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Abstract

A bilevel shape optimization problem with the exterior Bernoulli free boundary problem
as lower-level problem and the control of the free boundary as the upper-level problem is con-
sidered. Using the shape of the inner boundary as the control, we aim at reaching a specific
shape for the free boundary. A rigorous sensitivity analysis of the bilevel shape optimization in
the infinite-dimensional setting is performed. The numerical realization using two different cost
functionals presented in this paper demonstrate the efficiency of the approach.
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1 Introduction

Let ® C & with @ a smooth and bounded domain in R?. Further & is a bounded domain in R? which
is supposed to contain all admissible shapes and is referred to as the hold-all domain. We define the

set of admissible shapes as
Oua = {Q C R? abounded domain: @ C Q, Q C &}.
For given u € R, u < 0, we consider the following free boundary problem:

(%) : Find Q € 0,4 such that problem (1.1) — (1.4) has a solution,
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where
—Au=0 in Q\o, (1.1)
u=1 on X:=dw, (1.2)
u=0 on I:=09Q, (1.3)
duu=u on T, (1.4)

with u in H%(Q\E), the standard Sobolev space of H!-functions whose trace vanishes on I'. This
problem is known as the exterior Bernoulli free boundary problem due to @ C Q. Note that (1.1)-
(1.4) is over-determined since two boundary conditions are specified on I', and in general does not
have solutions. However for particular sets Q, or equivalently free boundaries I', problem (1.1)-
(1.4) may have a solution. Problem (1.1)-(1.4) originates, for instance, from the description of free
boundaries for ideal fluids [DZ01, Pg. 138-140]. Other applications leading to similar formulations
include electrochemistry and electromagnetics [FR97].

Figure 1: The exterior Bernoulli problem

Typically, the shape of I' is not known analytically except for some particular configurations of
the inner boundary X. A number of authors have analyzed and solved problem (.%,) for a given fixed
domain o, see for instance [DZ01, Ch. 3], [FR97, IKP06, BCTO05, BCTO08, LP12] and references
therein. We use the notation (%) to emphasize the dependence of the solution I" on @ as we will
use @ to control I" in the problem considered in this paper.

The over-specification of conditions on I" naturally suggests to formulate (1.1)-(1.4) as an opti-
mization problem; this approach has been used in [IKP06] for instance. Subsequently, an interesting
control problem arises when X is used to control the solution I' of (.%,). This gives rise to a bilevel
shape optimization problem, where the free boundary value problem constitutes the lower-level op-
timization problem, and the upper-level consists in minimization with respect to X. A similar bilevel
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problem has been treated for the Bernoulli problem in [THMOS8] in the discrete setting, where a
sensitivity analysis was performed for the Bernoulli problem using an automatic differentiation
technique. In the present work, we carry out a rigorous sensitivity analysis of the cost functionals
with respect to the control  (or equivalently X) in the infinite-dimensional setting using the tools of
shape calculus [DZ01, SZ92]. For this purpose we introduce two cost functionals to drive the free
set Q as close as possible to a given desired set E.

Control of problems defined on unknown domains plays a crucial role in the quality assessment
of many applications such as continuous casting of steel [PTB98], welding processes [VPLGO09],
thin film manufacturing processes [SGSV09], to mention but a few. In the literature on mathemat-
ical programs, these problems are referred to as multilevel optimization problems. They consist of
programs which have a subset of their variables constrained to be an optimal solution of other pro-
grams. Such problems were first considered in [BM73]; see also [CMSO05] for a review. In shape
optimization only a few bilevel problems have been considered due to their inherent difficulty. In
[SZ92, Section 4.3.2] shape controllability of the free boundary of an obstacle problem is studied.
In [THMO8, THM12] shape and topology optimization of Bernoulli free boundary problems are
considered. Shape optimization problems in fluid dynamics governed by free surface flows are con-
sidered in [KK12] where a sensitivity analysis of the free surface problem with the Navier-Stokes
equations as constraints is formally studied.

Turning to numerical realization of the bilevel optimization problem, a possible approach con-
sists in discarding one of the two boundary conditions on the free boundary and to append it to the
cost functional on the upper level by using a penalty or augmented Lagrangian approach. Using
this strategy, solving for the state u becomes a classical linear boundary value problem with well-
posed boundary data in the lower level problem. Unfortunately, as noted in [THMOS], this approach
leads to serious convergence problems. A further disadvantage that was noted in [THMOS8] is that,
depending on the formulation, a locally optimal triplet (i, @,€2) might not represent a physical so-
lution to the free boundary problem. For this reason, we adopt a segregation approach to solve the
optimization problem, i.e., we find a solution to the free boundary problem (%) first and then
proceed to the upper level represented by the minimization of the cost functional. In this iterative
procedure, (%) has to be solved several times for varying @. Therefore, one needs an efficient and
robust solver for this type of problem. Possible solution strategies include trial methods, lineariza-
tion methods (continuous or discrete) [CS90], and shape optimization methods [HMO3]. Here we
use a regularized fixed point method, which is a trial method. The main advantage of this approach
is that it solves (%) using some simple updating formula based only on the solution of a state
system. Moreover this method locally converges super-linearly [FR97].

The remainder of this paper is organized as follows. Section 2 describes the setting of the free
boundary and optimization problems. The sensitivity analysis of the bilevel problems is performed
in Section 3. In Section 4, the numerical algorithm used to solve the optimization problems is given.
Numerical examples that support the theoretical results are then presented.
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2 Setting of the problem

In this section the mathematical notations, the algorithm for solving the free boundary problem, and
the setting of the optimization problems are presented.

2.1 Notations

Here we collect some notations and definitions that we need in our subsequent discussion. Through-
out the paper we restrict ourselves to the two dimensional case.

Vectors: We use bold fonts for vectors x = (x1,x2)” € R? with norm |X|g> = (Zizlxi)l/ 2 and
vector-valued functions are also indicated by bold letters. Two notations for the inner product in
R? shall be used, namely (x,y) and x -y, respectively. The latter shall be used in case of nested
inner products. The unit outward normal and tangential vectors to a domain Q shall be denoted by
n = (ny,ny) and T = (—ny,ny), respectively. For a given matrix A, we denote by A’ its transpose
and by A~ the transpose of its inverse.

Function spaces: Denote by ‘Kbk (R?) the spaces of k-times continuously differentiable scalar-valued
functions u with DPu bounded whenever 0 < |B| < k, where 3 is a multi-index, and equipped with
the standard €’*-norm. We write (ﬁlf "*(R?), 0 < o < 1 for the space of functions u € €¥(R?) such
that DPy is Holder continuous with exponent o whenever |B| = k. The space (Kf "*(R?) equipped
with the norm

DB _ DB
||qu,O£ = Z Sup|DﬁM| -+ Z sup | M()C) _ I/l(y)|
Bl<k 7 |B|=kXYES XFy [x =yl

is a Banach space.
Let . C R? be a bounded domain, we also consider the Holder spaces %% (.#). We denote by
WP (), meN, 1 < p <o the standard LP-Sobolev space of order m:

WP () = {u e LP(#) | DPuc LP(), for0<|B|< m} ,

where DP is the weak (or distributional) partial derivative. The norm || - |lwmp(s) associated with
WP (.#) is given by
1/p
[ ( Y [ IDPup dx) .
Bl<m?

