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ABSTRACT. This article deals with the optimization of the shape of the regions assigned to different types
of boundary conditions in the definition of a ‘physical’ partial differential equation. At first, we analyze a
model situation involving the solution ug to a Laplace equation in a domain 2; the boundary 99 is divided
into three parts I'p, I' and I'y, supporting respectively homogeneous Dirichlet, homogeneous Neumann
and inhomogeneous Neumann boundary conditions. The shape derivative J'(Q2)(0) of a general objective
function J(Q2) of the domain is calculated in the framework of Hadamard’s method when the considered
deformations 0 are allowed to modify the geometry of I'p, I' and I'y (i.e. @ does not vanish on the boundary
of these regions). The structure of this shape derivative turns out to depend very much on the regularity
of uq near the boundaries of the regions I'p, I' and I'y. For this reason, in particular, J'(Q2) is difficult
to calculate and to evaluate numerically when the transition I'p N T between homogeneous Dirichlet and
homogeneous Neumann boundary conditions is subject to optimization. To overcome this difficulty, an
approximation method is proposed, in which the considered ‘exact’ Laplace equation with mixed boundary
conditions is replaced with a ‘smoothed’ version, featuring Robin boundary conditions on the whole boundary
0 with coefficients depending on a small parameter e. We prove the consistency of this approach in our
model context: the approximate objective function J:(£2) and its shape derivative converge to their exact
counterparts as € vanishes. Although it is rigorously justified only in a model problem, this approximation
methodology may be adapted to many more complex situations, for example in three space dimensions, or
in the context of the linearized elasticity system. Various numerical examples are eventually presented in
order to appraise the efficiency of the proposed approximation process.

CONTENTS

1. Introduction

2. Optimization of a function of the domain allowing variations of the regions supporting

2.1
2.2
2.3

boundary conditions

. Presentation of the model physical problem and notations
. The shape optimization problem
. A brief account of the regularity of uq

3. Shape derivatives of the functional J(12)

3.1

3.2.
4. An approximate shape optimization problem to deal with the Dirichlet-Neumann

4.1.
4.2.
4.3.
4.4.

. Calculation of the shape derivative of J(£2) when only the homogeneous Neumann -

inhomogeneous Neumann transition is optimized
transition is optimized

transition
About the signed distance function to a subset on a manifold
The smoothed setting
The approximate shape optimization problem
Study of the convergence of the approximate model to the exact problem

Unstitute of Engineering Univ. Grenoble Alpes

Calculation of the shape derivative of J(§2) when only the Dirichlet-homogeneous Neumann

0 O T

11

14
15
17
18
20



5. Numerical illustrations 24
5.1.  An academic, validation example 25
5.2.  Optimization of the repartition of clamps and locators on the boundary of an elastic structure 27

5.3. Joint optimization of the shape and the regions supporting different types of boundary

conditions 30
6. Conclusions and perspectives 34
Appendix A. Some facts from tangential calculus 36
References 36

1. INTRODUCTION

Stimulated by the multiple prospects offered by fields so diverse as structural engineering, fluid mechanics,
electromagnetism or biology, to name a few, shape and topology optimization techniques have aroused
much enthusiasm in the scientific and industrial communities; see for instance [6, 12, 31, 45] for reference
monographs, and [22, 34] for an account of recent developments and research perspectives.

Shape optimization problems consist in minimizing a given objective function J(£2) of the domain €,
possibly under some constraints. In most realistic applications, J(£2) depends on the optimized shape
via a state uq arising as the solution to a boundary value problem for a certain partial differential equation
posed on 2, which characterizes its physical situation.

Quite often, it turns out that only one part of the boundary 92 of the shape is subject to optimization,
which is associated to one single type of boundary conditions for the state ugq in the underlying physical partial
differential equation, while the remaining regions are not meant to be modified. For example, in structural
design, where ug is the displacement of the structure and is the solution to the linearized elasticity system,
it is customary to optimize only the traction-free part of 9Q (i.e. that bearing homogeneous Neumann
boundary conditions). Likewise, in fluid applications (where ugq is the velocity of the fluid, solution to the
Stokes or Navier-Stokes equations), one is often interested in optimizing only the region of 9 supporting
no-slip (that is, homogeneous Dirichlet) boundary conditions.

A little surprisingly, the dependence of a given performance criterion J(2) with respect to the relative
locations of regions accounting for different types of boundary conditions has been relatively seldom inves-
tigated in shape and topology optimization. Yet, situations where it is desirable to optimize not only the
overall shape of 2 but also the repartition of the zones on 02 bearing different types of boundary conditions
are multiple in concrete applications. Let us mention a few of them:

e When the objective criterion involves thermal effects inside the optimized shape 2, ugq is the temper-
ature, solution to the stationary heat equation. The regions of 9¢) associated to Dirichlet boundary
conditions are those where a known temperature profile is imposed, while Neumann boundary con-
ditions account for heat injection. It may be desirable to investigate the regions where heat should
enter the medium € (or those which should be kept at fixed temperature) in order to minimize, for
instance, the mean temperature inside 2, or its variance; see for instance [10] about such physical
applications.

e In the context of linearly elastic structures, (homogeneous) Dirichlet boundary conditions account for
the regions of 992 where the structure is fixed, while inhomogeneous (resp. homogeneous) Neumann
boundary conditions correspond to regions of 92 where external loads are applied (resp. to traction-
free regions). It may be of great interest to optimize the design of fixations [49], or the places
where loads should be applied. One interesting application of this idea concerns the optimization
of a clamping-locator fixture system (a very brief outline of the stakes of this subject is provided
in Section 5.2 below); see for instance [11] in the framework of density-based topology optimization
methods, or the contributions [36, 50], relying on genetic algorithms or artificial neural networks.
More recently, in [56, 57] the authors present an adapted level set method for the joint optimization
of the shape of an elastic structure {2 and of the region of its boundary 02 where it should be fixed;
see also [58] for analogous simultaneous optimization problems of the structural shape and of the
support region using parametrized level set functions and B-spline finite element methods.
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e In acoustic applications, uq is the solution to the time-harmonic Helmholtz equation. In this situa-
tion, the contribution [24] deals with the optimal repartition of an absorbing material (accounted for
by Robin-like boundary conditions) on the walls of a room in order to minimize the sound pressure.

From the mathematical point of view, the above problems are of unequal difficulty: the calculation of the
shape derivative J'(€2) of the optimized criterion J(£2) (or that of the constraint functions) in the framework
of Hadamard’s method depends very much on the regularity of the physical state ug of the problem in the
neighborhood of the optimized transition region between zones bearing different types of boundary conditions.
In some of the above situations, uq is ‘smooth enough’ near these transitions, and the calculation of J'(2)
is achieved by classical means. On the contrary, the situation become much more difficult to analyze when
ug happens to be ‘weakly singular’ near these transitions; indeed, the calculation of the shape derivative of
J(€) requires a precise knowledge of this singular behavior of ug. The resulting formula is also quite difficult
to handle in algorithmic practice, since it brings into play quantities which somehow measure this singular
behavior, that are difficult to evaluate from the numerical viewpoint. To the best of our knowledge, the first
theoretical calculation of shape derivatives in a context where regions bearing different types of boundary
conditions are optimized — dealing with the difficulty of a ‘weakly singular’ state ug — dates back to
[28]. Such calculations have also been considered in a series of articles [, 17] by the so-called Generalized
J-integral method. The authors of the latter references propose a mesh refinement procedure in order to
achieve an accurate numerical calculation of the state function in the neighborhood of the transition between
regions of 0N with different boundary conditions.

