Published in Optim. Methods Softw. 26 (2011), no. 4-5, 555-573

ANALYSIS OF A LEVEL SET METHOD FOR TOPOLOGY OPTIMIZATION

SAMUEL AMSTUTZ

ABSTRACT. A level set method for the topological optimization of domains is proposed and analyzed
in this paper. The framework of the analysis is that of elliptic optimal control problems with a binary
control acting as a source term of the state equation. The main ingredient of the algorithm is the
concept of topological derivative. Convergence results are proven and illustrated by some numerical
experiments.

1. INTRODUCTION

The representation of free boundaries as the zero level set of a function defined over a larger fixed
domain has become very popular in shape optimization. From the numerical point of view, a major
advantage of this strategy is to allow an accurate description of the boundaries on a fixed mesh, thus
avoiding costly mesh adaptation or remeshing procedures. Also, as the sign of the so-called level set
function permits to clearly segment the hold-all into two regions, no intermediate densities need to
be introduced. This approach is therefore in this respect more direct than relaxation methods, where
penalization techniques must be applied in order to enforce extremal densities (see, e.g., [1, 6, 7]).

Since the pioneering work [19] dedicated to the numerical tracking of fronts, most authors employ
a Hamilton-Jacobi type equation to govern the evolution of the level set function. This formulation
arises naturally when one wants to move the level sets according to a prescribed velocity field (see,
e.g., [18] for a review on level set methods). The same idea has been applied in shape optimization
[3, 22], with the help of the following ideas: a fictitious time variable is involved, the opposite of
the shape derivative is used as velocity field, and the empty region is replaced by a weak phase
in order to avoid the singularity of the stiffness matrix and to extend the shape derivative to the
whole computational domain. Nevertheless this approach has some drawbacks. Firstly, due to the
discontinuity of the velocity field at the interface, the level set function tends to become very steep
in this place, which necessitates periodic reinitializations. Secondly, the method is not designed to
produce topology variations. In fact, holes can merge or cancel, but cannot nucleate. Hence the
obtained domains can be very dependent on the initial guess. Finally, the numerical solution of the
Hamilton-Jacobi equation involves a CFL condition which makes the propagation of the interface
rather slow. Several cures to these inconveniences have been devised, leading to a number of variants
of the original method [2, 8, 9, 11, 14, 16, 17].

A level-set-based method especially designed to allow topology variations was proposed in [5]. The
main ingredient is the notion of topological derivative [4, 12, 15, 21], which measures the sensitivity of
the objective functional with respect to the nucleation of small holes within the domain. Unlike the
original method and its variants, this one does not rely on a Hamilton-Jacobi formulation. Instead,
topological optimality conditions are written in the form of a fixed point relation, which is then solved
by successive approximations. All kinds of shape and topology variations can therefore occur without
introducing any parameter to decide how to combine descent directions of different natures. The
present paper is dedicated to the convergence analysis of this method. For simplicity, we consider the
situation where the shape intervenes at the right hand side of the state equation. In this case, the
topological derivative does not depend on the shape of the holes, hence it can be more easily exploited
to account for general domain variations.

The paper is organized as follows. The problem under consideration is stated in Section 2. Opti-
mality conditions are derived in Section 3. The algorithm is described in section 4, and its convergence
analysis is carried out in Sections 5 through 7. The discrete version of the algorithm is specified in
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Section 8, and some numerical examples are shown in Section 9. An appendix collects some auxiliary
results.

2. PROBLEM STATEMENT

Let D be an open and bounded subset of R? with Lipschitz boundary dD. Given a pair (u=,u*) €
R? with u™ < u~ (this choice of notation will be justified later), we define £ as the set of all measurable
functions

u:D —{u",ut}.
Let now I'p be a part of nonzero measure of D and V be the set of all functions of H'(D) with zero
trace on I'p. Given a function y' € L?(D) and a coefficient v € R, we investigate the following model
problem:

1
Minimize J(u,y) = 7/ (y —y')?de + 1// udx (2.1)
(u,y)EEXV 2 /p D
subject to the Poisson equation
/ Vy.Vndz :/ undx vn e V. (2.2)
D D

We recall that V is continuously imbedded in L?(D) for all ¢ € (1, +00). Consequently, Problem (2.2)
admits a unique solution y,, € V for any u € LP(D), p € (1,400). This allows to define the reduced
cost functional

1
j:u€ LP(D)w— 7/ (Yu ,yT)de+V/ udz.
2/p D
Due to the non-convexity of the admissible set £, the question of existence and uniqueness of a global
minimizer of (2.1)-(2.2) is by no means trivial. We shall not discuss this issue here.
3. OPTIMALITY CONDITIONS
We begin by recalling a standard differentiability result. We give a quick proof for completeness.