When p = 2 we write H"(.%) := W™?2(.#) for simplicity. We also denote

HA() ={ucH (Z)|u=00nA},



A bilevel shape optimization problem 5

where A C 0.% and H} () when A = 9.%. When the function is vector-valued, we write €% (.7 R?),
Cg[f’a(Rz,Rz), H™(.,R?), etc ... for the function spaces.

Domains: The notation |Q2| denotes the Lebesgue measure of a set Q and Q€ stands for its com-
plement. A domain Q is said to be of class €* or €% if its boundary is locally the graph of a €*
or €% function, respectively; see [DZ01, chapter 2, def. 3.1]. We write 1 for the characteristic

function of a set Q, i.e.,
1 if xeQ,
Lo(x) = { 0 if x¢Q. @2.1)

For a a domain Q of class % and a vector v € ¢! (R?,R?), its tangential gradient Vv is defined as
Vrv:=Vv|r—(d,v)n, (2.2)

and its tangential divergence divr(v) is defined as
divp(v) :=div(v) —Dvn-n. (2.3)

If v is only defined on I', then the tangential gradient and tangential divergence are defined similarly
using an extension of v to R? and they are independent of this extension. If the domain has enough
regularity, the curvature ¢ is given by .7 = divrn.

2.2 Existence of solutions for the free boundary problem

In this paper we work with bounded domains @ € %,,; where the admissible set of domains is

Ug ' ={0 C R? | Opin C ® C Wy C &, @ is star-like with respect to all points

. . (2.4)
in the ball B5(0) and @ is of class %%},

where Wy,in, Wpay are given non-empty domains in R2, ®,in contains the origin, 0 < o < 1 and the
radius 8 > 0 is a given constant; see [THMOS]. This choice of %,; guarantees existence, uniqueness
as well as stability (in the sense of [AM95, Theorem 3.9]) of the solution to (%) with respect to
®. Moreover, it is shown in [AM95] that if @ € %, then the boundary dQ*(®) is of class € and
is star-like with respect to all points in Bg(0). Here Q*(®) denotes the solution to ().

2.3 Fixed point approach for the free boundary problem

The free boundary problem (%) can be formulated as a shape optimization problem [HIK'09,
IKPO6]. In this way, the numerical solution of (.%,) relies on the use of gradient information that
depends on known state and adjoint systems. On the other hand, it would be helpful to have a
method that solves (%) using some simple updating formula based only on the solution of some
state system. The structure of such a scheme is as follows:
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1. Choose an initial approximation of the free boundary.

2. Solve the boundary value problem (1.1)-(1.4) for u with one condition on I" omitted.
3. Update I' using the discrepancy left by the remaining boundary condition.

4. Tterate from step (2) until stationarity up to a specified accuracy is reached.

This scheme is simple to implement but it is not obvious how to construct the updating step in such
a manner that the method converges and that the convergence is fast. In order to obtain an optimal
updating step, Tilhonen [Tii97] derived the first and second order derivatives for the cost ¢ (Q) in
the following shape optimization problem:

1
minimize 7 (Q):= 5 / ub ds
r

(2.5)
subjectto Q€ O,q,uq € H' (Q\ @)
with
—Aug =0 in Q\o, (2.6)
ug=1 on X, 2.7
Qug + dyug = u on I. (2.8)

Here the coefficient o can be chosen freely without affecting the solution of the free boundary
problem provided that the solution to (2.5) is such that ug|r = 0. However, changes in o affect the
conditioning of the Hessian of the cost functional ¢ (Q). It has been shown in [Tii97] that o = 72,
where 77 > 0 is the mean curvature of I, is the optimal choice for an efficient resolution of the
optimization problem (2.5). Furthermore, it has been shown in [FR97], using formal asymptotic
expansions, that the optimal updating step may be approximated by

k
D) ) u(x! )>n8(X(k))’

where x*) .= (xgk) ,xék)) € I'®) is the k-th iterate and ne € H'(I",R?) is the smoothed normal vector
field on the free boundary I satisfying

/svrng : Vrl/—f—ng-uds:/n-l/ds for all v € H'(I',R?), (2.9)
r I

and € is some fixed small parameter. The mean curvature .77 of I" is defined as

S = divr(ng). (2.10)

The algorithm to update the free boundary I at the k' step now becomes
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Algorithm 1 Algorithm for solving (%)

1. Choose I'®©) and compute #©). Set k = 0.

2. Solve the boundary value problem (2.6)-(2.8) in QK with o = #7W).
3. Set I+ = F(T)), where F(x) = x — %ng (x) with x = (x1,x;) € T,

4. If u**+ V| is small enough, then stop. Otherwise set k = k+ 1 and go to step 2.

Flucher and Rumpf [FR97] analyzed the convergence of Algorithm 1 in the continuous case. Their
analysis shows that the convergence suffers from the smoothing procedure so that the convergence
is less than quadratic but still super-linear. In two dimensions, one can obtain the convergence rate
of order 3/2.

2.4 Bilevel shape optimization problems
Under the assumptions in Subsection 2.2, the solution of (.%,) is unique. Thus there exists a map-
ping

Q" Uy > 0— Q () € Oy, (2.11)

such that Q*(®) is the solution of (.%#4). We denote ['*(w) := dQ*(w).

We next turn to a shape optimization problem with respect to @. Our control objective consists
in determining @ such that I'*(@) is as close as possible to the boundary dE of a target Lipschitz
domain E € 0, such that ® C E.

We study two functionals which allow us to achieve this goal. The first one is:

N(Q) = |QNE |+ |[ENQ. (2.12)

The term [Q N E¢| = 0 forces Q to be included in E while |E N Q€| = 0 forces Q to contain E. We

may also write J; as
J1(Q) = / 1 dx+/ 1 dx. (2.13)
QnNE® ENQe

Another approach consists in minimizing the functional

1 1
H(Q,w) = 3 u(Q, (0)2 dx+ = (u(Q,0)— uz(a)))2 dx, (2.14)
QNE- ENnoc

where u = u(Q, ®) € H}(&) is the extension by zero to & of the solution of
—Au=0 in O\,
u=1 on X:=lwm,
u=0 on I :=9Q.



8 H. Kasumba, K. Kunisch and A. Laurain

Figure 2: “Free” set  and target E

Such an extension exists as soon as Q C & is measurable and u = 0 on dQ; see [HP05]. Note that
u(Q*(w), w) solves (1.1)-(1.4). The function u; = u;(®) solves the linear problem

Ay =0 inE\®, (2.15)
=1 onZ, (2.16)
u;=0 ondE, (2.17)

and is also extended by zero to a function in Hj (&£). The following proposition shows that minimiz-
ing J1 and J, allows to drive Q to E.

Proposition 2.1. Let @ be a given open bounded set with @ C Q. We have J;(Q) =0and /»(Q, ) =
0 if and only if Q = E almost everywhere.

Proof. We start with the case of J;. If Q = E, then obviously J;(E) = 0. On the other hand, if
J1(Q) =0, then |QNE¢| = |EN Q| =0 and thus Q = E almost everywhere.

Now we consider the case of J,. Observe that if Q = FE, then QNE =0, u = u; a.e on EN ®°
and thus J;(Q, ®) = 0. Conversely, we show that if J,(Q,®) = 0, then Q = E almost everywhere.
Since Q = E if and only if |QNE‘|4 |Q°NE| =0, it suffices to show that J>(Q, @) = 0 implies that
|QNE‘|+ |Q°NE| = 0. We use a contradiction argument to support the latter assertion.

