inequality:

I = P5ylle < CR?|| D3y — DIPY| e,
We now show the following inverse inequality for later use.

Lemma 2 For i, € Sy, it follows that
K
D3l < ﬁWhHL%

where k = 2021 < 91.6516.
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Proof : Note that it is sufficient to prove the concerning inequality only for one
dimensional polynomial of degree 3 on the interval [0,h]. In [4], base functions for z-
direction on [0, h| are given by

pir(x) = (x = h)*(2z + h)/h%, @s(x) = 2*(3h — 2x) /17,
p3(x) = x(x — h)?/?, pa(x) = 2*(x — h) /12,

for z € [0, h]. Hence, setting ¢y, := a1¢1(x) + aspa () + asps(x) + asps(x) and using some
guaranteed computations of eigenvalue bounds of a matrix, we obtain

||D32590h||%2(0,h)

|’90h‘|%2(07h)
6 -6 3 3 156 54 22 —13 -
840 | | =6 6 =3 =3 | .| || 54 156 13 —22 | .
= | 3 -3 2 1 || 2 13 4 -3 |¢
3 -3 1 2 13 —22 -3 4
8400
< =

where @ = (ay, as, agh, ash)T.

Here, in order to get the above bound, we used a direct calculation of the matrix eigen-
value. That is, denoting the first and the second matrices in the above by A and B,
respectively, let B = DT D a Cholesky decomposition of B. Then, it is readily seen that
the maximum eigenvalue of the symmetric matrix D=7 AD~! presents a desired bound.
By using a computer algebra system, we confirmed that it is equal to 10. Thus, we can

take Kk as k = /8400 = 20+/21. |

2 Main Results

In this section, we show the constructive a priori and a posteriori error estimations for ap-
proximate solutions of the equation (1.1), which are equivalent to the same error estimates
for HZ-projection of the exact solution.

Let define

vy, = Pv = Zviqﬁi €S, and Avy, = PyAvy, = Z a;p; € Sy,

i=1 =1

for an arbitrary v € HZ(Q) N H*(Q).
Then, Awy, satisfies

(A_Uh7¢2)l/2 = (Avh7¢2)L27
- (Von, V), Ve €S (2.1)
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And, for g = A?v € L*(Q), we set

gh =) giti € Sh,

=1

so that

(Gns )2 = (9, &n) 12, Vop € Sh. (2.2)

Moreover, we denote some matrices and vectors as

A= (A5 = (A6, A0 RV, A = (Ay)=(Ad;Ad)p € RV,
L. = (Lij) = (9], 97)r2 ER™, L = (Liyj) = (b, ;)2 e Rren

*

M — (MZ]) - (ngj, v¢j)L2 G Rn*xn, N — (sz) — (quj, ngi)Lz 6 Rnxn .

and
a= (ala"'an*)T S R" ; U= (Ula"'vn>T7 g’: (gh”'gn)T € R™.

Notice that ||g||3. = [|gnll32 + 1|9 — gnl/32- And, when we define the matrix @ € R™*" such
that L = QQ7, it follows that|| Q7 g||x = ||gn||z2, where || - || means the Euclidean norm
in R". Under the above notations, the functions v, and Avj, are determined by solving
the following matrix equations:

L.a = —Mvu,

respectively. Then, we have the following estimates.

Lemma 3 [t follows that

|Av, — Avyll2 < Xgnllz2,
lgn — AAv|l2 < Y||gnll 22,

where X = HQ‘IXQ_TH}E/Z, Y = HQ_lYQ_TH};/z. Here, setting Z = L,AMA™L,

X = LA 'L-7"L,Z,
Y = L-NZ-Z'NT+7TA, 7.

Proof : First, for the estimate ||Av, — Awvy||r2, we have
1Avy — Avallz> = [|AvallZ> — [[Avy]|7:
AV — a' L.a
= TAY— "ML My
= G (LA'L - LAT'MTL'MA™'L)g.
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Next, for the estimate ||gn — AAwvy||L2, it follows that

lgn — AAwy |72
= (9n-9n)r2 — (gn, AAvL) 2 — (ADvy, g) 2 + (AAvy, ADuy) 2
(9n, 9n) 12 + (Vgn, VA_Uh)L? + (VA_Uh, Van) 2 + (AA_Uh, AA_Uh)L2
= §'Lj+§ Na+a N'g+a A.a
G LG— g NL*MG — " MTLNTg+a" MY L A L My
= §J(L—-NL*MA'L - LA*MTL*NT + LAT'"MT L' A, L;'MA™L)g.