Proposition 3.1. Let p € (1,4+00). The map

1

J:u € LP(D)— f/ (yu — y')2dx

2Jp

is of class C* in the sense of Fréchet. Its first order differential is given by
DJ(u)é = —/ 2y 0dx V§ € LP(D),
D
where the adjoint state z, € V solves
/ Vn.Vz,dx = —/ (yu — y"nda Y e V. (3.1)
D D

Proof. Set a(y, z) = [, Vy.Vzdx and {(u, z) = [, uzdz. By virtue of the Sobolev imbedding recalled
above, the map (y,u) € V x LP(D) — a(y,.) — £(u,.) € V' is linear and continuous, and thus of
class C*°. In view of the coercivity of a, the implicit function theorem implies that the solution map
S:u € LP(D)— vy, €V is also of class C>°. Then J : LP(D) — R is of class C* by composition. For
any 0 € LP(D), we obtain by the chain rule
D@3 = [ (g~ s DS
D
Next, the adjoint equation (3.1) yields

DJ(u)d = —a(DS(u)d, zy,)-
Besides, we have a(S(u), z) = ¢(u, z) for all (u,z) € LP(D) x V, which, by differentiating with respect
to u, provides
a(DS(u)d, z) = £(6, 2) V(u,d,z) € LP(D) x LP(D) x V.
Thus we arrive at

DT (u)d = —£(6, zy).



Corollary 3.2. Let p € (1,400) be given. For all u,v € LP(D), we have

J(w) - §(u) = /D gu(v — w)dz + R(u,v), (3.2)

where the sensitivity g, is defined by
Gu = —2y + 1,
and the remainder R(u,v) enjoys the following properties.
(1) For all u,v € LP(D),
R(u,v) > 0. (3.3)
(2) For all bounded subset A of LP (D), there exists M > 0 such that
u,v € A= R(u,v) < M|lv— u||%,,(D). (3.4)
Moreover, if v =u~+ BXB(zy,p), B €R, wg € D, p >0, then, for all v € (0,1), there holds

(V) = j(u) = 7p* Bgu(xo) + O(p™mZF1-4/P)), (3.5)

Proof. The nonnegativity of R(u,v) stems from the convexity of the cost functional J together with
the linearity of the solution map S. One can also directly check that R(u,v) = % fD (Yo — yu)?dz. The
estimate (3.4) is a direct application of the Taylor-Lagrange inequality. If v = u + BXp(a,,p), then
(3.2)-(3.4) yield j(v) — j(u) = ﬁfB(w[w) gudz + O(p*/P). By elliptic regularity, g, is locally H?, thus
~v-Hoélder-continuous in the vicinity of xq for all v € (0,1). This straightforwardly leads to (3.5). O

An expression of the form (3.5) is generally called topological asymptotic expansion (see, e.g., [4,
12, 15, 21]). The function g, is known as the topological derivative of the functional j with respect to
the considered perturbation.

Definition 3.3. We say that a function u € £ is a local minimizer of (2.1)-(2.2) if
Ja>0[Vvel, [lv—ullpp) <a=jv) > ju).
We say that it is a global minimizer if j(v) > j(u) for all v € £.

Given a function f: D — R and a number a € R, we denote [f = a] := {x € D, f(z) = a}. If Ais
a subset of D we denote by int(A) its interior. In view of Corollary 3.2 and Definition 3.3 we deduce
the following proposition.

Proposition 3.4. A necessary condition for u € £ to be a local minimizer of (2.1)-(2.2) is

gu > 0 in int([u = ut]),
{ gu <0 in int(fu = u)). (3.6)

A sufficient condition for u € € to be a global minimizer of (2.1)-(2.2) is

{ gu >0 a.e. in[u=ut], (3.7)

gu <0 a.e. inju=u"].

Proof. The necessary condition (3.6) is a consequence of the expansion (3.5), where v and p are chosen
arbitrarily in (0,1) and (1, 2), respectively. To prove that the condition (3.7) is sufficient, we consider
another function v € £. The variation v — u can be expressed as

+ )t

v—u=(u" —u )X+ (w —ut)xt

where x~ is the characteristic function of some subset w™ of [u = u~] and x* is the characteristic
function of some subset w* of [u = uT]. Using (3.2) and (3.3) it comes

i) = j(u) > /

w

gu(ut —u")dz +/ gu(u™ —ut)da.

wt

Both integrals are nonnegative, which completes the proof. O



4. DESCRIPTION OF THE ALGORITHM

To each continuous function ¢ : D — R we associate the function uy € £ defined by

i - {3 w

In the sequel we will use the simplified notations

J(@) = j(uy), I = Guy -
We will denote by £" and H"™ the n-dimensional Lebesgue and Hausdorff measures, respectively.

The first step in the construction of the algorithm is to reformulate Proposition 3.4 in the level set
framework.