Our purpose in this article is to study such shape optimization problems in which the regions of the
boundary of the optimized shape € bearing different types of boundary conditions are subject to optimization.
Most of the theoretical analysis unfolds in a model two-dimensional situation where a functional J(£2) of
the shape Q is minimized; J(2) depends on §2 via a state ug which is the solution to a Laplace equation
with mixed boundary conditions: the boundary 0f) is divided into three regions I'p, I'y and T', and ug
satisfies homogeneous Dirichlet boundary conditions on I'p, inhomogeneous Neumann boundary conditions
on I'y, and homogeneous Neumann boundary conditions on I'; see (2.2) below. At first, we rigorously
calculate the derivative J'(€2) of J(€) with respect to variations of the shape € in both situations where the
transitions Xy = T NTx and ¥p = T NTp are also subject to optimization. In the former case, the shape
derivative turns out to have a classical structure, and it lends itself to a fairly simple treatment in numerical
algorithms. On the contrary, in the latter context, the state ugq is weakly singular near Y. p, which makes the
formula for J'(Q2) uneasy to handle in practice. To circumvent this drawback, our second contribution is to
propose an approximation method for the considered state problem (2.2), and thereby for the resulting shape
optimization problem: elaborating on the idea developped in [24] and on our previous work [4], the considered
‘exact’ Laplace equation with mixed boundary conditions is replaced with an approximate counterpart,
parametrized by a ‘small’ parameter €, where Robin boundary conditions with e-varying coefficients are
imposed on the whole boundary 0€2: the ‘sharp’ transition ¥ p between regions equipped with homogeneous
Dirichlet and Neumann boundary conditions is thus ‘smeared’ into a zone with thickness €; the shape
optimization problem of the counterpart J.(£2) of J(Q) where ug is replaced with the approximate state uq .
lends itself to an easier mathematical analysis: in particular, the approximate shape derivative J.(€2) does
not involve any singular component, and it is therefore much easier to use in practice. We then turn to prove
the consistency of this approach: namely, the approximate objective function J.(Q2) and its shape derivative
JL(Q) converge to their exact counterparts J(Q2) and J'(2) when the smoothing parameter e vanishes.

Let us emphasize that although this approximation method is rigorously justified only in a model situation,
it is easy to generalize (and thus to use in a formal way) to many different, more involved situations, such as
that of the linearized elasticity system (in two or three space dimensions), and we discuss several numerical
examples in this spirit.

The remainder of this article is organized as follows. In Section 2, we present the considered model
situation, involving the solution ug to a Laplace equation with mixed boundary conditions, and we recall
some ‘classical’, albeit technical material about the regularity of the state function ug in the neighborhood of
the transition between regions associated to different types of boundary conditions. In Section 3, we carefully
calculate the shape derivative of a generic objective functional J(2) of the domain involving ug in both
contexts where the transitions X and ¥ p between, respectively, inhomogeneous Neumann - homogeneous
Neumann and homogeneous Dirichlet - homogeneous Neumann boundary conditions are also subject to
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optimization. In Section 4, we focus on the second situation, which turns out to be especially intricate.
We propose an approximation of the considered state problem which makes it much easier to analyze from
the theoretical viewpoint, and supplies an approximate version J¢(Q2) of J(€) which is quite convenient
to use in numerical practice (in particular, its shape derivative is easier to evaluate); we then prove the
consistency of this approximation process. The efficiency of the methods proposed in this article is illustrated
in Section 5: model, analytical test-cases are investigated as well as more realistic applications such as
optimization examples of 3d elastic structures. This article ends with the technical Appendix A in which
some useful facts about tangential calculus are recalled.

2. OPTIMIZATION OF A FUNCTION OF THE DOMAIN ALLOWING VARIATIONS OF THE REGIONS SUPPORTING
BOUNDARY CONDITIONS

In this section, we present the model problem under scrutiny in most of the article, which concentrates the
main difficulties we plan to address in a simplified setting, and lends itself to a rather complete mathematical
analysis.

2.1. Presentation of the model physical problem and notations

Let Q C R? be a smooth bounded domain (d = 2 or 3 in applications), whose boundary 9 is divided into
three disjoint, complementary open regions I'p # @), I'y and I':

(2.1) MN=TpulyUT.
We denote by ug the unique solution in the space

Hi (Q):={ueH'(Q), u=0onTp}

to the following mixed boundary value problem:

—Auqg =f inQ,
ug = 0 on FD,
(22) Jug __

n — 9 OIlFN7

ug
52 =0 onT,

where n is the unit normal vector to 02, pointing outward 2, and the source term f and boundary flux g
are supposed to be regular enough, say f € L?(R?), g € H'(R?). Note that g may vanish on some subset of
I'n, so that the inclusion I' C {9: € 09, % = 0} may be strict.

In this context, we denote by ¥p =Tp NT C 9N (resp. Uy =[xy NT C 9Q) the boundary between the
region I'p C 99 bearing homogeneous Dirichlet boundary conditions (resp. the region I'y C 9 bearing
inhomogeneous Neumann boundary conditions) and that I' endowed with homogeneous Neumann boundary
conditions; for simplicity, we assume that TpNTy = . The sets ¥p and Ty are both assumed to be
smooth, codimension 1 submanifolds of 0€2: in particular, they amount to collections of isolated points in
the case d = 2, and to sets of smooth closed curves drawn on 0N if d = 3. We denote by ny,, : ¥p — R
(resp. nx, : ¥n — R?) the unit normal vector to Xp (resp. ¥y) pointing outward I'p (resp. I'y), inside
the tangent plane to 9€; see Fig. 1 (left) for an illustration of these definitions.

On several occurrences, the rigorous mathematical analysis of this model will be greatly simplified under
further simplifying assumptions; in particular, in some duly specified situations, we shall proceed under the
following hypotheses, in the situation where d = 2:

The region T'p N T consists of only two points Tp NT = {sg, 51},
(2.3) and
the domain Q C R? is locally flat around sg, s1;

see Fig. 1 (right). In this last case, letting n = (n1,n2), we shall denote by 7 := (ng, —n1) the unit tangent
vector to 91, oriented so that (7, n) is a direct orthonormal frame of the plane.
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FIGURE 1. (Left) Sketch of the considered setting in Section 2.1; (right) the simplified sit-
uation where Assumption (2.3) is fulfilled.

2.2. The shape optimization problem

In the setting of Section 2.1, we consider the following shape optimization problem:

(2.4) Jinf (),

featuring an objective criterion J(2) of the form

(2.5) J(Q) = / j(ug) dz

where j : R — R is a smooth function satisfying appropriate growth conditions: there exists a constant
C > 0 such that:

VteR, [j(t)|< C(1+%), |i'(1)|< O+ [t]), and |5 ()] < C.

In (2.4), Uaq is a set of smooth admissible shapes; in the following, two distinct shape optimization problems
of this form are considered, implying different definitions of U,q:

e On the one hand, the transition ¥p between homogeneous Dirichlet and homogeneous Neumann
boundary conditions is subject to optimization, and the region I';y bearing inhomogeneous Neumann
boundary conditions is fixed. Then, U,q corresponds to the set:

UpN = {Q C R? is bounded and of class CQ, I'y C 89} .

e On the other hand, when the region Xy between I and I'y is optimized (while the region I'p C 99
is fixed), Uynq reads:

UnN = {Q c R? is bounded and of class C27 I'p C GQ} .

Notice that problem (2.4) is not guaranteed to have a solution; nevertheless, we assume in the following
that it is the case or that, at least, local minima exist. Moreover, observe that the objective function J()
featured in (2.5) and the solution ug to (2.2) depend on the particular subdivision (2.1) of the boundary
02 into I'p, I'y and I'; with some little abuse and so as to keep notations simple insofar as possible, this
dependence is not made explicit in the formulation of our shape optimization problem.

Most practical optimization algorithms for solving problems of the form (2.4) rely on the derivative of J(Q),
which calls for a notion of differentiation with respect to the domain. Several ways are available to achieve
this, and in the present work, we rely on Hadamard’s boundary variation method; see e.g. [0, 33, 46, 53]. In
a nutshell, variations of a domain ) are considered under the form:

Qg := (Id+6)(Q), 6 € WHRERY), [10]| w100 (e gy < 1.