To this end, suppose that |[QNE¢|+|Q°NE| # 0 and J,(Q, ®) = 0. Then we face two possibili-
ties: (i) |[Q°NE| > 0 or (i) |Q°NE| =0 and |QNE| > 0. In case (i), since J»(Q, ) = 0, we have
u —u; = 0 almost everywhere on E N ®°. Since Q°NE C o°NE dueto ® C Q we have iy =u =0
on QN E which is a contradiction since u; > 0 in Q° N E due to the maximum principle. Hence
case (i) cannot happen.
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We turn to case (ii). Since J(Q,®) = 0 and |Q N E°| > 0 we have u = 0 almost everywhere on
QN E* which is a contradiction since # > 0 in QN E¢ due to the maximum principle.
Hence we conclude that Q = E almost everywhere whenever J,(Q, @) = 0. [

Writing J; (Q, @) = J;(Q) for generality, we can now formulate the bilevel shape optimization
problem as
() : { minimize Ji(Q, m)
! subject to ® € Uy and Q solves (Fy).
The problem of minimizing J;(Q,®) over @ € %, is called the upper-level problem, while the
problem of solving (%) is called the lower-level problem. Similarly, Q is the lower-level variable
while o is the upper-level variable. Defining the associated functionals

K (o) :=J,(Q"()), (2.18)
Ky (o) :=5h(Q"(w),n), (2.19)

we can rewrite the bilevel problem as

. . J minimize Ki(w)
(Z1) { subject to O E Upg.

Remark 2.2. Note that the minimum of K;(®) and K>(®) need not exist and need not be 0 in
general. In these cases we have Q*(®) # E even if ® minimizes K;(®). Indeed we have K;(®) =
Ji(Q* (@), w) but Q*(%,q) C O,q in general. So if E € O,y \ Q*(%aq), then we cannot find @ such
that K;(w) = 0. It is easily seen that Q*(%4) # O, in general since the domains Q*(®) have €
regularity due to our choice of %, (see Section 2.2). However, if ® minimizes K;(®), then Q* (o)
is the closest approximation of E (for K;(®)) which solves the free boundary problem (%). We
observe this phenomenon in Subsubsection 4.1.3 of the numerical results.

3 Sensitivity analysis

3.1 Perturbation of identity

In the study of the optimization problem (%;), several issues arise including the sensitivity of Q*(m)
with respect to w. To deal with these issues, concepts of shape differential calculus, described in
detail in the monographs [DZ01, SZ92, MS76, HP0S], are utilized. The inherent difficulty in dealing
with shape functionals lies in the fact that sets of shapes are not vector spaces and the notion of
differentiation cannot be used directly. Instead, one may consider perturbations of a reference shape
by means of transformations in an appropriate function space which allows differentiation of the
functional. These transformations can be constructed, for instance, by perturbation of the identity
[DZO01] or by the flow of a velocity field [DZ01, SZ92]. We will use the perturbation of identity
method in what follows. To this end let V € ) *(R2,R?) with k > 1 and 0 < & < 1. We consider
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perturbations of identity / 4V where V is in a neighborhood of 0 in (5; *(R?,R?) sothat [ +Visa
bi-Lipschitz homeomorphism. In what follows we will denote by

Sy = ([+V)(F)

the transformation of a generic domain .# by I + V. Let K(w) be a real-valued functional associ-
ated with @ C R?. The functional K(®) is Fréchet-differentiable at @ if there exists a linear and
continuous functional VK (@) from ‘Kf '*(R?,R?) to R called shape gradient such that

K(wy) =K(w)+VK(w)-V+r((V),
where |r(V)|/[|V||k,a = 0 as || V]|x,o — 0. In this case one defines the shape derivative as
dK(w;V) := VK(®) - V. 3.1)

We have that
€Y% (R2,R?) 3 Vi dK(0; V) (3.2)

is a distribution on R? with support on ¥ = dw. In addition, if @ is of class €**1%, then for all
Ve ‘K;’a(Rz,Rz) such that V-n = 0 on X, we have dK(®;V) = 0. In other words, the shape
derivative in direction V depends only on the normal component of the trace of V on X. This is
the so-called Hadamard-Zolésio structure theorem in e.g., [DZ01, Ch. 8] or [HPOS, Ch. 5]. If we
assume that the data is smooth enough, then there exists an integrable function g such that the shape
derivative can be expressed as

dK(@:V) = /ng n ds. (3.3)

A similar definition can be used for the shape derivative of functionals taking their values in a
Banach space. In particular, we would like to define the shape derivative of the solution of a partial
differential equation such as (1.1)-(1.4). Let uy denote the solution of a partial differential equation
on the perturbed domain @y. Since uy lives in a function space which depends on the moving
domain @y, one cannot compute the shape derivative directly. Instead we take the derivative of
uy o (I+V), which is defined on @, with respect to V in a direction \Af; the latter is called material
derivative and written u(V,V) Then one introduces the shape derivative by means of:

W (V;V) :=i(V; V) = Vu- V.

A~

Since one usually considers «/(0; V) the notation u'(V) := i(0; V) is used for simplicity.

3.2 Sensitivity of u with respect to ®

In order to compute (3.1), we proceed by first computing formally the derivative of the solution to
(1.1)-(1.4) with respect to @, using the classical results of shape calculus; see for instance [SZ92,
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Section 3]. To this end, let 7(V) = I+ V be the transformation associated with a vector field V €
Cg[f '*(R?,R?), and denote

wy =T(V)(). (3.4)
Assume that there exists W* € %:’a(Rz, R?) such that Q*(wy) = T(W*)(Q*(ay)) for V in a neigh-
borhood of 0, where Q*(wy) is the solution to (F¢y,) and @y = . If such a W* exists, then it
depends on V. In Theorem 3.3 we prove the existence of W* as a function of V. Here we formally
compute the first-order approximation of W* with respect to V. To obtain such a result, we study the
sensitivity of the solution u to (1.1)-(1.4) with respect to ®. According to [SZ92, page. 118-120],
the shape derivative u’(V, W*) of u solution of (1 1)-(1. 4) with respect to both transformations 7'(V)
and T(W*) at V = 0 and W* = 0 in directions V and W+ satisfies

—A/(V,WH =0 in Q(0)\®, (3.5)
' (V,W ):—8 uV-n on X, (3.6)
W' (V,W*) = —0,uW*n on I'*(o), (3.7)
0, (V,W*) = divp(VruW* -n) + u#W*-n on TI'(), (3.8)

where V and W* are chosen such that they have compact supports in neighborhoods of £ and I'*(w),
respectively, i.e., V=0o0n I"(w) and W* = 0 on X. In view of (1.1)-(1.4) we have Vru = 0 and
d,u = 1 on I', and we may simplify (3.5)-(3.8) as

~Ad (VW) =0 in Q%0)\®, (3.9)
' (V,W ):—a uV-n on X, (3.10)
W (VW) =—uWn on I'*(0), (3.11)
o' (V,W*) = 1 ##W*-n on T'*(o). (3.12)

Since W* = W* (V), we actually have u’ (\A/,W*) =1/ (V). Indeed, gathering the boundary condi-
tions (3.11) and (3.12), we obtain the following partial differential equation with Robin boundary
conditions on I' = T™*(W) for «/(V)

—Ad(V)=0 in Q"(0)\®, (3.13)
W' (V)=—0uV-n on ZX, (3.14)
Ol (V) +.0d (V) =0 on T*(o). (3.15)

Assuming 57 > 0, equation (3.13)-(3.15) has a unique solution #’ (\7), see Lemma 3.1. Using bound-
ary conditions (3.11), we formally obtain

W (V)=—u "' (V)n onI*(o) (3.16)

and the normal component of wr ({7) is uniquely defined on I'. The tangential component of w+
can be chosen arbitrarily according to the Hadamard structure theorem [SZ92, page. 59] mentioned
in Section 3.1 and we take it equal to zero.
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In fact, since W* = W*(V), we have w+ (V) = DyW*(0; V) which is a first order approximation

-~

of W*(V). We now show the existence of W*(V) in Theorem 3.3, for which we first require the
following preliminary lemmata. Further we prove formula (3.16) in Corollary 3.4.