Lemma 4.1. Let ) € C(D) be such that L*([t) = 0]) = 0. Then uy is a global minimizer of (2.1)-(2.2)
if and only if, for oll x € D, there holds

{ w(x) >0 = gw(ﬂﬁ) > (4_2)

Proof. By continuity of ¢, we have ¥(x) > 0 = z € int([uy, = ut]) and ¥(z) < 0 = = € int([uy =
u~]). Then using (3.6) yields directly the necessary condition. Let us now derive the sufficient
condition from (3.7). Thus, let = belong to [uy = u™] N [gy < 0]. It stems from (4.2) that ¢(z) < 0,
hence z € [¢p = 0] or = € [¢p < 0] C int([uy = w~]). The second situation being impossible, it comes
[uy = ut] N gy < 0] C [¢p = 0], which is of zero Lebesgue measure. Likewise, £?([uy = u™] N [gy >
0]) = 0, and the proof is complete. O

With the assumptions made, we have that g, € H%/?(D) (see, e.g., [20]), which is imbedded in
C%1/2(D). This regularity is however not sufficient to use g, as a descent direction. We will introduce
an auxiliary function g, with higher regularity and the relevant properties.

For any o > 0, we denote by (.,.), the canonical scalar product on the Sobolev space H? (D) and
by ||.||o the associated norm. We denote by S, the unit ball of H° (D), i.e.,

Se ={¢ € H?(D), ||l = 1}.
We make the following assumption.

Assumption 4.2. There exists ¢ > 2 such that the following holds.
(1) For all w in &, there exists a function g, € S, which satisfies, for all © € D,

gu(z) >0 g, (z) >0,
Ju(z) <0 & g, (z) <0,

(2) The map u € £ + §, is continuous for the norms ||.||1(py — ||.[|o-

Note that, when D is smooth, V = H}(D), y' € H*(D), s > 0, and v # 0, we can simply
take Gy = gu/|lgulle. Indeed we have by elliptic regularity that g, € H™">*)+2(D) for all u in &;
furthermore, g, # 0 since gy 5p = v # 0.

We now fix o so that Assumption 4.2 is fulfilled. The proposed algorithm is based on the observation
that the equivalence relation

NS0 gy =\ (4.3)
is a sufficient optimality condition for any function ¢» € H? (D) which is nonzero almost everywhere
(see Lemma 4.1). Of course, there holds

Unp = 1wy VO € H7(D), YA >0, (4.4)

thus, without any loss of generality, we will restrict the search to unitary functions . More precisely,
we will apply the fixed point iteration on the unit sphere S, to the solution of (4.3), which becomes

Gy = 1. (4.5)

To do so, for all ¢, p € S, and all k € [0, 1], we denote by 6 the non-oriented angle between v and ¢,
that is

6 = arccos (¥, @), (4.6)
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If the vectors 1 and ¢ are linearly independent, we denote by Cy (1, ¢) the image of ¢ by the rotation
of angle 0 in the oriented plane generated by the pair (1, ¢). We have by this definition

k
Cu(, ) = cos(rb)y + sin(/fv@)m,

where k denotes the orthogonal projection of ¢ onto the orthogonal hyperplane 1+ of v, i.e., k =
@ — cosB). A straightforward calculation results in

1
Culth ) = sin 0

If ¢ = £, we set by convention Cy (), ) = ¢ for all k € [0,1]. The structure of the algorithm is the
following.

[sin((1 — k)8)1) + sin(k0) ] .

Algorithm

(1) Set n =0 and choose some 1y € S,
(2) If (4.2) is satisfied then stop else set

Yoyl = Cnn (7/)n7§wn)

with some &, € [0, 1].
(3) Increment n «— n + 1 and goto (2).

At each iteration, the step &, € [0,1] is fixed by a line search. This issue will be discussed in Section
8.

5. VARIATION OF THE OBJECTIVE FUNCTIONAL WITH RESPECT TO BOUNDARY PERTURBATIONS
We define the set
G = {4 € H7(D), [ = 0] CC D, Vo) # 0 on [t = O]}

We recall that o > 2, hence H°(D) is continuously imbedded in C*(D) (see, e.g., [10]). Hence, for all
¥ € G, the level set [1) = 0] is compact, and thus, inf{,—g [V¢| > 0. We begin by a continuity result.

Lemma 5.1. Let ) € G. There exists c1,co > 0 such that for all ¢ € L>°(D),
lellLe Dy < €1 = |luyt+p — upllLrpy < c2ll¢llL=(p)-
Proof. Let ¢ € G and ¢ € L*>°(D). We have

fuirs —wslliroy = =) | [ e [ aef
[—p<y<0] [0<y<—¢]

Hence

luyto —uyllLrpy < (u™ — u+)/ dz.
[=llellee (py <Y<l Loo (D))

We can rewrite this latter integral as

/ o = Flgl=(0)) = P(=lplli=(o):
[=llellzoe (py<¥<llellLoo (p)]

with

F(t)= / dz.
[¥<t]

By Corollary A.5, the function F' is differentiable at 0, which enables to conclude. O

Lemma 5.2. For all ) € G and ¢ € C*(D), we have

J 4 t9) — §(@) = —tu™ — u) /W_O] EE M +of0)
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Proof. Corollary 3.2 entails, for any p > 1,

JW+tp) —j(¥) = /D 9o (Ut — wg)de + O(|[ug 1o — upl|7o(p))-

By definition of w,, this expression can be rewritten as

| o o ]
JW+ ) — (W) “[Awwfthﬂm%”]

/ gydr — / gydx
[h+tp<0] [ <0]

By using Corollary A.5 and Lemma 5.1, it comes for ¢ small enough

_ 2
tu + O([[upsro — w7 ).