Accordingly, a function of the domain F(Q) is said to be shape differentiable at €2 if the underlying mapping
0 — F(Qg), from W (R4 R?) into R, is Fréchet differentiable at # = 0. The following expansion then
5



holds in the neighborhood of # = 0:
0(9) 0—0

0.
1011w .o (et e

(2.6) F(Qg) = F(Q) + F'(Q)(0) + o(#), where

In practice, so that variations of an admissible shape stay admissible, the considered deformations 6 are
confined to a subset ©,q C W1 (R4 R?) of admissible deformations. In the present article, ©,q stands for
one of the sets Opy or Oy defined by:

(2.7) Opn = {0 € CPRLR) N WEP(RYRY), 6 =00n Ty},
and
(2.8) Onn = {0 € CP(RL,RY) N WH(RYRY), §=00nTp},

both being equipped with the natural norm, when the considered set of admissible shapes is Upn or UnN,
respectively.

Remark 2.1. In practice, it often turns out that the expression of the shape derivative J'(Q)(6) of the
considered objective function does not readily allow to identify a descent direction for J(Y), that is, a defor-
mation 0 € O,q such that J'(Q)(0) < 0. To remedy this difficulty, we rely on the ‘change of inner products’
strategy presented, e.g. in [14, 21]: in a nutshell, a suitable Hilbert space H C Onq is selected, with inner
product a(-,-), and the gradient associated to the derivative J'(2)(0) wvia this inner product is calculated as
the solution to the following problem.:

(2.9) Search for Ve H s.t. VE € H, a(V, &) = J (2)(8).

It then follows immediately from (2.6) that 8 = =V is a descent direction for J(Q). A popular strategy
consists in taking H = H'(D)? (where D is a large computational domain), equipped with the inner product

a(e,g)=a2/Dvezvgd:c+/De-gd:c,

where the parameter « is chosen of the order of the mesh size; the resolution of (2.9) then boils down to that
of a Laplace-like equation. Note that this choice is only formal (since H may not be contained in O,q) but
it turns out to work well in practice.

Remark 2.2. In principle, the shape optimization problem (2.4) could be supplemented with p constraints
of the form

Ci(Q) <0, i=1,..,p;
since this does not add anything to the points we intend to highlight in this article, but only increases the
difficulty of the numerical treatment of (2.4), we ignore these issues.

2.3. A brief account of the regularity of uq

As is well-known in the field of elliptic boundary value problems (see e.g. [2], or [13] §9.6 for a comprehensive
introduction), when the featured data f, g (and  itself) are smooth enough, the solution ug to (2.2) is more
regular than a mere element in H'(Q)), as predicted by the classical Lax-Milgram variational theory. For
instance, in the ‘simple’ case where (2.2) only brings into play homogeneous Dirichlet boundary conditions
(i.e. T'and T'y are empty), the classical ‘shift theorem’ states that, provided f belongs to H™(2) for some
m >0 (and € is smooth), ug belongs to H™2(Q).

In the situations at stake in the present article, such as (2.2), things are a little more subtle. The
assumptions that f € L?(R?) and g € H'(R?) still guarantee that ug has H? regularity in some open
neighborhood of an arbitrary point zg which is either interior to €2, or which belongs to 92 but is interior
to one of the regions I'p, I' or I'y. On the contrary, ug has limited regularity around those points xg € ¥ p
or rg € Xy marking the transition between regions subjected to different types of boundary conditions.
A whole mathematical theory exists in the literature, which is devoted to the precise study of the ‘weakly
singular’ behavior of uq in these regions; we refer for instance to the monographs [20, 30, 37].

In this section, we first recall briefly some classical material about functional spaces in Section 2.3.1,
before summarizing in Section 2.3.2 the needed results about the regularity of the solution ug to (2.2) for
our purposes.



2.3.1. Some functional spaces
Let © be a smooth bounded domain in R. For s > 0 and 1 < p < 00, let us introduce:
e The usual Sobolev space W*P(Q) is defined by, when s = m is an integer:
Wm™P(Q) = {u € LP(Q), 9%u € LP(Q) for a € N%, |a|< m},

andwhens:m+awithm€NandJE(0,1),

Ws’p(Q):{uEWm’p // [0%u | — Otuy)l” dy dz < oo for all |a|:m}.

T — |d+pcr

Both sets are equipped with the natural norms. Let us recall that the exact same definitions hold
when the bounded domain 2 is replaced by the whole space R?.

e The subspace W*P (Q) of W=P(Q) is that composed of functions whose extension u by 0 outside 2
belongs to W*?(R9).
e The space W;P(Q) is the closure of the set C°(€) of C* functions with compact support in € in
WeP(Q).
As is customary, in the case p = 2 we use the notations H*(Q), H*(Q) and Hg(Q) for W5?(€), W”’(Q)
and WP (Q) respectively.
In spite of their tight relation, the two spaces Wse () and WP (Q) may not coincide depending on the
values of s and p. On the one hand, for any s > 0 and 1 < p < co, WP(Q) C W”’(Q), but the converse

inclusion may fail. In fact, the following characterization holds (see [30], Lemma 1.3.2.6 and Corollary
1.4.4.10):
—~ 1
(2.10) W?oP(Q) = {u e Wy"P(Q), —=0%ue LP(Q), |a|= m} ,
pU

where we have decomposed s = m + o, with m € N and o € (0,1), and p(z) := d(z,99Q) is the (unsigned)
distance from z to the boundary of Q. The space W*P() is then endowed with the norm

P

(2.11) alligeniy = | alymniy + S / —jorupde |

| =

which is equivalent to the natural norm w v [[|yys.»rae). Let us also note that:
—~ 1

W*P(Q) = Wy () when (s - > is not an integer.
b

We eventually mention that the above definitions and results hold in the more general context where (2
is replaced by a smooth submanifold of R, e.g. (a region of) the boundary of a bounded smooth domain of
R<. For instance, in the setting of Section 2.1, we may consider the spaces W*?(I'p), W*P(T'y), etc.

2.3.2. Local structure of ug near the transition Xp

The classical variational theory for (2.2) (based on the Lax-Milgram theorem) features a solution ug which
naturally belongs to H'(£2). Moreover, assuming that the boundary 92 is at least of class C2, and that
f € L3R, g € H'(RY), the ‘classical’ elliptic regularity theory ensures that uq actually has H? regularity
except perhaps near the transitions zones ¥p and X ; see [2], and [13], §9.6. On the contrary, uq fails to
enjoy H? regularity in the vicinity of Xp or ¥, where the boundary conditions it fulfills change types.
The precise behavior of ug near ¥ p will be of utmost interest for our purpose; it is exemplified by the
following theorem, which takes place under Assumption (2.3) (see [30], Chap. 4 and notably Th. 4.4.3.7):

Proposition 2.1. For any point xg € Q or g € 00\ (EpUXy), there exists an open neighborhood W of x

in R? such that ug belongs to H*(QNW). Furthermore, for either i = 0 ori = 1, there exists an open neigh-

borhood V' of s; with the following property: introducing the polar coordinates (r,v) at s;, assuming without
7



loss of generality that s; =0, QNV ={x €V, st. 29>0}, andTp NV ={z €V, s.t. 29 =0, 21 <0},
there exist a function u’. € H*(V), and a constant ¢ € R such that:

(2.12) ug = u'. +c'S* on V, where S'(r,v) = e cos(g).

The function S* is sometimes said to be weakly singular, in the sense that it belongs to H'(V), but not
to H?(V). More precisely, invoking Theorem 1.4.5.3 in [30] to estimate the Sobolev regularity of functions
of the form r*p(v), one proves that, for every 0 < s < %, ugn € H*(V), with:

(2.13) llug|lg:(v) < Csl[fllL2may-
In the language of Section 2.3.1, it follows in particular that ug € H?2 (TUTy), while %‘—f € (Hz(TUTy))*.

Remark 2.3. Higher-order versions of the expansion (2.12) are available. Actually, for any integer m > 2,

if f € H™"2(RY), the following decomposition holds in a neighborhood V' of s; (see [30], Th. 5.1.8.5):
i - i qi i m i k-1 1
uQ = Uy, + Z ¢Sk, where u,.,, € H™(V) and Si(r,v) = r""2 cos((k — 5)1/)
k=1

Remark 2.4. Still in the two-dimensional context, when the boundary OS2 is not flat in the vicinity of Xp,
an expansion of the form (2.12) still holds: the weakly singular function S* shows the same dependence e
with respect to r, but its dependence with respect to v is no longer explicit. Nevertheless, there still holds that
ug € H5(V) with an estimate of the form (2.13), where V is an open neigborhood of ¥p in Q and 0 < s < %
is arbitrary; see [30], Chap. 5 or [18].

