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Application of the Fenchel theorem to the
obstacle problem™*

Diana R. Merlugca

Institute of Mathematics of the Romanian Academy
Bucharest, Romania
dianam1985@yahoo.com

Abstract. In this paper we apply a duality algorithm to the general
obstacle problem for second order operators. We reduce the problem to
the null obstacle case and we solve it by using an algorithm based on a
dual approximate problem. This method generates a quadratic minimiza-
tion problem, which is easy to implement numerically. The convergence
properties and the numerical results show that the algorithm is working
properly for any admissible obstacle.

Keywords: obstacle problem, duality, approximate problem.

1 Introduction

The obstacle problem is a very well studied subject. Many methods have been
applied for solving it. For instance, Glowinski [6] used the finite element method
for solving the null obstacle problem, while Barbu and Precupanu [2] studied
the problem from the duality point of view. The general obstacle problem is also
intensively studied for its wide range of applications in mechanics and physics.
We refer here to Rodrigues [14], Caffarelli and Friedman [4], Duvaut and Lions [5]
and Ciarlet [3].

We extend here the the duality method developed in the articles Merlugca
[8,19], by the application of the Fenchel theorem to the obstacle problem. We
discuss the general obstacle problem in Section 2. We reduce the problem to
the null obstacle case and we compute the solutions using the duality method
(Merlusea [9]). In Merlugca [10], the case of the fourth order obstacle problem
was analysed. In section 3, we apply this technique in numerical examples for
one dimensional problems and the obtained results are very accurate. Finally,
we mention the works of Neittaanmaki, Sprekels and Tiba [12] and Sprekels and
Tiba [15], where a related duality approach was used in the study of Kirchhoff-
Love arches and explicit solutions were obtained.

* This paper is supported by the Sectorial Operational Programme Human Resources
Development (SOP HRD), financed from the European Social Fund and by the
Romanian Government under contract number SOP HRD/107/1.5/S/82514
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2 The general obstacle problem for second order
equations

We consider the following obstacle problem

1
win{y [wut = [ v vens), 0

where K, = {y € H}(2) : y > ¢}, ¢ € H'(£2) is such that ¥|sp < 0 and
feL?n).

It is known that the unique solution of problem is an element in H?(2)
(Th. 2.5, [1]).

Lemma 1. Let y, be the solution of the problem and 4 the solution of the
problem
—Ag=f, on 2, )
=0, on 02,
then yy, > 3 almost everywhere on (2.

The problem in which we replace ¥ by 1) = max{g, ¢} € H}(2) has the
same solution vy .

Proof. Denoting f C R x R a maximal monotone operator defined by

] —0,0],2=0,
B(z) =40, z2>0,
0, 2 <0.
we rewrite as
—Ayy +Byy —¢) > f in 2. (3)

Then, since yy, € H2(£2), B(yy — ) € L*(2) and B(yy — ) < 0 a.e. on §2. By
a comparison of and , we obtain that y,, > ¢ a. e. on {2.
We denote K = {y € H}(2) : y > ¢}. Then y,, € K, Ayy + f <0 ae. on 2.
For every v € K, we compute

/(Ayw+f)(v—yw)=/(Ayw+f)(1ﬁ—yw)+/(Ayw+f)(v—1ﬁ)
2 (9] (9]
S/Q(Awaf)(i/?—yw):O-

The last equality is due to the classical formulation of the obstacle problem (the
complementarity property)

Ay =f, in 27 ={yy € 2:yy(x) > ¥(2)},
—Ayy > f, in 2\ Q= {yy € 2:yy(x) =P(2)},
_ Yy _81/J +
Yy =¥ and B on 027 N2,
yp =0 on 02.
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and to the fact that y,(z) = ¢(z) means that §(x) < ¢(x) and that yields that

yy(2) = P(z).
Then integrating by parts we get

/Vymv—yw)g/ Flo—yp), Vo=,
(9] (9]

Remark 1. Lemma (1| is known (see Murea and Tiba [11]) and we indicate its
proof for easy reference.

The null obstacle problem that we use is

s f e = [ o [ imf .

Let yo be the unique solution of problem .

Proposition 1. Then the solution of the problem can be computed by just
adding ¥, i.e. A
Yp =Yoo+ . (5)

Proof. The weak formulation of problem is given by the form
| VoV -0 < [ fn-v) - [ ViV -0, voe Ko,
0 0 Q

We translate the problem by adding 1/3 Then, for every v € Ky, we get v + 1& >
1 > 1. With this translations from the variational inequality we obtain

/V<yo+zz3><wyo+z&>—vw+v>>s/f(yow—v—«z).
N N

Using Lemma it yields that, by a translation with 1[), the problem is equiv-
alent to problem ([I)). Then we conclude that yo + ¢ = yy.

Since [, VyVip = — Jo Ay and A € H-1(£2), then we can consider the
approximate problem

win{ 3 [ 1ol [ (r+a0)y s vea. (6)

where Cy, = {y € H3(£2) : y(z;) > 0,Vi =1,2,...,k} and {z;}; is a dense set in
0.