] ; — g¢<,0 1 — gw(ﬂ 1 2/p
J(W +te —jd)—zﬁt/ L dH —u t/ L dH + o(t) + O(t*/P).
( ) W) [=0] Vil [=0] |V ®) ( )

Choosing p € (1,2) completes the proof. O
Lemma 5.3. Let ¢ € G. We assume that uy is a local minimizer of (2.1)-(2.2). Then for all x € D
PY()=0 = gy(z)=0. (5.1)

Proof. Tt suffices to take ¢ = gy in Lemma 5.2. Another proof consists in observing that [¢) = 0] C

[ < 0] N[> 0], due to the non-vanishing of Vi on [¢p = 0], and using (4.2) together with the
continuity of gy. O

Lemma 5.4. Let Y € S, NG, p €S, be two linearly independent functions. We have

. . o Gup
C. (v, — = —K— u —u+/ Ld?—ll—l—o,ﬁ. 5.2
HOtb ) =) = ~rgrg —ut) [ G han +ot) (52)
Proof. On the one hand, we observe that, for all k € (0,1),
_ sin((1 - k)0) sin(k#)
CWo) =—g7 |V s -w9¥) (5:3)
which, by virtue of (4.4), yields
) ) ) sin(k0) )
K ) - = . - : A
J(Cr(, ) = () = (b + o —m)e)@ J() (5.4)
On the other hand, a straightforward Taylor expansion provides
sin(kf) kKO
sin((1 —x)0)  sinf +olk).
Applying Lemma 5.2 completes the proof. d

Lemma 5.5. Let ) € S, NG be such that H' ([t = 0]) > 0. We assume that the condition (5.1) is
not satisfied. Then there exists & > 0 such that, for all k € (0,R], Cx(¥,gy) € G and

J(Cx(¥, gy)) < J(¥).

Proof. We first remark that, in view of the assumptions, ¥ and g, are linearly independent. Then,
by virtue of Lemma 5.4 we have

(C (- 50)) — () = —r—D—(um — 9u9v
HO o)) =) = =i —ut) [ R +of).

This quantity is negative provided that x is small enough. The fact that Cy. (¢, §y) € G for k small is
a direct consequence of the regularity of the functions ¢ and gy. O



6. VARIATION OF THE OBJECTIVE FUNCTIONAL WITH RESPECT TO TOPOLOGICAL PERTURBATIONS

In this section we study the variation of the objective functional when the level set function % is
perturbed in such a way that the existing connected components of the interface [¢) = 0] are preserved,
while new ones are created. This corresponds to the case where (5.1) is satisfied. Then the leading
term in the asymptotic expansion (5.2) vanishes, thus higher order terms must be considered. We
start by two preliminary lemmas.

Lemma 6.1. For all ¢, € H° (D), for all t > 0, we have
¢ [ugprip —uy] <0 in D.

Proof. Let z € D be such that w4, (x)—uy(x) < 0. This means that w44, (2) = ut and uy(z) = u™.
Thus (¢ + te)(z) > 0 and ¢(x) < 0. Hence ¢(z) > 0. We obtain similarly that wyyi,(z) — uy(z) >

0= p(x)<0. O
Lemma 6.2. Let ¢ € S, NG be such that (5.1) is satisfied. Then the function
9y
Gp=-2
YW

extends by continuity on [1p = 0].

Proof. We study the continuity of ¢, at some point & € [1) = 0]. Let € D be in a neighborhood of
#. We denote by x, a projection of 2 onto the compact set [1) = 0]. Due to the C! regularity of the
curve [¢) = 0], this projection is orthogonal, i.e., the vector z — x, is colinear to the normal ny, at zp.
By a Taylor expansion, we obtain

(x) = ¢(en) + Vi(xn).(x — zn) + ofjx — zn).

Since ) vanishes on [¢) = 0], it comes

W(x) = Opt(xp)(x — zp).mp + o|z — zp]).
Similarly, we have
Gy () = Ongy (zn)(x — zn).np + o]z — x1]).
By assumption, 0pt does not vanish on [¢p = 0]. In addition, |z — zp| < |z — Z| and |z, — &] <
|zp, — x| + |z — | < 2|z — &|. Hence
Ongy (n) + o(1) On gy (£) .