3. SHAPE DERIVATIVES OF THE FUNCTIONAL J({2)

In this section, we rigorously calculate the shape derivative of the objective function (2.4); we start in
Section 3.1 with the case where the transition region ¥y is optimized and ¥Xp is fixed (i.e. the sets of
admissible shapes and admissible deformations are Uxn and Ony respectively), before turning in Section 3.2
to the more difficult case where X p is optimized and X is not — i.e. Uyq = Upn and ©,q = Opy — under
the simplifying assumption (2.3).

3.1. Calculation of the shape derivative of J({?) when only the homogeneous Neumann - inho-
mogeneous Neumann transition is optimized

Our main result in this section is the following.

Proposition 3.1. The functional J() defined by (2.5) is shape differentiable over the admissible set Unn;
its shape derivative reads (volumetric form):

(3.1) ¥ <O, S(@)(0) = [

(j(ua) — fpa)0 - nds — / 7(u0) Vg - 0 da
o0

Q
+ / (d1V9 I-Vo - VGT)VUQ . VpQ dr + / fva -0dx — / ((divm@)g + Vg . a)pg ds,
Q Q T

N

where divpq stands for the tangential divergence on O (see Appendiz A), and the adjoint state pq is the
unique solution in Hf: () to the system:

—Apg = —j'(uq) inQ,

(3.2) po =0 onTp,
%? =0 on Ty UT.

The above shape derivative has the alternative, surfacic form:

(3.3) VO € OnN, J(2)(0) :/ j(uQ)0~nds—|—/ Vug ~Vp99~nds—/ fpab -nds
Tul'y Tul'y Tul'ny

*/ (aq+/<;g>p99~nds/ gpab - nx,, df.
ry \On SN
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Remark 3.1. One comment is in order about the precise meaning of (3.3), and notably that of the term

(3.4) / Vugq - Vpgo 0-nds
Tul'y
featured in there. The function ug belongs to the space
(3.5) E(A,L*(Q) :={ue H'(Q), Aue L*(Q)},
and as such, it has a normal trace % € Hil/Q(aﬂ), which is defined by the Green’s formula:
1 aUQ
(3.6) Yw € H (), —wds:= | Auqwdr+ [ Vuq-Vwdz;
a0 On Q Q
see [30], Th. 1.5.3.10 for more details about this point. Also, since ug € H'/?(0Q), the tangential derivative

aaif naturally belongs to the dual space H='/2(9Q). On the other hand, the function po enjoys H? regularity
on account of elliptic reqularity (see Section 2.3), except perhaps near X.p where it has a weak singularity of
the form (2.12). Since deformations 6 € ©Oxx are smooth and vanish identically on Tp, the product (Vpgq)0-n

has a trace in H/?(0Q), and so the integral (3.4) is well-defined as a duality product.

Proof. The proof is an application of fairly classical techniques in shape optimization, except perhaps on
one point regarding the regularity of ug and pg. Since variations of this argument are used in the following,
we present a sketch of it for the reader’s convenience. The proof is decomposed into two steps.

Step 1: Proof of the shape differentiability of J(Q) and derivation of (3.1).

This step amounts to the analysis of the differentiability of the mapping 6 — J(€y) from Ony into R,
which features the solution uq, to the version of (2.2) posed on Q. The main idea consists in recasting the
latter problem as a boundary-value problem on € for the transported function g := ug, o (Id+6) € H(Q);
thence, the implicit function theorem allows to calculate the derivative of the mapping 6 — 7g; see [33, 40].

For 6 € Onn with norm |[[f][e,, < 1, the function ug, is the unique solution in Hf. () to the following
variational problem:

Yo € HE (Qp), Vug, - Vv dr = / fodz +/ gv ds.
Qg Qg (T'n)e

Using test functions of the form v o (Id + 0)~!, v € H} (Q), a change of variables yields the following
variational formulation for wg € Hp  (Q):

Yo € Ht (), /

A(0)Vug - Vudr = / |det(T+ VO)|f o (Id + O)v dx + / |com(I + VO)n|g o (Id + 0)v ds,
Q Q r

where A(#) is the d x d matrix A(0) = |det(I+V0)|(1+V80)~1(1+VH)~T and com(M) stands for the cofactor
matrix of a d x d matrix M. Now introducing the mapping F : ©.q x Hf: (Q) — (Hp (€2))* defined by:

Yo € HE (Q), F(0,u)(v) = / A@)Vu-Vvdx — / |det(I+ V)| f o (Id + )v dx
Q Q
- / |com(I + VO)n|g o (Id + 6)v ds,
I'n
it follows that for ‘small’ 8 € Onn, Up is the unique solution of the equation F(0,%y) = 0. Then, the
implicit function theorem (see e.g. [38], Chap. 1, Th. 5.9) together with classical calculations imply that
the mapping 6 — uy is Fréchet differentiable from a neighborhood of 0 in ONy into H%D(Q), and that its

derivative 6 — uq(0) at § = 0 — the so-called ‘Lagrangian derivative’ of the mapping Q — uq — is the
unique solution to the following variational problem:

(3.7) Vv e Hp, (Q),/ Vugq(8) - Vude = —/ (divOl — VO — V6T )Vuq - Vo dz
Q Q

+ [ div(fo)v dx—|—/ ((divaad)g + Vg - 0) v ds.
Q I'n



On the other hand, performing the same change of variables in the definition of J(£2) yields:
1(90) = | ldet(1+ V6)]j(wa) d,
Q
and so the mapping 6 — J(£2y) from Oy into R is Fréchet differentiable at # = 0 with derivative:

(3.8) T(Q)(0) = /Q (dive j(uq) + §' (ue)iia(6)) da.

The material derivative uq(f) can now be eliminated from (3.8) thanks to the introduction of the adjoint
state pq, solution to (3.2). Indeed, the variational formulation of pq reads:

(3.9) Yo € HE (), / Vpa - Vo dz = —/ 7' (uq)v d.
Q Q
Hence, combining (3.8) with (3.9) yields:
J(Q)0) = / (divh)j(ugq) dx —/ Vpa - Vug(0) dz,
Q Q

/ (dive)j(uo) dz + /

((div)I — VO — VO Vugq - Vpg dx — / div(f0)pq dx
Q

Q Q
- / ((divaql)g + Vg - 0) po ds,
I'n
= / div(j(uq)d) de — / j'(uq)Vug - 0 dz + / ((dive)I — VO — V1) Vuq - Vpg da
Q Q

— | div(fbpq) dz + 7 fVpq-0dr — / ((divgaf®)g + Vg - 0) pq ds,
Q Q Iy

where we have used the variational formulation (3.7) for uq(6) to pass from the first line to the second one.
This results in the desired expression (3.13). Note that at this point, we have not used the fact that either
ugq or po is more regular than H1(Q).

Step 2: Derivation of the surface expression (3.3).

This expression is classically achieved from (3.1) using integration by parts; doing so requires a more
careful attention to the regularity of ug and pgq.

Let us notice that the function ug may not be much more regular than just H! in the neighborhood of
the transition ¥. Actually, it belongs to the space E(A, L2(f2)), defined by (3.5). The key point is that pq
is locally H? in the neighborhood of ¥y, on account of the material in Section 2.3 (note that %’% =0 on
I'UTy). Relying on the following identity, which holds for smooth functions v,w € C°(R%),

(3.10)

/ ((dive)I — VO — V1) Vv - Vw dx
Q

/ ((Vv-Vw)H—n—al}Vw-H—awVv-H) ds
Tul'

on on
—|—/ (—=V (Vv - Vw) + AvVw + AwVv + V2wV + V2oVw) - 0 de,
Q
ov ow
= /FUFN ((Vv-Vw)H-n—aan-G—aan-H) ds
—|—/ (AvVw + AwVo) - 0 dx,
Q

and using the density of C2°(R4) in E(A, L?(2)) and H?(2) (see [30], Lemma 1.5.3.9), we obtain:
(3.11)
/ ((divO)T — VO — V6T Vug - Vpg dr = /
Q

Tul'y

(Vuo - Vpa)0-n — 220p0 .0 — 2200, .0) ds
on on

+ / (AuqVpa + ApaVug) - 0 dx.
Q

10



Let us now work on the last integral in the right-hand side of (3.1); we obtain:
(divgaf)g + Vg-0 = divga(gl) + 27919 -n,
= divaa(g(@ — (0 -n)n)) + (g—fl + ng) 0-n.