In @ , we assume that dim 2 = 1 (for the numerical applications in Section
3), but the result can be extended in higher dimension by using non hilbertian
Sobolev spaces. Using the Sobolev imbedding theorem and the weak lower semi-
continuity of the norm, then we can prove the following approximation result
(see Merlugcd [9])
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Theorem 1. The sequence {gi}i of the solutions of problems @, for ke N, is
a strongly convergent sequence in Hg(£2) to the unique solution y of the problem

1)

We denote f = f+ A¢ € H ~1(£2). Applying the Fenchel duality theorem to
problem @ we obtain the dual problem

. 1 * R *
mm{QiU ‘*‘f@rl(m : yECk}7 (7)

where C} = {y* € H}(2) : y* = Zkzl @;0y,,; > 0} is the dual cone.

i

Remark 2. Let y;;, be the solution of the dual approximate problem . Since
yi € CF, it is sufficient to compute the coefficients o], due to the formula

k
* *
Y = E Q; 5901
=1

The solution y;. of the approximate problem @ is computed using the equal-
ity yx = J'(y} + f), where J is the duality mapping J : H}(2) — H~1 ()
and we also have afyi(z;) =0, Vi=1,k.

We obtain the formula for the solution of the approximate problem, denoted
by y,

k
v => ar N 6) + T (f)
=1

using the fact that the duality mapping J : H}(2) — H~1(£2) is defined by
J(y) = —Ay.

Then applying we find the approximate solution of the general obstacle
problem .

3 Numerical applications

In this section we discuss two examples in one dimension for the general obstacle
problem for second order operators.
We consider the obstacle problem (1)) with £2 =]—1, 1[ the domain, v = —1/18
the obstacle and 2 /
-1, x| >1/4,
f@) = {1 — 3222, |z < 1/4.

The solution of this problem is, Ockendon and Elliott [13], (pp. 93 - 94)

2
—gtz(x3), %<|$|§1,
_Lv 7S|£|S27

u(z) = F 1)2 i i
gl askl<s
—3 + 372 (2% = {5) el <
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The duality mapping J : H}(£2) — H=1(£2) is defined as J(y) = —y". It is a
linear bounded operator.

We consider the discretization x; = 2ih — 1, where h = 1/k, for all ¢ €
{0,1,2,...,k}.

We denote by d; = J~1(d,,). Computing them we get

0.5(1 —z;)(z + 1), x <z,

di(w):{O.E)(lxi)(erl)x+xi,x>xi, Vie{0,1,... Kk}

We consider y; = J~1(f + A'L[)) the solution of the problem

_y/f{:f+AqlA}7 On]_171[7
yr(—=1) =y (1) =0.
Then
k 2
* A3, :‘ idi ’
"+ [+ Al ;a +yy ()
and

k k k
2
a'dl—|—y‘ = E oz‘a'/dfd/‘-F?E Ol‘/dﬁy/*'/(y/)?
‘;” M) i,j:lzJQL] i:ll“otf el

Denoting a;; = [, d;d}, bi = [, djy}, we solve the dual problem which is

equivalent to the quadratic minimization problem

1o T
—a' A
glzu(} 50 Aa +b' o, (8)
where A = [a;;] and b = [b;].

Computing the components, we get b, = y;(x;) and

o OB ) =) >,
T05(1 + ) (1w, <

In Figure|l| we represent the coefficients {a };=1 100, the solution of the prob-
lem .

We construct the solution of the problem @ using Remark |2} then we apply
formula to obtain the approximate solution of .

In Figure [2] we represent three solutions: the one computed by the duality
method, the one computed with the IPOPT optimizer (Freefem++ script included
in the ff-Ipopt dynamic library, Hatch [7]; for details about the method see
Wichter and Biegler [16]) and the exact solution given by Ockendon and Elliot
[13]. They coincide graphically.

We now consider an example with general obstacle:

win {3 [0 = [ gy s e, )
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Fig. 1: The coefficients {a}},.
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Fig. 2: The exact solution, the dual solution and the IPOPT solution are graphi-

cally identical.
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where K, = {y € H}(2) 1y > v}, 2 =] —1,1], ¥(z) = —2? + 0.5 and

{10, |z >1/4,
fle) = {10—352, lz] < 1/4.

After solving the quadratic minimization problem , the solution of which
is represented in Figure [3] we compute the solution of the approximate problem
@ using the Remark

0.14 T .
The values of the coefficients +
012 + HHHHH AN
+ +
01 t
008
+ +
006
004 -
002
0 Il 1
0 50 100 150 200

Fig. 3: The coefficients {a} };.

We represent in Figure [4] the obstacle ¢ and the solutions, one computed by
the duality method and the other one computed by the IPOPT method |7]. The
two solutions are very close and coincide graphically.
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Fig.4: The dual solution and the IPOPT solution coincide graphically.
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