WO == @) o) o

O

We define the set 7 as the set of all functions ¢ € G satisfying (5.1) as well as the following
conditions:
e either (4.2) is fulfilled,
e or argmax{(y(z),z € D} = {z*} with 1)(2*) # 0, and there exists a > 0 such that V{,(z).(x—
1*) < —alz — 2*|? for all x in a neighborhood of z* and such that v(x) # 0.
The above condition roughly asserts that ¢y is not flat near its maximum. The proposed formulation
enables simple proofs, but it is not sharp.

Lemma 6.3. Let ) € S, NT. We assume that (4.2) is not satisfied. Then there exist two positive
constants t < t such that

W +1tgy) <j)  Vte (L) (6.1)

Moreover, 1 +tg, € G for all t € (t,7).

Proof. (1) First, we note that, as (4.2) is not satisfied, we have by assumption argmax{(y (), z €
D} = {z*} with ¥(2*) # 0, and there exists o > 0 such that V{,(z).(z — 2*) < —alz — z*|?
in the vicinity of *. For all ¢ > 0 we set

Ar=[>0 A Y+tiy <O0U[p <0 A ¥ +1tgy >0].

In fact, in view of (5.1), there holds ¢(x) # 0 for all x € A,. This permits to obtain the
inclusions

~+ | =

[$#0 A G> 21 CACKy >3] (62)



It stems from the assumptions that, in the vicinity of x*,
«@
Gola) — Gula*) < — ol — 2"

Therefore there exists £ > (y(2*)~! such that

_ 1
vVt <1, xeAt:>§¢(x*)—%|x—x*|2>? (6.3)

We now set t = (y(2*)~! and, for all t > ¢,

Then we immediately derive from (6.3) that
A; C B(x*, p(t))  Vte (L,7). (6.4)
By Corollary 3.2 we have for any p > 1

J@W +tgy) — i) = /D 9o (Uypr1g, — wp)dz + O([[upyig, — uyllTo(py)-

By Lemma 6.1 we can write

JW +1tgy) — W) = —(u” — U+)/ |gulda + O(L(A)*/7).
Yet, in view of (6.4), the continuity of g, and the fact that g,(z*) # 0, we have |gy(z)] >
m > 0 for all z € A; provided that ¢ is sufficiently small. Possibly decreasing ¢ in this respect,
we get

G +tgy) — §() < —(u™ —uh)mL(Ay) + O(L2(A)*P) Vit € (4,1).

In addition, for ¢ > t, A; has nonzero Lebesgue measure by virtue of (6.2) and the continuity
of ¢y. We deduce (6.1) by possibly decreasing ¢ again and choosing some p € (1,2).
We now check that ¢ +tg, € G for ¢ suitably chosen, namely, that V(¢ +1§,) does not vanish
on [ +tgy, = 0]. Let £ € D and ¢ > ¢ be such that ¢(&)+tg, () = 0. We distinguish between
two cases, depending on whether ¢ (%) = 0 or (&) # 0.

e We examine first the case where 1(Z) # 0. Then a simple calculation results in

V(W +5)(0) = ~9(@)T6(0)

We have ((#) = 1, hence |# — 2*| < p(t). Thus there exists 3 > 0 (independent of
Z) such that |Cy(2) — Cp(2*)] < B|T — z*| provided that ¢ is sufficiently small, since ¢y,
is C! in the vicinity of 2* (possibly decrease ). In addition, we have by assumption
|[V((£)| > a|& — «*|. This implies
_“

B
By continuity, since g(z*) # 0, we have |g,(Z)] > m > 0, with m independent of . We
deduce that

V(0 + t3s) ()] > S(2)][Cy (2) — Cu(a)]

_ a1l 1
Plan@lf; -1

«

t
ﬂi(t —1).

e Consider now a point & such that ¢ (%) = g4 (&) = 0. There exists § > 0 and a neighbor-
hood O of [¢p = 0] such that

Cplx) < Cpl(a*) — 0 Vo € O.
We derive that, for all x € O N[y > 0],

Vo) + tue) = (1= 16 @) 0la) 2 |11 (5 =0)] via)

We impose § < 1 and we choose k € (0,6t). We assume that ¢ € (t,t:=£) (possibly

decrease ). It comes

() + tgy(z) > kip(x) Ve Ony > 0.

V(¢ +tgy)(2)] = m



This inequality can be rewritten as
[(x) + gy (@)] — [V(2) + gy (2)] = k[Y(z) — ()] 20  VYoeONp >0

We choose = & + An with A > 0 and n the unit normal to [¢p = 0] oriented towards
[» > 0]. By letting A go to zero it comes
[t +tgyl(2) > kOny(2) > 0.
Thus,
V(¢ +tgy)(2)] = E|Onip(2)] > 0.
O

Lemma 6.4. Under the assumptions of Lemma 6.3, there exist two positive numbers K < K such that,
for all k € (k,R), Cx(¥,9yp) €G and