Hence, an integration by parts on the region I'y using Proposition A.1 yields:

0
(3.12) / ((diveaf)g + Vg -0)pads = / gp90~nsz€—|—/ <g—|—/£g> pab - nds.
I'n SN 'y on
Combining (3.11) and (3.12) with the volumetric formula (3.1) and using the facts that —Aug = f and
—Apq = —j'(ug) in Q, we finally obtain the desired surface formula (3.3). O

Remark 3.2. This calculation extends readily to the linearized elasticity case, to deal with Neumann-
Neumann transitions.

3.2. Calculation of the shape derivative of J(2) when only the Dirichlet-homogeneous Neumann
transition is optimized

In this section, we investigate the shape differentiability of the functional J(2) defined in (2.5) in the
particular case where the boundary ¥ p between the regions I'p and I" of 92 bearing homogeneous Dirichlet
and homogeneous Neumann boundary conditions is also subject to optimization; in other terms, we suppose:
Usq = Upn, and Onq = Opn.
The main difficulty of the present situation lies in the weakly singular behavior of the solution ug to (2.2) near
Y p. In particular, the use of the formal Céa’s method (see [15] and [6] for a comprehensive presentation),
which implicitly relies on the smoothness of ug, gives rise to an erroneous shape derivative in the present
context.

The conclusion of Proposition 3.2 was already observed in [8, 28], but our proof is slightly different: we
rely on a direct calculation based on integration by parts.

Proposition 3.2. The functional J(Q) is shape differentiable at any admissible shape Q € Upn, and its
shape derivative reads (volumetric form):

(3.13) V6 € Opx, J(Q)(6) = /

(j(ua) — fra)d -nds — / §'(ug)Vug - 0 dz
o0 Q

+ / ((dive)I — VO — VOT)Vugq - Vpg dz + / fVpq-0dz,
Q Q

where the adjoint state pq is the unique solution in H%D(Q) to the system:

—Apq = —j'(uq) in Q,

(3.14) po =0 onI'p,
o = on Ty UT.

Moreover, under the assumption (2.3), let us write the local structure of ug and pq in an open neighborhood
Vi of s;, i =0,1 as follows:

(3.15) ug = ul +ul and po = p’ + p’;
in the above formula, ul,pt € H*(V') and the weakly singular functions u’ and p. € H' (V') have the
following expressions in local polar coordinates centered at s;:

(3.16) u'(r,v) = ch% cos(%), and pi(r,v) = c;r% cos(g), if ny,(s:) = ex,
or
(3.17) ui(r, v)= cir% sin(g)7 and pi(r, v)= c;r% sin(%), if ny,(si) = —eq,

where (e1,ez2) is the canonical basis of the plane. Then (3.13) rewrites (surface integral form):

(3.18)
) Ipq Oug ug Opa T .
/ _— — . — S ——— . —_— . J— ? v . .
J(Q)(0) = /FDUF (Jj(ua) = fpa)f -nds /FD . B 0-nds+ o or 0 nds+4 i:EMCucp(H ns;,)(si)-

11



Remark 3.3. In the surface formula (3.18), the integrals

[ ous 9o
T

——0 -nds+ 0-nds

, On On r O Ot

are not well-defined individually, since they may blow up around the points s;, as is quite clear from the look
of the structure (3.16) and (3.17) of the singular parts of ug and pq. However, these integrals turn out to
have compensating singularities at s;, so that their sum is well-defined as a Cauchy principal value; see the
proof below.

Proof. The calculation of the volumetric formula (3.13) unfolds almost as in the case of Proposition 3.1, and
we focus on the derivation of the surface formula (3.18), assuming that (2.3) holds. Again, the main idea
of the calculation is to perform integration by parts from (3.13), taking advantage of the smoothness of uq
and pq far from the singularities at s;, ¢ = 0,1, and of the local structure (3.15) of these functions in the
vicinity of s;.

Let 6 € Opy be fixed; for small § > 0, let B(J) := B(s;,5) be the ball centered at s; with radius §, and

let Q5 :=Q\ (B°(6) U (B1(d)). Since ug and pq belong to H*(£), it holds from (3.13):
@) = [

[219)

(j(uq) — fpa)f -nds + lim Is,
d—0
where:
fo= _/ 7' (ua)Vug -6 dz + / (divel — V6 — VO")Vug - Vpo do + / fVpa -0 da.
Qs Qs Qs
Using the smoothness of uq and po on )5, the fact that 6 vanishes on I'y, the definitions of uq, po and an

integration by parts on the second term in the above right-hand side based on the identity (3.10), we obtain:
0 19)
(3.19) Is = / <vu9 VpaB-n— 229pg -0 — L2y, - 9> ds.
0 8” 877/
To proceed further, we decompose the boundary 925 as the disjoint reunion:
00 =TpsUTsUI'n U5 Uis,

where I'p s =I'pNQs, ['s =T'NQs, and v, 5 = OB (8) N Q is the half-circle with center s; and radius J. We
also denote by s; 5 the intersection point between dB*(§) and TI'; see Fig. 2 about these notations.

S S
I D,§ 0 0,6
FIGURE 2. The local situation around the point sg in the proof of Proposition 3.2.

Since 6§ = 0 on I'y, it follows that:

Ooug apg Ougq 3}?9 /
2 I = [ 2uedrey g a2y g5+ S [ K d
(3.20) L T /FM on on T2 ] (uo,po) ds,

W }1816 we llaVe lIll IOduCed t}le Sll()l l }lalld.
l( v, w C v C w n w v
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Let us now evaluate the contributions of I5 on ;s for ¢ = 0,1 in the expression (3.20). Without loss of
generality, we only deal with ¢ = 0, and we assume that sq = 0; according to (2.3), 92 is horizontal in the
neighborhood of sy and we also assume that I'p (resp. T') lies on the left-hand side (resp. the right-hand
side) of sg; see again Fig. 2. Introducing the polar coordinates (r,v) with origin at sp = 0, taking into
account our conventions for 7 and n, we have:

n = —cosve; —sinvey, T = —sinve; + cosves,

and as far as derivatives are concerned:

) ) o 10

— =——, and — = ——.
on or’ or  rov

Recalling the local expressions (3.15) of ug and po around sp, it is easily seen that the only possibly

non vanishing contribution of f% s K (uq,pq) ds in the limit 6 — 0 is given by the most singular part of its

integrand:
lim K (uq,pq) ds = hm Ié, where Ig = K(u?,p?) ds.
0=0 /145 Y0,5
Let us then calculate the last integral. We have, on 7 s:
8u o 8u o
(Vg V)0 m) = (G +FEEE) 0w,
321 = (%5 o)
00
- (% )(9~n).
Likewise,
R N
_ 10ug0 Ou, Opg
(322) - r 81“ 81:/ T Br BIZ“ 0 0 o
= - Z % cos(¥)sin(%)0 - 1 — er cos?(%)0 - n,
and
0 0 0 0.0
(3.23) - 881:; vul -0 = —881:; vpl-0=— er cos(;)sm(z)ﬁ T — Z—Tpcosz(g)e ‘.
Gathering (3.21) to (3.23), we now obtain:
(0]
K@, pY) = céf (1 —2cos?(%))8-n —2cos(¥)sin(%)6 - 1),
= Z:P (=(sinv)f -7 — (cosv)f - n),
CO CO
= er 917

where 6; is the horizontal component of § = #,e; + 02e5. Therefore:

~ T 00 e
19 = (/ u4p91(5cosu,§sin1/)dl/> b—%wngl(o)
0

Combining all these results, we obtain the surface form (3.18) of the shape derivative J'(2)(9). O

Remark 3.4. The result extends to the case where the boundary 0SY is not flat (but is still smooth) in the
neighborhood of ¥p = {so, $1}. More precisely, let V' be a small enough neighborhood of either of the s;, and
let us introduce a local description of Q as a graph, assuming for simplicity that s; = 0 and n(s;) = —ea:
U is a neighborhood of 0 in R? and 1 (x1,12) = (21, 0(2)) is a smooth diffeomorphism from U onto V such
that:

QNV = {:U = (z1,22) € R?, 25 > go(xl)} NnU.
Then, it follows from [30], §5.2 that uq reads in this case:

o= S 0u™ +ul on B(s,).

where ut. € H*(V'). The proof extends to this latter context then.