Lemma 3.1. Let m > 2 be an integer and 0 < o < 1. If y € €™ %), Q is bounded of class
€MTL2 o is bounded of class €% and 7 > 0 on [, then the linearized system

—Av=0 in Q\®,
v=0 on X,
o+ Hv=y on T,

admits a unique solution v € €™%(Q\ ).

Proof. If Qis of class €%, then ./ = divr(n) is of class "~ "%, Applying standards regularity
results for elliptic operators we obtain the result; see [Tro87, Lemma 3.19]. ]

We introduce the functions u; v w and u; v w, solutions of

—Aupyw=0 in Qy,w\ov,w, (3.17)
uivw =1 on ZXyiw, (3.18)
upvw =0 on Iviw, (3.19)
and
—Auwpyw =0 in Qy,w\@viw, (3.20)
wyvw=1 on ZXy,w, (3.21)
i vw =4 on Ty,.w, (3.22)

respectively. It is convenient to introduce the notation
02 2 02 2
¢:=%""(R"R") x€,""(R*,R?).

Lemma 3.2. Let m > 2,0 < a < 1, Q, ® be bounded of class €% and (V,W) € €. Then the
functions

€3 (V,W) s uywo(l+V+W)eg™*(Q\ )
and
€3> (V,W) = uywo(l+V+W)eE™*(Q\w)

are of class ¢’ in a neighborhood of (0,0) € €.
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Proof. We only prove the case of uy y w, the case of u; y w being a straightforward adaptation of
it. The function u; v w satisfies the following variational formulation

Viobyw-V@=p ¢ forall g € Hy,  (Qviw\Oviw). (3.23)

I'viw

/QV+W\(0V+W
Transporting back the problem on Q \ @ by using the transformation (I +V +W)~! we obtain
/ AV,W)Vzyw-Vo =1 / ¢Jrv.w for all ¢ € Hy (Q\ @), (3.24)
o\® ’ r
with
zvw =y wo(l+V+W),
¢:=@o(I+V+W),
A(V,W) :=Jy w([+DV+DW) ' (I+DV' + DW')~ 1,
Jvw = det(I+ DV +DW),
Jrvw = det(I+ DV +DW)||(I+ DV + DW) _th ,

where Jy w is the Jacobian of transformation / +V + W while Jr v w is the boundary Jacobian on
I'. The strong form of (3.24) is given by

—div(A(V,W)Vzyw) =0 in Q\o, (3.25)
zyw=1 on X, (3.26)
(A(V,W)Vzyw) - n=uJryw on T. (3.27)

We introduce the function

G:EXE™*Q\w) = E">%Q\ w) x " VD) x €™ (X)
(V,W,Z) — (—diV(A(V,W)VZ), ((A(V,W)VZ) ‘n— NJF,V,W)’D (Z— 1)|Z) .

First of all, the function
€3 (V,W) = Jyw =det(I+ DV +DW) € 6" "*(R%,R)

is of class € since I + DV + DW is linear in (V, W) and the determinant is polynomial and con-
tinuous for the €™ %-norm. Writing (/-+ DV +DW) ™! =¥ ~,(—1)4(DV + DW)4, we can see that
the function

¢35 (V,W) = (I+DV+DW) ' e €/ "R .15)

is of class € for small (V, W), where .#, is the set of 2 x 2-matrices. Thus (V,W) — A(V, W) is
¢ for small (V, W) since the function

€ (R, o) x EH(Q\ 0) > € QN ) x €T x E (D)
(4,2) = (—div(AVz), ((AVz) -n)|r.2]x)
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is bilinear and continuous. For small (V, W) the function (V,W) — Jry w is also €. Gathering
the previous results we get that G is €. In view of A(0,0) =1 and Jr oo = I, we compute

D.G(0,0,u20,0; 2) = (—AZ,9,2|r,2]x) -

Since Q and o are of class €%, 0 < a < 1, regularity theory of elliptic partial differential equations
implies that

D.G(0,0,1200) 6@\ @) - 6" 2@\ @) x € (T) x 67 (T)

is an isomorphism for m > 2 and 0 < a < 1. Therefore, we can apply the implicit function theorem
and there exists a function

(V,W) e € 3(V,W) e €™%Q\ 0)

of class € on a neighborhood of (0,0) € € such that G(V,W,Z(V,W)) = 0. By uniqueness of the
solution to (3.25)-(3.27), we get Z(V, W) = z(V,W) = up vy wo (I+ V+ W) and we have proved the
claim. []

We now prove the existence of W*(V). For this purpose, we introduce neighborhoods & of X
and & of I, suchthat 5N & = 0.

Theorem 3.3. Assume that there exist two bounded open sets Q, @ of class € T1% m > 2,0 <
o < 1 such that the over-determined system (1.1)-(1.4) is satisfied in Q \ @. Assume in addition that
A >0 onT = dQ. Then there exists an open neighborhood ¥ of 0 in ¢,"*(R?,R?) and a function

Y 5V WHV) € €% (R, R?)
of class ¢’ such that (1.1)-(1.4) has a solution in Qyy- V) \ @y forall V€ ¥ and W*(0) =0.

Proof. The main tool to prove this result is the implicit function theorem. First of all since Q is of
class € 1% we have J# = divr(n) € € 1:%(T). Next, we introduce

F 6™ (%) x €™(T) - 4™%(Q\ o),
(vn,wn) > (uLV’W — uz’V7w) o (1+V+W),

where
emeL) — 6% (R?R?), C ™) — (R R?),

ey :
v, — V. W w, +— W.

are linear extensions along the normal of (v,,w,), i.e., V|y := v,ny and W|r := wynr, such that V
has compact support in & and W has compact support in &. Since Q,  are of class €%, we
have np € ¢"%(I") and ny € ¢"%(X) and we can find such extensions e,,e,,. Since (V,W) € €,
it follows that u; v w and uo v w € €"%(Qviw \ Oviw) = €% (Qw \ wy) due to the choice of

extensions of v, and w,,.
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Since we have assumed that there exist £ and ® such that (1.1)-(1.4) has a solution, by unique-
ness of the solution to (3.17)-(3.19) we get uj o0 = u2,0,0 in Q\ @ and therefore F(0,0) = 0. From
now on we write uy := uj 00 and up := up (o for simplicity.

In order to apply the implicit function theorem and obtain W*(V), we need to prove that F is
continuously differentiable, and that its derivative is an isomorphism. According to Lemma 3.2, we
have

(VW) e (uLV’W — u27V7w) o(I+V+W)e %mﬂ(ﬁ\ )

is of class ¢’ in a neighborhood of (0,0). Since the extensions e, and e,, are linear and continuous,
we also get

(Vs W) € €™ (E) x €™ (L) = (ugv.w — uzy.w)o (I+V+W) € €"%Q\ o)

is of class €. The derivative of u;ow o (I + W) in the direction W at W = 0 is the material

—

derivative denoted 1;(W), i = 1,2. Recall the definition of the shape derivative:

uﬁ(W) = 1u;(W) —Vu; - W.