J(C(¥; Gy)) < G (). (6.5)
Proof. From (5.4), we get

j(cﬁ(w7 g?/))) - ](1:[}) = .]("/) + tfig?//) - ](1/})
with
_ sin(kb)
~ sin((1 - k)0)”
We easily check that the map k +— t, is an increasing homeomorphism of (0, 1) into (0, +00). Applying
Lemma 6.3 leads to (6.5). We prove that C, (¢, §y) € G by using the factorization (5.3) together with
the fact that ¢ +t.gy € G. O

7. CONVERGENCE OF THE ALGORITHM
Let j be the lower semi-continuous regularization of the function ¢» € H(D) — j(v), i.e.,
j(@) = limint j(p).
=1

Note that, at all point 1) € G, j is continuous by virtue of Lemma 5.1, thus j(¢/) = j()). We now
assume that the step k,, at iteration n of the algorithm is chosen such that

N.Cm n;~ - i ~'Cn n7~ .
J(Cr,, (Vs Gy,,)) Hrgl[g){ll]J( (Vs G))

The following theorem states that if the algorithm converges, or at least it has accumulation points,
then the resulting domains are optimal, under some conditions. Because of the non-compactness
of S,, the existence of accumulation points cannot be proved in general in the infinite dimensional
setting. However, after discretization of S,, accumulation points will always exist, and the numerical
computations shown in Section 9 seem to produce mesh independent solutions.

Theorem 7.1. Let * € S, be an accumulation point of the sequence (V) generated by the algorithm.
We assume that H*([¢) = 0]) > 0.

(1) If ¥* € G, then ¥* satisfies the geometrical optimality condition (5.1).

(2) IfY* € T, then ¢* satisfies the topological optimality condition (4.2).

Proof. (1) We argue by contradiction by assuming that 1* is an accumulation point which does
not satisfy (5.1). By Lemma 5.5, there exists x > 0 such that Cy(¥*, gy+) € G and
J(CuW*,gyr)) < J(W7). (7.1)

Consider a subsequence, still denoted by (1, )nen such that lim, 4 ||¥n — ¥*||, = 0. By
Lemma 5.1, we also have lim, o [[ty, — uy+|p1(py = 0, thus lim, 4o |Gy, — Gu+lle =
0. This clearly entails lim, o ||Cx(¥n, Gy,) — Cu(¥*, Gy+)|le = 0. Hence by continuity
limy, 400 J(Cr (¥, Gy, ) = J(Cru(¥*,Gy+)) = J(Cu(¥*, gy+)). Therefore, in view of (7.1),
there exists N € N such that

J(C(¥n, gu,)) <i(@*)  ¥n>N. (7:2)
Next, as the sequence (j(t,))nen is non-increasing, we have

JW") < j(Wns1) = §(Cr, (Un, §u,))  ¥n €N,
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Using now the optimality of the step, it comes

JW*) < J(Cu(¥n, Gp,))  YneN. (7.3)

Comparing (7.2) and (7.3) leads to a contradiction.
(2) The same argument applies in the second case, based on Lemma 6.4.

Remark 7.2. (1) The convexity of J has been used only to prove that the necessary optimality
condition (4.2) is also sufficient.
(2) In case the algorithm converges to a function ¥* which does not belong to G, a reinitialization
of ¥* may be performed and the iterations continued (see, e.g., [3]). If »* € G\ 7T, then either
Y* or gy« may be reconstructed.
(3) The lower semi-continuous regularization of the objective functional has been introduced for
theoretical purposes only, in order to guarantee the existence of an optimal step.

8. NUMERICAL ALGORITHM

8.1. Discretization of the state equation and discrete sensitivity. We consider a finite element
approximation of the state equation (2.2) with Lipschitz continuous basis functions. Given a finite
dimensional subspace V" of V, this leads to the semi-discrete optimization problem

1
(IZ/I;?égli%ﬁl J(u,y) = 3 /D(y —y")2dx + V/Dudx (8.1)
subject to
/ Vy.Vndz :/ undx Vn e V. (8.2)
D D

For any u € € and y" € V" solution of (8.2), we also define the discrete adjoint state 2! € V" as the
solution of

/ Vn.Vzlde = —/ (y" — yM)ndx v e V", (8.3)
D D

and we set g" = —z" + v. Then one can check that Proposition 3.1, Corollary 3.2 and Proposition
3.4 remain valid by replacing ¥, z, and g, by their discrete counterparts. In fact, g/ is the exact
sensitivity for the semi-discrete problem. Now, we associate to any continuous function ¢y : D — R a
function u, according to (4.1). Then Lemma 4.1 extends to the semi-discrete problem in the following
way.

Lemma 8.1. Let ¢ € C(D) be such that L*([¢ = 0]) = 0. Then ul, is a global minimizer of (8.1)-(8.2)
if and only if, for all x € D, there holds

{ P(x) >0 = g%éx%

>0,
Y(x) <0 = gy .