Remark 3.5.
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o Interestingly, if ug and po are assumed to be actually smooth (say H?) in the neighborhood of the
transition points so and s1, the shape derivative (3.18) no longer involves any term related to the
geometry of the repartition of I'p and I'. In other terms, all the information about the sensitivity of
J(Q) with respect to the repartition of T'p and T is encoded in the (weak) singularities of uq and pg.

o The fact that the sensitivity of J(€2) with respect to variations of Xp in (3.18) involves the singular
behavior of ug and pq near Xp is reminiscent of the field of fracture mechanics. There, the so-called
Irwin formula relates the singularity of the elastic displacement of a material at the tip of a crack to
the energy release rate guiding the growth of the crack; see [13].

4. AN APPROXIMATE SHAPE OPTIMIZATION PROBLEM TO DEAL WITH THE DIRICHLET-NEUMANN
TRANSITION

We have calculated in Section 3 the shape derivative of the functional J(€2) given by (2.5), in the situation
where either the transition Xy or Xp is subject to optimization. The resulting expression in the former
case (see Proposition 3.1) may be readily used in a typical gradient-based shape optimization algorithm; see
Section 5.

On the other hand, in the case where ¥ p is optimized, the expression supplied by Proposition 3.2 is
unfortunately awkward from both the theoretical and practical perspectives. Indeed,

e The calculation of the surface form (3.18) of J/'(2)(#) was enabled by the precise knowledge of the
local behavior (3.15) of ug and pq near the singularities sg and s;. In more involved situations, for
instance in three space dimensions, or in more challenging physical contexts (such as those of the
linearized elasticity system, or the Stokes equations), such precise information may not be available,
or may be difficult to handle.

e The numerical evaluation of the shape derivative J'(€2)(#) requires the calculation of the coefficients
¢y, and ¢, featured in (3.15); this is doable, but it demands adapted numerical techniques, for instance
an enrichment of the finite element basis with the singular functions, or adapted p/hp finite mesh
refinement methods; see [9, 27, 39] and the references therein. In our numerical setting, presented
in Section 5, such techniques are bound to be all the more difficult to carry out that the boundary
Y.p is not explicitly discretized in the computational mesh.

e Eventually, it is possible in principle to rely only on the volumetric form (3.13) of the shape de-
rivative for algorithmic purposes, as is suggested for instance in [35, 29] and the references therein;
nevertheless, for many practical purposes, it is interesting to have a surface expression for this shape
derivative - for instance when it comes to using advanced optimization algorithms such as that
introduced in [26].

We thenceforth focus our efforts on the instance of the problem (2.4) where this transition zone ¥p is
also subject to optimization (while ¥ is not). To overcome the aforementioned difficulties, we introduce
an approximation method which allows for the optimization of the boundary ¥p between regions bearing
homogeneous Dirichlet and Neumann boundary conditions, without requiring the knowledge of the weakly
singular behavior of uq (and that of the adjoint state pg) in the neighborhood of ¥p. As we shall see in
Section 5, this method lends itself to an easy generalization to more difficult situations: transitions between
other types of boundary conditions involving a singular state, other physical contexts than that of the Laplace
equation, etc.

Throughout this section, unless stated otherwise, we consider the shape optimization problem (2.4) in
the physical setting of Section 2, in the particular case where the transition X p between the regions I'p and
T' of 99 is subject to optimization: U,q = Upn and O,q = Opn. After introducing a few notations and
background material regarding the notion of geodesic distance function in Section 4.1, in Section 4.2, we
present an approximate version of the physical problem (2.2), relying on a ‘small’ parameter € > 0, with the
noticeable feature that its unique solution ugq . is smooth. This leads to the introduction of an approximate
shape optimization problem of a smoothed functional J.(£2) in Section 4.3; we calculate the shape derivative
JL(Q)(0) by classical means, and the numerical evaluation of the resulting expression poses no particular
difficulty. Finally, in Section 4.4, we prove in the model context where (2.3) holds that the approximate
shape optimization problem converges to its exact counterpart, in the sense that ug . — ug as € — 0, and
the values of J.(92) and J.(2)(0) converge to their exact counterparts J(£2) and J'(£2)(6).
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4.1. About the signed distance function to a subset on a manifold

In this section, we collect some material about the signed distance function to a subregion of an oriented,
closed and smooth submanifold M of R? with codimension 1; M is equipped with a Riemannian structure
by endowing its tangent bundle with the inner product induced by that of R? and we denote by n its unit
normal vector. In the context of Section 2, M stands for the boundary 92 of the considered shape €.

Let us first set some notations and recall some necessary background material from Riemannian geometry;
for these matters, we refer to [25].

The length ¢(7) of a piecewise differentiable curve v : I — M defined on an interval I C R is

()= [l
I
The geodesic distance d™ (z,y) between two points x,y € M is then:
dM(z,y) = inf £(y),

where the infimum is taken over all piecewise differentiable curves 7 : (a,b) — M such that y(a) = z and
~(b) = y. Likewise, we denote by
dM(z, K) = inf dM(z,y)
yeK

the distance between x € M and a subset K C M.

The notion of distance on M is conveniently described in terms of the exponential mapping: for any point
p € M and vector v in the tangent plane 7, M to M at p, exp,(v) stands for the point v(1,p,v), where
t — (¢, p,v) is the unique geodesic curve on M such that

7(0) = p, and 7'(0) = v.
As a well-known fact in Riemannian geometry, the mapping exp,, is well-defined on an open neighborhood
U of 0 in T,I" and it is a diffeomorphism from U onto an open neighborhood V' of p in M. The reciprocal
mapping is the logarithm log, : V — U:

Vy € V, log,(y) = the unique v € U s.t. ¥(1,p,v) = y.

We now turn to the notion of signed distance function on the submanifold M: let G C M be an open
subset which we assume to be smooth for simplicity; its boundary ¥ := 0G is a closed, smooth submanifold
of R? with codimension 2, and we denote by ny : ¥ — S' the unit normal vector to ¥ pointing outward G.
In particular, ny is a vector field along ¥ which is tangential to M.

Definition 4.1. The signed distance function dg to G is defined by:
—dM(z,%) ifz €Gq,
Ve e M, dg(z) = 0 ifres,
dM(z,%)  ifre M\G.

For y € M, we denote by ps(y) the projection of y onto X, that is, the unique point = € 3 such that
dM(z,y) = d™(x,%), when this makes sense (i.e. when there is indeed such a unique point).

The following theorem states in essence that, when G is a regular subset of M, the projection mapping
py; is well-defined and smooth on a neighborhood of ¥. The proof is essentially the same as that of Theorem
3.11in [7]: it is a local argument relying on the implicit function theorem, and we omit the details for brevity.

Theorem 4.1. Let G be a reqular open subset of M then there exists an open neighborhood U C M of %
such that the mapping

¥ X (—to,tg) = U, F(z,t) = exp,(tnn(zx))
is a diffeomorphism of class C*°. For y = F(z,t) € U, one has:

t =da(y), and x = px(y).

Let us now state a result about the (tangential) gradient of the distance function; the proof of the first
point lies e.g. in [54], while the second one follows from a direct application of the theorem of differentiation
of a minimum value (see [23], Chap. 10, Th. 2.1):

Proposition 4.1.
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o Let p € M; consider the function p(x) := d™ (z,p) on a neighborhood U of p. Then p is differentiable
on U\ {p} and its (tangential) gradient reads:
1
\Y% =——I .
pla) =~ gty 050

o Let G be a regular open subset of M with boundary X, and let U be the neighborhood supplied by
Theorem 4.1. Then the signed distance function dg is differentiable at any point x € U, and its
gradient reads:

Vo) = ~ s 1ok, (s(a).