Thus by the above definitions of matrices X,Y and Z, we have

[Av, — Avyl|7. = §" X7,
lgn — ADu|7. = §'Y§,

which prove the lemma taking account that ||Q7d||g = ||gn||r2- i

Lemma 4 For an arbitrary ¢ € HZ(Q), it follows that
[AY — AFFF(Y|le < K|JAY] 12,

where K = (2 +2(Crk+ 1)2)1/2, the constants C' and k are the same as in Lemma 1 and
2, respectively.

Proof : From the lemma 1 and 2, it follows that

IDZ(% — P3vp) — Da(Po — Py Py )| .e

< D2 - Pyw)lie + D2 P50 = PEP5) e
< D20z + 751155 (& = P54

< D2l + 5l = Pl

< D2l + ORI D20 e

< (Cr+1) D2

Thus, we have

ID(w — FePev)ll. = D3 — P) + Di(Py — PPy )l

IDZ (W — Fd)lIze + D2 B (% — Py) )|l
IDZIL + D3 — Pyl

IDZ¢N72 + 1D2( — Pyw) — Di(Fgv — Py P3|z
(1+ (Cr+1)°) 1D 72,

IA N CIA

where we have used the result just above to obtain the last right-hand side. Similarly, it
follows that

1/2
D2 — D2PEPY||: < (14 (Cr+ 1)2)? | D2 o
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Hence, we have the following estimation:

1A = AFFEY |l < HDQ(@ZJ—P””P%)HB+HD§(¢—P§P5’¢)HL2

< (14 (@t 1)) T (U020l + 1D ]e)

< (@+2(Cx+ 1) (12013 + |1D20)3)
1/2

< (2+2Cx+ 1)) Ay,

where, in order to derive the last inequality, we have used the well known equality
|AY][72 = [[DZY[17: + [|DGY][72 + 2| Daytb|[72 for any ¥ € HF(Q) on an arbitrary do-
main 2. Therefore, we obtain the constant K as in the lemma. |

Lemma 5 For an arbitrary ¢ € H2(QY), it follows that
| — PyP{Y|le < CR*||AY||e,
where the constant C is the same as in Lemma 1.

Proof : From the lemma 1, it follows that

I — Py P Iz

I — Py + Py — Py Pl
I — P llZ + 1175 (v — B) L2

< v = Pl + v — Pvllz
< v = Pyl + v — Pz
< C*RY|DIY Nz + C*hY | Dyl
< C*hY| AV,
which completes the proof. |

Now, we show the following two main results of this paper.

Theorem 1 (constructive a priori error estimates) The constant Cy in Assumption 1 can
be taken as

1/2
C, = C- [(KX/(Ch2)+Y)2+1] ,
where the constants X, Y, C and K are defined in the previous lemmas 1, 3 and 4.

Theorem 2 (a posteriori error estimates) For anyv € HE(Q)NH*(Q), let vy, := Py € Sy,
and Avy, := PyAv, € S;. Then, it follows that

|Av — Avgllrz < K||Av, — A_vhHLz + C’h2||A2v — AA_%||L2,

where C' and K are defined in the lemmas 1 and 4.
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Proof : (proof of Theorem 1 and 2)
First, for an arbitrary ¢ € HZ(Q) and v € S}, we have

= AU - Avhv A%D - A%EQ)LQ + (A_Uhv A¢ - A%EO)LQ _~ (AA_Uha ’QD - QZO)L2
A_Uh - A’Uh, Alp - Alpg)LZ + (A2U - AA_U;“ ¢ - ¢0>L2

< Avn — Aoy 2| A% — Aol g2 + | A% — ADvy g2 19 — ol

(
(Av — Ay, Ay — Ay 12
(
(

Thus, setting ¢ := v — v, € HZ(Q2) and Yo = PPy € Sy, from the lemmas 4 and 5, we
obtain the desired estimates in Theorem 2.
Next, using Theorem 2, Lemma 3 and the property of the L2-projection, it follows that

1Av = Avyllz < K| Avy — Aug 2 + Ch2|lg — ADwy)| 12
< K| Av, = Avpllzz + OB (|lgn — ADvp| 2 + [lg — gnllz2)
< (KX +ChY) |lgnllz2 + Ch?|lg — gnllre