For a given test function W, on I', we denote

W :=D,, e,,(0;W,) = e,,(Wy),
using linearity of e,,. We obtain due to u; = uy:

o~ o~ o~ o~ o~

Dy, F(0,0;%y,) = it (W) — tia(W) = 1t} (W) — 1ty (W) + Vie; - W — Vi, - W

u
=y (W) — uy(W).

According to standard shape calculus; see [SZ92, pp. 118-120] for instance, u} (W) and u)(W)
satisfy the following equations:

Ay (W)=0 in Q\@,
u'(W)zO on X

—

1
uy(W)=—0uw, on T,
and

—Ab(W)=0 in Q\®,

uh(W)=0 on X,
Opdy (W) = divp(Vruawy) + 8%, on T,

where we have taken into account the fact that W = ew(Wy,) has compact support on &. We prove

o~

first the injectivity of D,,, F(0,0). Assume that D,, F(0,0;W,) = 0. This implies u} (W) = i} (W).
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Taking into account that u; = up = 0 and d,u; = i on I" as well, we get that Ww,, = — u‘lu’l (W) on
I" and (W) solves

—Ay(W)=0 in © \ @,
uh (W\) =0 on X,
Ouity (W) + #us(W)=0 on T.

Since 7 € %’"—1’“(1“) and .72 > 0 on I, this function has a unique solution u} (/VV) = 01in view of
Lemma 3.1. This implies w,, = 0 and the injectivity is proved.

Next, we prove surjectivity. Let y € €"™%(Q\ @). We are looking for a solution of the equation

—~

Dy, F(0,0:,) = ) (W) — ub (W) = . (3.28)
In view of the previous computation, i (/VV) = u}, is independent of W and solves
—Aurb=0 in Q\@,
ub=0 on X,
Ontth + H#uy = —#y on T,

and w, = — = (u + ). Applying again Lemma 3.1, there exists a unique solution u), € €"™%(Q\
o). Consequently, we get
W=~ (g + ) € €MD),
and this proves the surjectivity of D,,, F(0,0).
We have shown that D,, F(0,0) is an isomorphism from €% (T") to "% (Q\ ®). Therefore, we
may apply the implicit function theorem to F, i.e., there exists a neighborhood ¥t of 0 in €"™*(X)

and a unique %* function

E"HE) D vy wih(vy) € €T
such that F (v, w}(v,)) =0 for all v, € Y1 and w};(0) = 0.

The statement of the theorem is obtained by considering the trace
. ¢, (R?,R?) — €™*(%),
V = (V : Il)|z,

and the linear extension e,,. Note that the restriction r, is well-defined due to ny € €% (Z,R?).
Taking a neighborhood ¥ of 0 in %, '*(R?,R?) such that r,(7#) C 7t and applying the previous
result with v, := r,,(V), we get a unique w}, in ¢"%(I"). Setting W* := ¢,,(w}) we obtain the main
statement. Since the extension e,, is obviously not unique, W* is not unique as well, even if w} is.

We can also note that W* depends actually only on v, = (V- n)|r and not on its extension V.
Finally, the trace r, and extension e,, are linear and continuous. Therefore the function

¥ 5V WHV) € 6% (R?R?)

is of class € by composition. ]
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Corollary 3.4. Under the same assumptions as in Theorem 3.3, the derivative of W*(V) in direction
VatV =0in%"*(R? R?) is such that

DyW*(0;V) = —u~'a(V)nr on T, (3.29)
where i#(V) is the solution of
—AE(V)=0 in Q\®, (3.30)
i(V)=—0uV-ny on X, (3.31)
Opii(V)+ #d(V)=0 on T, (3.32)

where I' =T(w) and Q = Q*(®).
Proof. By Theorem 3.3, there exists a neighborhood 71 of 0 in €% (X) and a unique ¢ function
E"HE) D vy wi(vy) € €T

such that F(vy,,w}(v,)) = 0 for all v, € ¥ and w;(0) = 0. Differentiating F (v,,w}(v,)) = 0 with
respect to v, in direction v, one obtains

F(0,0;%,)+D,,F(0,0;9,) =0,
where W, := D,, w;(0;9,). This yields
W = —(Dy, F(0,0) 7' Dy, F(0,0: %) (3.33)

since Dy, F(0,0) is an isomorphism. We prove that w, = — 1~ 'a(V)|r is solution of (3.33). Indeed,
choosing W, = —p~liz(V)

r, we have
D,,, F(0,0;W,) = u} (W) u’z(W)
D, F(0,0;9,) = u (V) — uy(V),
where u} (/W), 7 (/W) u) (V),u ( ) are harmonic functions on Q \ @, with the boundary conditions
| (W) = uy(W) =0 on X and u;,(V) = 9 uz( ) =0 on I'. Moreover, we have u| (W) = —uw, and
Oity(W) = w6, on I and u} L(V) = (V) —dyuvy, on X. Now define

i
We then have
—AG(W)=0 in Q\®,
i(W)=0 on %,  @(W)=ia(V)—uy(W) on T, (3.34)
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and

—Aii(

i

V)=0 in Q\®,
V)=0 on %, a(V)=—-us(V) on T. (3.35)

A~

The difference (V) — u (W) satisfies the equation

—A@(V) =y (W)) =0 in Q\®,
i(V) —uh(W) = —dud, on X,
(

— A~

On(@(V) =y (W) = —#a(V) — u#%, =0 on T,

A~

where we have used W, = —u~'ii(V)|r. Thus we observe that ii(V) — uy(W) = ub(V). This yields
in view of (3.34)

—AI(W)=0 in Q\®,

i(W)=0 on X,  @W)=uh(V) on T. (3.36)

— ~

It follows from (3.35) and (3.36) that ii(W) = —ii(V) which means D,,, F(0,0;W,) = —D,, F(0,0;7,),
and that W, = — (V)| is indeed the solution of (3.33). Since the extension e,, and the restriction
ry from the proof of Theorem 3.3 are linear, we obtain

l)VVV>’< (0,{7) = eW(DvnW;kz<0; rv(i\/)»

which yields
P

DyW*(0;V)=—pu~'a(V)np  onT.
0

In view of Corollary 3.4 we define W+ = DyW* (0\7) From (3.9)-(3.11) we may deduce a
local monotonicity result.