We eventually consider the differentiation of the signed distance function dg with respect to variations of
the manifold M (and thus of ¥). The following result is new to the best of our knowledge:

Proposition 4.2. Let G be a regular open subset of M, and let U be the neighborhood of ¥ = 0G supplied
by Theorem j.1. consider a fived point y € U\ X, and let p = px(y), so that o(t) = exp,(tnxs(p)) is the
unique geodesic joining p to y, parametrized by arc length. For any vector field 6§ € CH>°(R%,RY), we define
the variations of M and G according to Hadamard’s method (see Section 2.2):

My = (Id + 0)(M), and Gy = (Id + 0)(G).
Define:
D(O) = de, (y + 0(y))-
Then D is Fréchet differentiable at 8 = 0 and its derivative reads:
log, (p)
da(y)
In the above formula, HI/,V‘ is the second fundamental form of M at p, that is:

(4.1) D'(0)(6) = —6(y)

da(y)
—0(p) - nx(p) +/O 50y (o' (), 0" (1)) (- n) (o (t)) dt.

Vv € T,M, HZ/)V[’U -v=-=Vn(p)v-wv,
where n is any extension of the normal vector n : M — R? to an open neighborhood of M in R<.

Proof. Assume for simplicity that y € M \ G, the result being proved in a similar same way if y € G. From
the definition of D(#), one has:

b
D) = inf inf |7 ()] dt,

TED vi(a,b)—=> Mg a
v(a)=z+6(x), v(b)=y+6(y)

b
- g, [ VTGO Va0 0 6

and we know that, for § = 0, this infimum is attained uniquely for x = p and 7 = o, the geodesic curve
joining p to y. Therefore, the theorem of differentiation through a minimum (see again [23], Chap. 10, Th.
2.1) entails that D is differentiable at § = 0 and:

1

b
200 = [

Since o(t) = exp,(tns(p)) is parametrized by arc length, we have in particular |o’(t)|= 1, 0(0) = p and
o(da(y)) =y (that is, e = 0 and b = dg(y) in the above formula); therefore,

VO(a(t))o'(t) - o'(t) dt.

da (y) da (y)
D' (0)(6) = / Vo(o(t))o’ (1) - o' (1) dt = / (6o (t)) - o' (1) dt,

whence, using integration by parts:

da(y)
D'(0)(0) = 6(y) - o' (dc(y)) — 0(p) - o'(0) — /0 0(o(t) - " (t) dt.
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In the above formula, it follows from the definition of o and Proposition 4.1 that:

_log,(p)
da(y)
On the other hand, it follows from the fact that o is a geodesic that:

0'(0) = nx(p), and o'(dc(y)) =

0" (t) - v =0 for any tangent vector v € T, M;

see [25], Chap. 2, Exercise 4. Since in addition o’(¢) - n(o(t)) = 0, differentiation with respect to ¢ yields:
o"(t) - n(o(t)) = —=Vn(o(t)a'(t) - o'(t) = TG, (o' (t), o' (1)),

which terminates the proof. O

Remark 4.1.

e The formula (4.1) is of ‘Lagrangian’ nature: for given y € M, the derivative of the distance function
to the perturbed set Go at the perturbed point y—+0(y) is calculated. Using the more classical notation
de(0)(y) = D'(0)() for this derivative, the corresponding Eulerian derivative d(0)(y) of de at y is
then defined by the formula:

T00) = do(o)) - Vdotw) -0,
- —mm~mm»+é T, (0 (8),0'(8) (0 n) (o (1)) dt,

where we have used Proposition 4.1.

o The structure of (4.1) is quite intuitive: the first two terms are exactly those featured in the formula
for the ‘Lagrangian’ derivative of the signed distance function in the Fuclidean case, i.e. without
taking into account the curvature of the ambient space (see e.g. [19]), while the last one expresses
the deformation with respect to 0 of the geodesic between p and y out of the (normal) variation of

the manifold M.
4.2. The smoothed setting

In the setting of Section 2 (see also Fig. 1), and following the works [4, 24], we trade the solution ug to the
‘exact’ problem (2.2) for that uq . to the following approximate version, where the homogeneous Dirichlet
and Neumann boundary conditions on I'p and IT' respectively are replaced by a Robin boundary condition
onI'pUT:

—Aug.=f in Q,

(4.2) % + heuge =0 onTUTp,
815?1,5 =g on I'y.

Here, the coefficient h. is defined by:

(4.3) m@gzlh(ﬁb@ﬂ),

€ €
where h : R — R is a smooth function with the properties:
0<h<1, h=1lon (—oo,—1], R(0) >0, h=0on [1,00),

and dr, (x) is the (geodesic) signed distance function to I'p on the surface 9€2; see Definition 4.1. In other
words, h. equals é inside I'p, ‘far’ from Xp, 0 on I' ‘far’ from X p, and it presents a smooth transition
between these two values in a tubular neighborhood of ¥p with (geodesic) width e, so that the boundary
conditions in (2.2) are approximately satisfied; see Fig. 3.

In particular, h. vanishes on a neighborhood of I'y in 02; notice also that our assumptions on h imply
that there exists a real value a > 0 which is independent of € such that:

)

(4.4) Ve € T'p, a<ch(x).
The variational formulation associated to (4.2) reads: ugq . is the unique function in H*(Q) such that
(4.5) Vv e HY(Q), / Vuq,. - Vo dz +/ heuq v ds = / fvdzx +/ gu ds.
Q I'pul’ Q I'n

17



I'p

FIGURE 3. Graph of the function h. defined by (4.3).

It follows from the standard Lax-Milgram theory that this problem is well-posed. In addition, for a fixed value
of € > 0, due to the smoothness of Q and h. (see Section 4.1 about the smoothness of dr,, ), the solution ug .
to (4.2) actually enjoys H? regularity on a neighborhood of ¥ p, as a consequence of the standard regularity
theory for elliptic equations; see e.g. [13], Chap. 9.

Remark 4.2. This approzimation method can be straightforwardly adapted to different contexts, such as that
of the linearized elasticity system; see Section 5 for illustrations, and [24] for an adaptation in the context
of the acoustic Helmholtz equation.

4.3. The approximate shape optimization problem

We propose to replace the exact shape optimization problem (2.4) by its regularized counterpart:

(4.6) Qérbl{;ng J=(2), where J.(Q) := \/QJ(UQ’E) dx,

and ugq . is the solution to (4.2).
When it comes to the shape derivative of J.(£2), the result of interest is the following:

Proposition 4.3. The functional J.()) is shape differentiable at any admissible shape Q € Upn, and its
shape derivative reads, for arbitrary 0 € ©pn (volumetric form):

(@.7)
T(9)(60) = / ((uas) — fpo) 0 nds— / §(ug.) Vg« - 0 dat / (divhl — VO — V0T ) Vuq.. - Vpo.. da
o0 Q

Q

+ / (diVaQ)e hEUQ75pQ7E ds + / prQ,E -0 dx
Tul'p Q

1 / d D lo x plx
5 o, WO (0t LR 0y 0 i ) ) v 4

drp, (z)
S RES ( A IO AOICRRICHO) dt) e o ds(z),

18
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where o, (t) = XDy 1) (tns, (psp () is the unique geodesic passing through x and ps,, (z), and the adjoint

state po.c is the unique solution in H'(Q) to the following system:

_APQ,E = _j(uﬂ,s) mn Q,

(4.8) %9e | hpo.=0 onTpUT,
Lg!:l,a =0 on .