1/2
< [(KX+Ch2Y)2 +02h4} g2
2 2 21125
- [(KX/h +CY) +C] h2(|g] 2
which immediately completes the proof of Theorem 1. |

3 Numerical examples

In this section, we present some numerical examples of a priori and a posteriori error
estimates for the approximation of the bi-harmonic problem (1.1). Since the finite element
solution uy, € S, of (1.1) is defined by

(Aup, Adp)r2 = (f, 0n)r2 Vu € Sh,

we have u;, = P,u, and thus the above arguments can be applied to the error estimates
for this approximate solution u;,. That is, using the procedure in the previous section to
define Auy, = PyAuy, € S;, we obtain the a priori and a posteriori error estimates of the
form

|Au — Aupllze < Coh2||f||L2, (3.1)
and
|Au — Aupl|e < K||Aup — Aupl[z2 + C’h2||f — AAuy|| 2, (3.2)

respectively. Here, constants Cy, K and C are same as in theorems in Section 2.

We first show several computational results for the constructive a priori constants in
Theorem 1 by Table 1.
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Table 1: Numerical results for the a priori constant
1/h| Cy X Y Coh? Cy/C
10 | 0.7225 | 3.6718e-4 1.7641 | 7.2256e-3 7.1314 =
20 || 0.7377 | 9.3350e-5 1.8257 | 1.8443e-3 7.2812 ary
30 || 0.7611 | 4.3440e-5 1.8057 | 8.4573e-4 7.5123 / Gy
40 || 0.7811 | 2.5416e-5 1.7780 | 4.8819e-4 7.7093  .[ eyt
50 || 0.7967 | 1.6764e-5 1.7536 | 3.1868¢-4 7.8633 ... %
60 || 0.8091 | 1.1918e-5 1.7341 | 2.2477e-4  7.9862
70 || 0.8193 | 8.9195e-6 1.7195 | 1.6720e-4 8.0864
80 || 0.8278 | 6.9315¢-6 1.7095 | 1.2934e-4 81703 .| . . . .
90 | 0.8356 | 5.5486e-6 1.7036 | 1.0317e-4 8.2478 4
100 || 0.8418 | 4.5390e-6 1.7006 | 8.4185e-5 8.3087

The constant C' in the table is taken as C' = 1/72.

Next, we present some examples of the a posteriori error for the following bi-harmonic
problem.

Ay = f in €,
O,u = 0 on 09, (3.3)
where Q = (0,1)? and

fo= flay) =831 —2)* +ay(e — 1)y — )2z — 1)(2y — 1) +3y°(1 - y)°).
The exact solution of (3.3) is given by u = u(z,y) = 2?y*(1 — )?(1 — y)*.

Table 2 shows numerical results for the a priori and a posteriori error estimates in

(3.1) and (3.2), respectively. Note that ||f]|z2 = 1/992/175 < 2.38009.

Table 2: Numerical results for the a priori and a posteriori estimates in (3.1) and (3.2)

1| (3.1) (3.2) | [Au— Auplzz | ||Aup — Dunllze || f — ABug)| 12
10 | 1.720lc2 7.8301e-3 | 5.0527c4 1.4700e-4 1.2798
20 || 4.3909¢-3 1.9680e-3 |  1.2595e-4 1.1897¢-4 0.9047
30 | 2.0134e-3 8.701le4 | 5.5883¢5 5.3843e-5 0.7385
40 | 1.1623¢-3 4.8659c-4 |  3.1376e-5 3.0521e-5 0.6394
50 || 7.5873¢-4 3.0962e-4 |  2.003de-5 1.9598¢-5 0.5716
60 || 5.3510e-4 2.1363c-4 |  1.3863c-5 1.3611e-5 0.5215
70 || 3.9809e-4 1.5609¢-4 |  1.0154e-5 9.9966e-6 0.4826
80 | 3.0795c-4 1.1870c-4 |  7.7390¢-6 7.6331e-6 0.4511
90 || 2.4561e-4 9.3310e-5 |  6.0946e-6 6.0203¢-6 0.4250
100 || 2.0042e-4 7.5133e-5 4.9152e-6 4.8611e-6 0.4029
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(3.1)/h? (3.2)/h? 18w = Aug 2 /h2

B 0 0 ) % 10 10 ) ) @ P @ 0 [ 0 10 ) 2 ) @ B [
1/h 1/h 1/h

All the computations were carried out by MATLAB on the Dell Precision 650 Work-
station (Intel Xeon Dual CPU 3.20GHz).
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