Theorem 3.5. Let Q and  satisfy assumptions as in Theorem 3.3 and let Ve 7% *(R%,R?), m > 2.
Assume 1t < 0, V(x)-n(x) < 0 for all x € ¥ and there exists x € £ such that V(x)-n(x) < 0, then
W*(x)-n(x) >0forallx eI

A~ A~

Proof. Since i(V) is harmonic, the maximum principle states that the minimum of #(V) is attained
on I'UZX. The function u is also harmonic. Therefore, its maximum is attained on X, where u = 1
and d,u(x) > 0 for all x € X. Therefore, in view of the assumption V-n < 0 on X we have #(V) >0

~ ~

on X due to (3.31). Consequently, if (V) takes negative values on I'" then the minimum of (V) is
attained on I'.
Due to (3.29) and since u < 0 by assumption, the claim W*(x) -n(x) > O for all x € I" amounts

~

to proving that #(V) > 0 on I'. By contradiction, we assume that there exists a point z € I" such that

~

ii(V)(z) < 0. In this case, we have shown that the minimum of (V) is attained on I" so we may
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~ A~

assume that z € I is precisely the minimizer, and we assume in addition that #(V)(z) < @#(V)(x) for
all x € Q. Since Q is convex, we have 7 (z) > 0 for all z € I'. Therefore, due to (3.32), we have

-~

0,il(V)(z) = —#(2)ia(V)(z) > 0. (3.37)

Since Q is at least of class >, it satisfies the interior ball condition and we may apply Hopf’s
lemma (see [PW67] for details), implying that d,ii(V)(z) < 0 in contradiction with (3.37). Thus the

A~ A~

initial assumption cannot be satisfied and either i#(V)(z) > 0 for all z € " or i#(V)(z) < 0 and there
exists x € Q such that ii(V)(z) = ii(V)(x). In the second case, @(V) must be constant in Q due to
the strong maximum principle and since #(V)(z) > 0 on £ we get @(V) = 0 in Q which leads to
V-n=0on X, a property excluded by assumption. Therefore, @(V) > 0 on I and w+ (x)-n(x) >0

for all x € I' in view of (3.29). Il

Remark 3.6. The convexity of Q in Theorem 3.5 holds whenever @ is convex (See for instance
[HPOS, Theorem 6.2.2])

Remark 3.7. Under the assumptions of Theorem 3.3, Theorem 3.5 leads to the monotonicity for
the set inclusion of Q*(®) with respect to a convex ® for small perturbations of @, i.e., if 0; C @,
are two convex sets and @, is close to @; in the sense that there exists a V&€ ¥ with V-n <0 on
Y| = dw such that m; = (14 V)(w;) (note that n denotes here the inner normal vector to @), then
Q*(w;) C Q" (). Indeed, we then have Q*(w,) = (I+W*(V))(Q*(w;)) and using Theorem 3.5
we get DyW*(0; V) -n > 0. Since for a small perturbation V we have

W (V) =W (0) +DyW* (0:V) +0(]| V7.0

and W*(0) = 0, we can choose @, and V small enough such that W*(V)-n > 0 and Q*(w;) C
Q* () follows.

In what follows, we will need the following standard lemma.

Lemma 3.8. Let @ be of class ™%, V € ¢,"%(R*,R?), m > 2 and wy = (I+ V)(®). Let f be
such that V— f(V)o (I+V) € L' () is differentiable at V = 0 from €,"*(R?,R?) to L' (») with
derivative f'(0) and £(0) € W!!(R?). Consider the functional

J(V) = /wv F(V)dx.
Then
Dw&w:Af&%+MU@Wm=Af@%M+AJ@Vmﬁ

where f7(0;V) is the shape derivative of £(V).

Proof. The result is a straightforward consequence of, for instance, [MS76, Theorem 4.1]. ]
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3.3 Shape derivative of the cost functional K;

We express the shape derivative of K; as defined in (3.1) in the Hadamard-Zolésio structure form
(3.3), under appropriate smoothness conditions on the boundary of Q.

Theorem 3.9. Let ® C R? be a bounded domain, with a boundary of class ¢ 20 and let V €
‘sz "%(R?,R?) be given. Assume .# > 0 on I'*(®). Then the shape gradient VK;(®) of the cost K}

can be expressed as

VK (@) =Vp-Vuec €H*(x), (3.38)
where all expressions are evaluated on X, and the adjoint state p satisfies
—Ap=0 in Q' (w)\w, (3.39)
p=0 on X (3.40)
owp+Hp=—pu Mge+pu 1 on I'(w). (3.41)

Proof. Using Lemma 3.8 we obtain for W € Cﬁbz "*(R?,R?) the shape derivative of J; (Q) at Q:
ATy (Q; W) :/ Wnds+ [ —W-nds. (3.42)
INE® INE

Note that in (3.42), there is no contribution from the shape derivative along JE since E is fixed. The
minus sign in the second integral comes from the orientation of the normal vector in E N Q€. Since
Ki(oy) =J1((I+W*(V))(Q*(w))) we may apply the chain rule thanks to Theorem 3.3, Corollary
3.4 and (3.42). Using (3.29) we obtain
dK1(;V) = dJ; (Q (); DyW*(0; V))
= —n N ds+ ThiTd ds:/ (= Mg +p "g)d ds.
[*NE¢ *NE I+

To simplify (3.43), we introduce the adjoint state p solution of (3.39)-(3.41), which is well-defined
due to 5 > 0 on I'*(w). Using Green’s formula in Q \ @ and utilizing (3.39)-(3.41), we obtain

/ (—p e+ pu g ds:/ (Onp+ Hp)u ds
I I

= (Apu' — pAu) dx+/ POt + U ds (3.44)
o\@ r*

(3.43)

+/(—u/8np+p8nu') ds.
X
Using (3.13)-(3.15) and (3.39)-(3.41) yields

/ (—u e+ p g ds:/(anpanu)\?.nds:/Vp.vu\?-nds.
r* r X

Since  is of class €*% and Q* \ @ is of class €’ due to assumption (2.4), we have p|y,uly €
€>%(X) due to standard regularity results and ny € ¢'1*(£,R?). Therefore, VK| (@) = Vp-Vu €
€% (L) and

K (0: V) = /va-vu V-nds (3.45)

is well-defined. [
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3.4 Shape derivative of the cost functional K,

In a similar way we express the shape derivative of K; in the Hadamard-Zolésio structure form (3.3),
under appropriate smoothness conditions on the boundary of Q.

Theorem 3.10. Let @ C R? be a bounded domain, with a boundary of class %% and let V €
‘5,)2 "*(R?,R?) be given. Assume .7# > 0 on I'*(®). Then the shape derivative of K, at @ in direction
Vis

dK>(@,V) = /[Vu-vp+vp, -Vu]V -nds, (3.46)
b
and the adjoint states p; and p satisfy
—Ap;=—(u—uw;) inE\®, (3.47)
p=0 onX, (3.48)
pi=0 onJdE, (3.49)
and
—Ap = u]lQ*(a))ﬂEc + (I/t — I/ll)]lEma)C in Q*((IJ) \E, (350)
p=0 onZk, (3.51)
op+p=0 onl"(w), (3.52)
respectively.

Proof. In view of Lemma (3.2) the conditions of Lemma 3.8 are fulfilled and we may apply the
chain rule to K;(®) thanks to Theorem 3.3 and Corollary 3.4. Note that J, depends on two variables
Q and @, therefore we obtain the shape derivative of K, (®) with respect to @ in direction Vas

dKz(a);V) = sz(.Q* ((D), ®;DyW* (0; V) ) {7)

= /i\] d + - /i\] - /i\] d
QWcuu( ) dx Emwc(u ur)(u (V) —uy(V)) dx (3.53)
1 S 1 v

b5 [ @YW ) nds+ 3 [ (e—u)V-nds,

A~ A~

where u' = u/(V) is the solution of (3.13)-(3.15) and u) = u}(V) satisfies [SZ92, pp. 118]

~A,=0 in E\®, (3.54)
uy=—0uyV-n on X, (3.55)
uy=0 on OJE. (3.56)

In view of the boundary conditions for u and u; we get
dK>(o; V) :/ ud dx + (u—w) (' —up) dx
Q*NEC Enw° (357)