; 0 (8.4)

Therefore, provided that £2([g" = 0]) = 0 at the optimum, the optimal domain can be exactly
represented by a level set function ¢ € V! (take ¢ = g"). Thus we restrict the search to level set
functions ¢ € V", resulting in a full discretization of the problem. For computing 6 in (4.6), we endow
V! with an arbitrary scalar product. The corresponding unit sphere of V" is denoted by S".

Numerical algorithm

(1) Set n = 0, choose ¥y € 8" and a > 0.
(2) If L2([ngy, < 0]) < a then stop else set

Uns1 = Ch, (¥n, 35,

with some &, € [0,1] fixed by line search.
(3) Increment n < n + 1 and goto (2).
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8.2. Line search. The initial step is chosen as k9 = 1. Then, at iteration n > 1, k, is fixed by the
following procedure.

(1) Initialize k,, = min(1, k,—1 x 1.5).

(2) Loop while j(Cy, (¥, gL} ) > §(¥n)

K < Kn/2.
End loop.
9. NUMERICAL EXAMPLES
In the subsequent computations, the computational domain is D = [—1,1] x [0,1] and the different
data and parameters are chosen as follows: u™ = 0, u= =1, a = 1073, g = —1/||1]]. We use P1

finite elements with exact integration, and equip V" with the L? scalar product. We take as descent
direction the normalized sensitivity, i.e., " = ¢"/||g"||, and we do not perform any reinitialization.
The implementation is done under Matlab.

We present four computations, which differ by the value of v, the function y' and the mesh used
(see Figures 1 through 4). The function y' is chosen among:

yhl = 0.05, y"2 (21, 29) = 0.05 4 0.1sin(rz ) sin(rzs).

Some numerical data are reported in Table 1. The value of 6 indicated is the one obtained at conver-
gence. The CPU time is measured on a PC with 2.4 GHz processor.

FIGURE 1. Obtained domains at convergence for v = 1074, y* = y©1: coarse mesh
(case 1, left) and fine mesh (case 2, right). The black region represents the set
[u=1u"].

FIGURE 2. Level set function at convergence for case 2.

[ Case | v | y" [ Nb. of nodes | 6 (degrees) | CPU time (s) |
1 107% [ybt 6521 0.027 18.5
2 107% [4ft 25841 0.095 112.8
3 [2x1073 | yft 25841 0.057 50.4
4 0 yh2 25841 0.047 53.6

TABLE 1. Some numerical data.
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FIGURE 3. Convergence histories for the objective function j(1),,) (left) and the angle
0,, expressed in degrees (right) for case 2.

FIGURE 4. Obtained domains for v = 2 x 1073, y' = y'! (case 3, left) and v = 0,
yt = y"? (case 4, right).

APPENDIX A. VARIATION OF INTEGRALS DEFINED OVER LEVEL SETS

The goal of this section is to provide a formula expressing the variation of an integral defined over
a level set when the level set function is perturbed. The general result is stated in Theorem A.3,
which expresses this variation as an integral. Then, we prove that, under additional assumptions, the
integrand is continuous (Proposition A.4), which leads to a differentiability result (Corollary A.5).

We begin by recalling a formula of change of variables, which is a consequence of the coarea formula
(see [13] Section 3.4.3).

Theorem A.1. Lett) : R™ — R be Lipschitz, n > 1. Then for each L™-summable function f : R — R

there holds
f|w|dx:/ / fdH™ 1| ds.
R" R |/ [w=s]

Lemma A.2. Let t; <ty and v : R® — R be Lipschitz with
V| >m >0 ae in A=[t; < <ts]
Then for each function f:R™ — R L"™-summable on A there holds

/Afdx_/: sz]vfwdmll ds.

Proof. We define the auxiliary function

V| in A,
o= { 7ol i

1 elsewhere.

[ sde= [ xaZivuias

where x4 is the characteristic function of A. The function XAg is L"-summable on R™. Hence

Theorem A.1 entails
to f L
ds = / / ——dH" | ds.
t1 [=s] |V'(/)|

[swe= [ [ [l

We have obviously
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Theorem A.3. Let ¢, ¢ : R® — R be Lipschitz and bounded with |Vy| bounded. We assume that
there exist positive numbers m and n such that

V| >m LT — a.e. in [[¢] <nl. (A1)
Then for each function f:R™ — R L™-summable the function
F:t— fdx (A.2)
[ <te]

admits the variation

_ /[ e
Fo) - 70) = | [/w_w] R 1] s

for all t in a neighborhood of 0.

Proof. Possibly making the splitting f = f© — f—, where f™ and f~ are the positive and negative
parts of f, respectively, we assume that f > 0. We also assume that ¢ > 0, the case t < 0 being
treated in a symmetric way and the case ¢ = 0 being trivial. We split the proof in three steps.