= (ulginge + (u—u)) L pnpe )’ dx + —(u—uy)uy dx,
Q*Nw¢ ENnw¢



22 H. Kasumba, K. Kunisch and A. Laurain

using u' =0 on (Q*(®))¢. Next, we simplify the second integral in (3.57) by introducing the adjoint
state p;, the solution to (3.47)-(3.49), and we obtain

/ —(u—up)u; dx:/ —Apyu; dx
ENa* Ene*

— —plAu; dX‘l‘/(_anplu; +plaﬂu;> ds
ENw® z

:/anplanule-nds:/Vpl-Vulv-nds.
X )y

Similarly, to simplify the first integral in (3.57), we introduce the adjoint state p solution of (3.50)-
(3.52), which leads to

/ (ulgnge + (u—u)) Logrnge )i’ dx :/ —Apu’ dx
Q*Nw° Q*No°
= o —pAul dx+/ —oppu’ + pou') ds

—/8np8 uv- nds+/ —dyp— Hp) ds

:/Bnpaan-nds:/Vu-VpV-nds,
)y )y

where we used (3.15). Since the mapping dKz(w;\A’) is linear and continuous, we have obtained
(3.46). [

4 Numerical algorithm and examples

We solve the optimization problems using an iterative process, i.e., we find a solution to the lower-
level problem (.%,) first and then proceed to the upper-level problem consisting of the minimization
of K| and Kj;. For the upper-level problem, we use the boundary variation technique [AP06]. One
may use the negative shape gradients V; = —VK;(@w)non X, i = 1,2 as a descent direction, which
need to be extended to the entire domain for the numerical method. In Algorithm 2 we introduce an
extension of V; over the entire domain Q* \ @ such that

dKi(@:V;) = / VKi(@)V;-nds = —/ IDV,? + [Vi2 dx < 0
> Q\@

which yields a descent direction for the cost functionals K;, i = 1,2.
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Algorithm 2 Bilevel shape optimization problem
1: Choose initial shape Qq, tol, Ny, and set k = 0;
2: while ( (erry > tol) & (k < Npygyx)) do
3:  Solve (Z ) using Algorithm 1.

4:  Compute the mean curvature 72 *) of T() using (2.10).
5.  Compute the adjoint system (3.39)-(3.41) for J; or (3.47)-(3.49) and (3.50)-(3.52) for J;.
6:  Evaluate the descent direction Vl(k) for i = 1,2 by using
AV v =0 in @ (0®)\aW, @.1)
2,V = —VK(0®)n onx®, (4.2)
VP =0 on I(0®). 4.3)
. Compute W*(V¥) := DyW*(0; V1) using (3.29).
8 Set Q*(w*tD)\ @t = (14 ¢* g N (Q* (@) \ ®%), where B*) solves
—AYH 430 =0 in Q* (™) \ DY, (4.4)
P® =v® onx®, (4.5)
v =W v¥) on T (W), (4.6)

and 1% is a positive scalar.
9:  Set err = max(||BW|| g1 g\, ||DW
10: end while

(5(5)) andk=k-+1.

In step (8) of Algorithm 2, both sets @ and Q*(w) are updated. However, the actual update for
the free set Q*(®) occurs in step (3). The purpose of the update of Q*(w) in step (8) is not to solve
the free boundary problem but to provide a good initialization for solving (%) later in step (3).
Alternatively, @ only could be updated on the basis of the vector field V; obtained in step (6), hence
avoiding the computation of ¥ and the update of Q* (@), but numerical experience shows that step
(8) is advantageous as it allows to decrease the amount of iterations in step (3).

The current form of Algorithm 2 does not satisfy the inequality constraints in %,,. To achieve
these constraints, a penalty approach is used. Furthermore, the extension V; of —VK;(®)n on the
basis of (4.1)-(4.3) is also regularizing. Namely, if @ is of class %> we have shown for instance
in (3.38) that VK (®) € €"%(Z) and the extension V; is in €>%(Q*(w) \ @) in view of (4.1)-
(4.3). If the Neumann boundary condition in (4.2) is replaced by a Dirichlet condition, then the
regularization is insufficient and undesired oscillations of the shapes may occur [KK11].

Note that the shape gradient in (3.46) for the reduced cost K; involves the functions u, p and
uy, p; defined on domains Q*(w) \ @ and E \ @, respectively. From the numerical implementation
perspective, these domains and the associated grids must be updated separately and consequently,
some modification of Algorithm 2 is necessary. Specifically, in addition to steps (4.1)-(4.6) in Al-
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gorithm 2, the domain E \ @ is updated via
E\o%) = 1+ :0pk))(E\ k),

where 20%) solves

—AWH 4990 =0 in E\@W, (4.7)
0,20%) = VK, (0" )n on £®, (4.8)
W% =0 on JE, (4.9)

and ) is a positive scalar whose choice is to be discussed in Subsection 4.1. For the computation
of p and py, a data interpolation between E \ @ and Q \ @ is required.

4.1 Numerical examples

The state problem is discretized using standard triangular elements generated by the anisotropic
mesh generator BAMG [Hec98]. The location of the free boundary corresponding to a given inner
boundary is not known a priori. However, when considering the situation where both @ and I are
concentric circles, then the location of the free boundary can be calculated analytically.

4.1.1 Example 1

We start with an example where the exact solution is known. Let u = —1, @ = B,,(0) and Q =
Bc(0). Then it is straightforwardly seen that the function

u=—Cln(r)+1+ClIn(ry)

satisfies Au =01in Q\ @, u = 1 when r = r|, and Vu-n = —1 when r = C. Next, to solve the free
boundary problem (%), we look for the value C* giving u = 0 when r = C*. For this, one needs to
solve the equation

—CIn(C)+1+Cln(r;) =0,

for the value of C*. In what follows, we shall take r; = 1, in which case, C* is found to be C* ~
1.76322.

Therefore, by setting E = B¢+(0) where u = —1 in (1.4), we expect a circle of radius one to be
the global minimizer of both J; and J3, i.e.,

E=Qr :={(x,y) €R? : X*+y*=(C*")*} and 7 := {(x,y) €R? : ¥’ +y* =1}

The optimization is performed using both cost functionals K; and K, starting from the same
initial guess. The initial domains ©® and Q) are given by

2

2
0© = {(x,y)€R2 : XT+%:1}, QO = {(x,y) €R? : P +y* =4},  (4.10)
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respectively. The boundaries I'©), £(9) and 9E, ¥7 of the initial and target shapes, respectively, are
depicted in Figure 3(a). In order to compute the value of Kj, the hold-all & := [—4,4] x [—4,4]
embedding all admissible domains is utilized. The indicator function of the set (QNE“) U(Q°NE)
is computed using

Lianeeyu(eene) () = Ta(x) + 1g(x) — Lo (x) 1 (x).

This indicator function, corresponding to the initialization in (4.10), is depicted in Figure 3(b). For
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Figure 3: Initial shape QO and target shape E

the initial value of the cost functional we get the numerical value K; (a)(o)) ~ 3.455. Our aim is to
minimize the area of the dark region in Figure 3(b).

Remark 4.1. The motion of X is modeled explicitly using boundary nodes which are connected by
line segments. These nodes are moved using the deformation field ‘U computed in (4.1-4.6). During
each optimization step, the step size ) is chosen on the basis of the Armijo-type line search and
such that there are no reversed triangles within the mesh after the update. If reversed triangles occur
or the mesh quality deteriorates, then a new mesh is generated, see, e.g., [APO6, THMOS8] for more
details on mesh regeneration.

The parameters in %, are set to:
Omin = {(x,y) €R? | X¥* +1? <0.61%},  @Opar := {(x,y) € R? | ¥ +y* < 1.75%}.

We set the value of ol to 1 x 1073. After 28 iterations and no mesh regeneration, we reach the target
shape (see Figure 4(a)) with the final value K; (a)f "'""l) ~ 5.4 x 1073 for the cost. In Figure 4(b), we
depict the convergence history of K;. From this figure, we observe that the cost is reduced during
the optimization in a manner typical of gradient type methods, i.e., one observes a fast decrease
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Figure 4: Final shape Q74 and target shape using K.

in the beginning, and a slow convergence afterward. Moreover, since the target and final shapes
of the boundaries practically coincide after optimization (see Figure 4(a)), the dark region is also
minimized and tends to a set of measure zero.

Next, we perform the optimization using K. The initial value of the cost is found to be K, (a)(o)) R~
0.036987. In Figure 5, we plot the variations of the domains Q*(®) \ @ and E \ @ with the iteration
count. It is observed that as the iteration count increases, the boundary X converges to the target (see
Figure 5(b)). Similarly, the boundaries of Q*(®) \ @ converge to the target boundaries as well (see
Figure 5(a)). The final boundaries are depicted in Figure 6(a). As expected, the final shape coincides
with the target shape.

The convergence history of Kj is depicted in Figure 6(b). After 60 iterations and no mesh regen-
eration, the value K> (@/™%) a2 2.527 x 107> for the cost is obtained.

Remark 4.2. In the numerical experiments we observe that the domains obtained using K; tend to
have an oscillatory behaviour near the optimal shape, which is not the case with K;. Therefore, in
the subsequent examples, we use only K> which provides a more stable convergence.

4.1.2 Example 2

In this example our aim is to investigate the effect of increasing the value of t on @ while the target
boundary I'7 remains fixed. We set the target boundary as I'y := {r(¢)(cos2nt,sin2mxt)| t € [0,1]},
where

r(t) = 0.5cos(2nt) + 0.8 cos(4mt) + 2.

It is known that for the exterior Bernoulli free boundary problems with fixed inner component of the
boundary, the respective free boundaries for 4 — 0~ are asymptotic to a family of concentric circles
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with radii tending to infinity [FR97]. Therefore, one excepts the measure of the set Q*(®) \ @ to
increase for u — 0.

The initial design for X is a circle of radius one while that of I" is a circle of radius C (see Figure
7(a)). We choose 1 = —3 and discretize the initial domains Q) \E(O) and E \6(0) with triangular
elements. The boundary nodes of the triangulations of Q*) \E(k) and E \E(k) are used as the control
parameters for the optimization. The free boundary problem (1.1)-(1.4) is computed and the initial
value of the cost is Kz(w(o)) ~ 0.1071. The parameters in %, are set to:

Omin :={(x,y) ER? | > +1% <0.75%}  @Opax := {(x,y) € R? | > 4+ < 3.15%}.

= = = |nitial shape = = = Final shape

Target Target shape

-
!

-2 -1 0 1 2 3

-2 -1 0 1 2 3

(a) Target and initial shape (b) Target and final shape

Figure 7: Target E, initial ©(©), Q*(0(?) and final shapes o\/"%) Q*(w(/"a)) using K, with u =
—3.

The final value of the cost K after 111 optimization iterations and 7 mesh regenerations is
found to be 6 x 1073 The optimal domain is depicted in Figure 7(b). We observe that the final
shape of I'*(®) reaches almost perfectly the target boundary I'7 := dE. We compute the measure
1Q* (/M) \ @/ M| ~ 4.36688.

Next, we set 4 = —1.8 with an aim of checking whether the area of Q*(w) \ @ increases while
[ (w) still coincides with the target I'7. We choose the same initialization as in Figure 7(a). The
parameters in %/, are now set to:

Opin = {(x,y) €R? | X¥* +y? <0.01%}  @par := {(x,y) € R? | ¥* +y? < 1.75%}.

The initial value is Kz(w(o)) ~ (0.128. After 120 iterations one observes that the boundary X inter-
sects itself at the origin (see Figure 8) and a meshing error occurs. At this point the optimization
is stopped, the final value of K, (/") ~ 3.28 x 10~* is returned, and we compute |Q*(@ ™)\
o/l | 7~ 7.51295. The kind of parametrization used here does not allow topological changes to
occur during the optimization process. Therefore, we arrive at a similar conclusion as in [THMO08],
i.e., that the inner boundary consists of more than one connected component, although our numerical
approach as well as the cost functionals K; and K, are different. Moreover, as expected, an increase



A bilevel shape optimization problem 29

= = =Final shape

N
A
|

N

X
"WYAY;
e
Y

‘
X
Y,

K

Target shape

L
Wy,

N
N
N

(a) Target and final shapes (b) Final mesh

Figure 8: Target shape E and final shapes o/ Q* (/")) ysing K, with yt = —1.8

in the value of u for a fixed target, leads to an increase in the area of Q*(®) \ @, in agreement with
the theory.

4.1.3 Example 3

In this example our aim is to check whether there exists a domain @ € %, such that I'"*(w) is as
close as possible to a target I'y which is not of class €. We minimize K, with the boundary dE
of the target domain E represented by a square with rounded corners (see Figure 9). The square is
of dimension [—2,2] x [—2,2]. Each of the corners is rounded using a quarter of a circle of radius
one and centers (1,—1), (1,1), (—1,1), and (—1,—1), numbered counter-clockwise starting from
corner (2,—2). This target boundary can also be described using the parametric equations

x(t) = 2| cos(2mt)|2 - sgn(cos(27)), 1 € (0,1), (@.11)
y(t) =2|sin(27t)|2 - sgn(sin(2)), ¢ € (0,1). 4.12)

With this parameterization, it is clear that the target is not of class 4. We set u = —1. The boundary
¥ is initialized using a circle of radius one while I" is initialized using a circle of radius C, both
centered at the origin, cf. Figure 9. The parameters in %, are set as in the first example. The initial
value of the cost is Kz(a)(o)) ~ 0.0954102. After 20 optimization steps and 5 remeshing, we obtain
the final shape depicted in Figure 10(b). We compute the final value Kz(w(f i”“l)) ~ 1.1067 x 1073,
In Figure 10(a), a comparison between the target outer boundary and the final outer boundary is
made. We observe that the target is not reached exactly. In fact, some of the optimization variables
attained the lower and upper bounds. Since the target is not of class €, it cannot be reached
using star-like boundaries X of class & 2 [THMO08, AM95]. The non-existence of @ € %, such that
™ () is as close as possible to the target I'r ¢ ¢’ usually manifests itself through oscillations of @
[THMOS8]. However, since we use a regularized velocity field (see Algorithm 2), these oscillations
of the inner boundary do not occur in our case, cf. [THMO0S8, Example 2].
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5 Conclusions

In this paper, we have performed the mathematical analysis for the sensitivity of a Bernoulli free
boundary problem with respect to a shape perturbation of the inner boundary using the concepts of
shape calculus. A new segregation algorithm for solving this free boundary PDE constrained shape
optimization problem has been proposed and implemented. The numerical results presented here
indicate that the derived shape gradients produce similar results as those obtained by Haslinger et al
[THMOS] using an automatic differentiation technique. The results in this paper can be extended to
other bilevel problems and control of the free boundary in shape optimization.
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