(1) A straightforward calculation provides

~

F(t)—-F(0) = / fd;c—/ fdz
[0<y<ty)] [t<y<0]

/ fdx —/ fdx.
[p>0 A 0<L<H] [p<0 A 0<L<H]

We fix an arbitrary € > 0 and define the function

egz{

Then we write the decomposition

F(t) — F(O) = Fl(E,t) + FQ(E,t) — Fg(E,t) — F4(€,t),

if [p] >e,

o &6 e

if | <e.

with

Flet= [  Ppads o BEo- [ fdz, (A3)
[0<6.<t] [0<p<e A 0<L<t]

Fiy(e,t) = / FXlpeoade . Fi(et) = / fd. (A4)
[0<6.<t] -

e<p<0 A 0<L <)

It is a simple exercise to check that the function 6. is Lipschitz. Moreover, there exists a
positive constant A independent of € such that |6.] > A|y| provided that e stays in a bounded
set, say € € (0,g9). Hence, [V¢)| > m a.e. in [|0;] < An]. Next, we have

1

— (V¢ —60.Vy) ae. in [|p| > e,
Vb, =

ng a.e. in  [lp| <el.

In addition, we know that £™([|¢| = €]) = 0 for almost all € € (0,£¢). Indeed,

€0 €0 €0
/0 5"(“¢|=E])d€=/o U ans]dx} d€=/, UO X{w(zn}df] dz = 0.

We assume that € is appropriately chosen. We deduce that |V6.| > p > 0 a.e. in [|0-] < t],
provided that ¢ is small enough, say t < tg, with ¢y, independent of e. By Lemma A.2, there
holds

K IX[p>e) ¢ FXoe—
Fi(e.t) — Fale.t) = JALP>e] pam=11| 4 _/ / Md n—1| go
\(6,1) — Fy(e,t) /0 V{H et a= [ [ Blescdares

In both integrands there holds 8. =1/ = s and
VY —sVp
—

Vo,
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It comes

t t
f‘pX[Lp>s] -1 f@x[tp<7€] 1
Fi(e,t)—F3(e,t) = / / A2 gt ds+ / / S PMesEl gyt ds. (AL5)
' ’ o |Jiwmsg) IVY — V¢ o |Jiwesg) IVY — sV

By using the expressions (A.3) and (A.4), it turns out that each term in (A.5) is bounded in
absolute value by fR,L fdz. By the monotone convergence theorem, we obtain

t t
i JOX[p>0] 1 JOX[p<0] 1
Hm Fi(e,t) — Fs(e,t) = / / BER L ds+/ / gt ds
=0 ! ’ o |Jiwesg] IVY — V] o |Jiwmsg) IVY — V¢

t
Iy -1
= ———dH" ds.
/0 l/[d}-sap] |V’l/1 - va‘

(3) Besides, we have

Fo(e,t) — Fa(e, )] < / fldz = / Xii<eall fldz.
[Jv]<te] R™

Yet, since L™([¢p = 0]) = 0 (which can be deduced from Lemma A.2 but is quite obvious in
view of (A.1)), there holds lim. o x[jy|<te] = 0 a.e. in R™. Hence the dominated convergence
theorem yields

lin%) Fy(e,t) — Fy(e,t) =0,
E—

which completes the proof.
O

Proposition A.4. Let D be an open and bounded subset of R? and 1, ¢ : D — R be two functions
of class C'. We assume that [ = 0] CC D and Vv does not vanish on [¢p = 0]. Let f: D — R be
continuous in the vicinity of [» = 0]. Then the function

G:trs fdH!
[Y=t¢]
is continuous in the vicinity of 0.
Proof. By the implicit function theorem together with the compactness of the set [¢p = 0], there
exist a fanlily of open sets (V;);=1,...n, a positive number ¢ and C! functions ®; : R — R such that
UN,V; D A, where A is an open tubular neighborhood of [¢) = 0], and
Vi=1,..,N, Y(z,t) € V; x (=1,1), ¥(z) =to(z) & x93 = O;(21,1)

Here, (21, z2) stands for the representation of x in an appropriate local Cartesian coordinate system.
Also, by compactness of D\ A and continuity of 1 and ¢, for ¢ sufficiently small, 1(z) = tp = x € A.
We adjust £ in this respect. Now, let (1;)i—o....n be a partition of unity of A subordinate to the cover
(Vi)i=o,...n. We have for all t € (—t,1)

N
G(t):;/[

h=tp]
We deduce the continuity of G by standard arguments. 0

N
0P;
nldel = E /R(’]]Zf)(l'l, (I)l(tﬂl'l)) 1 + 781‘1 (t,.’El)le'l.
i=1

Corollary A.5. Let v, @, f be functions satisfying the assumptions of Proposition A.4, with f L£2-
summable in D. Then the function F defined by (A.2) is differentiable in a neighborhood of 0. In

particular,
F'(0) = / PN
) w=0] VY|

Proof. By Theorem A.3, we have for all ¢ in a neighborhood of 0
t

with
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With the help of Proposition A.4, we obtain that G is continuous in a neighborhood of 0, which

str

aightforwardly yields the result. 0
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