Equivalently, this rewrites (surface form):

Ouq,e Op « 5usz,s> 0-nds

19) L@ = [ e OP0e o 010

<j(UQ,5) — fpa,e + Vaaua, - Voapa,e —
I'ul'p

g2 €

er (ZL’)
12 / p(fo) (—9<pzD<x>> sy (pep (2)) + / 0%, (o (), 74 () (6 1) (0 (1)) dt) woePor. ds(z).
I'ul'p 0

Proof. Proof of (4.7): The proof is very similar to that of the volumetric formula (3.1) in Proposition 3.2,
and we only sketch the main ingredients. At first, using the implicit function theorem, one sees that the
solution uq . to (4.2) has a ‘Lagrangian derivative’ g (), which is the unique solution in H*(Q) to the
following variational problem: for all v € H'(Q),

(4.10) / Vg (0) - Vodz + / he(drp )tug,c(0)v ds =
Q T

Uul'p

/ (div(fO)v + (VO + VO — divfl)Vug . - Vv) dz — / (divant) he(dr, )uq,cv ds
Q T'ul'p

_ 1 /MD (Mo <0(x) 108 Pen (@) g0y s (s (g;))) ugev ds(x)

g2 5 dr, (z)
ng(x)
TGS ( A CHOREO) (9-n)(7(t))dt> uocv ds(a),

where we have used Proposition 4.2 for the ‘Lagrangian’ derivative of the geodesic distance.
On the other hand, using a change of variables yields:

J.(Q) = /Q |det(I + V6)|5(ug, - o (Id + 0)) da,

whence, differentiating with respect to 6 and using the variational formulation for the adjoint system (4.8):

JQ)0) = /Q divj(ue.) dz + /Q ' (ug2 )i (8) dz,

= / divlj(uq,.) dx — / Vi, (0) - Vpa.e dx/ he(drp, )t «(0)pa.c ds,
Q Q T'ul'p

Combining this with (4.10) eventually yields the desired result.

Proof of (4.9): To simplify notations, until the end of the proof, we take the shortcuts v = ugq . and p = po..
We decompose the volumetric expression (4.7) as:

JUQ)(0) = 11(0) + I2(0),

where
11(9):/ (j(u)ffp)0~ndsf/j’(u)Vu~0dw+/ (divfl — VO — VOT)Vu - Vp da
o Q Q
divond ha.cup d Vp- 0 d,
+/FUFDlaQ Q,UPS-F/QfP x
and
d 1
B0 = 5 [ 0y (<o) B @) sy () ) )
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1 / dp Irp () o0 / /
+3 h'(—=) / 15, 1y (0 (t), 03,(8)) (0 - n)(0w(t)) dt | up ds(z).
e? Jrurp € 0 ’
Let us first rearrange the expression of I;(6). To this end, using the same type of calculations as in the
proofs of Propositions 3.1 and 3.2, integration by parts together with the fact that « and p have at least H?>
regularity near I'p U T yield straightforwardly:

(4.11)
L(#) = / (j(u)—fp)@-nds—/j’(u)Vu~9dJU—|—/pr-de—F/ divgnb haup ds
o0 89 5 Q rurp
—|—/ Vu-Vp9~n—qu-9—qu-9) ds
rur'p on on

+ / (=V(Vu - Vp) + AuVp + ApVu + V2pVu + V2uVp) - 6 dx
Q

= / (j(u) — fp) O -nds +/ divenb hocup ds + /
a0 rulp r

Denoting by D the last integrand in the above right-hand side, we obtain:
(412) = 7%3—20»717 (%Vaﬂp.gjL%VaQu.e),
= _%%Q'THM(uVan-9+pVaQu-9).

Vu-Vp0~n7%Vp~07@Vu-9 ds.
on on

Ul'p

On the other hand, integrating by parts on the surface 92 (see again Proposition A.1), we obtain:

(413) / diV8Q9 hgﬁup ds = /
o0

hekupl - n ds — / he (PVaqu -0 + uVaqp - 0) ds
I'pull

Ul p
1 d
- 7/ W (=22 (Vaadr, - O)up ds.
€% Jrurp €
Finally, combining (4.11) to (4.13) with the definitions of I1(6) and I5(8), as well as Proposition 4.1 for the
tangential gradient of the geodesic signed distance function, the desired result follows. O

4.4. Study of the convergence of the approximate model to the exact problem

In this section, we are interested in evaluating in which capacity the exact shape optimization problem (2.4)
is correctly approximated by its smoothed counterpart (4.6). More precisely, we investigate the convergence
of the objective function J.(€) and that of its shape derivative J.(€) to the exact versions J(Q) and J'(Q)
respectively, for a fixed shape Q C R%. In order to keep the exposition as simple as possible, we proceed
under the assumption (2.3), however we believe the result holds in greater generality, and notably in the 2d
case where 0f is not flat in the neighborhood of ¥ p; see Remark 2.4. Let us mention that a quite similar
problem is investigated from the theoretical viewpoint in [17], with stronger conclusions. Our first result in
this direction is the following:

Theorem 4.2. Under assumption (2.3), the function ug. converges to ugq strongly in H'(SY), and the
following estimate holds:

(4.14) l[ua,e —uallm )< Cse®|| fllL2(@),

1

for any 0 <s < 7,

where the constant Cs depends on s.

Proof. The error r. := uq . — ug is the unique solution in HI(Q) to the system:

—ATE =0 in Q,
(4]‘5) { % —|— he’f’e = —8552 - heuQ on aQa

n

which rewrites, under variational form:

(4.16) Vo € HY(), / Vre - Vudz +/ herev ds = 7/ %v ds — / heuqu ds.
o0 oo On Ipul

Q
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Note that the above variational problem is well-posed, as follows from the Lax-Milgram lemma and the
following Poincaré-like inequality (which is proved by the standard contradiction argument):

(4.17) Vv e HY(Q), ||UH2H1(Q)§ C (/Q |Vol|? dx—|—/F v? ds) ;

here and throughout the proof, C' stands for a positive constant which is independent of . The estimate
(4.14) is then obtained within two steps.

Step 1: We prove that 7. is bounded in H'(Q), uniformly with respect to .
To this end, we estimate the first term in the right-hand side of (4.16) as:

8UQ Ougn
. <
(4.18) /em 3” ‘ ¢ ' ‘

||v||H1(Q)7
H-1/2(d9)

where we have the control

< Ollfll ez @y,

HGUQ
H—-1/2(0Q)

as follows from the Green’s formula (3.6) applied to the function ug in E(A, L*(Q2)) (see (3.5)). We are thus
left with the task of estimating the second term in the right-hand side of (4.16), that is, the integral:

/ heuqu ds = / h-uqu ds.
I'pur r

To achieve this goal, recall that, since ug € H*(Q2) for % <s < %, and owing to the continuity of the trace
u — ulpq from H5(Q) into H*2(99Q), for s > 1 (see e.g. [11], Th. 3.37), it comes that uq € H5=2(89),
and in fact, using (2.2), that ug € H*"2(I'y UT). Using now the characterization (2.10) of the space
H*"2(y UT), it follows that for all 0 < o < 1, the function p%uQ belongs to L*(T'), where we have
introduced the weight p(x) := min(|z — so|, |z — s1).
Using this fact in combination with the Sobolev embedding from H'/?(I") into L4(T) for any 1 < q < oo
(see e.g. [1]), we get successively:
1
/p"hs—aum) ds|,
r P

/ heuqv ds
r

1 1 1
» 1 2 a
< </ pP? hE ds) </ 71@ ds) </ v? ds) ,
(4.19) r LT p=e r
< ([orrmas) luallge ey ollace
<

P
C(/Fp’”hé’ d8> luall o oyl IVl ()

for any p > 2 (the constant C' depends on p), where we have used Holder’s inequality with % + % + % =1to
pass from the first line to the second one.
To proceed further, let us decompose I' as

L =T.UUyUUy, where U; :={z €T, |z—s;|<e}, and . :={z €T, p(z)>e}.
Taking advantage of the structure (4.3) of h., the first integral in the right-hand side of (4.19) is of the form

/pp“hgds = / p"hpds—i—/ p"hﬁds—i—/ pPoht ds
I Uy .

< —/ tP7h(- pdt
8pa+1 1

< tP7h(t)P dt,
ep 0

< CegPlo—1)+1
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Therefore,

r

now, choosing p > 2 and o < 1 adequately and using (2.11), (2.13) and (4.19), we have proved that, for all
s < %, there exists a constant Cl:
/ heuqu ds
r

Eventually, taking v = r. as a test function in (4.16), we obtain the standard a priori estimate for r.:

(4.21) / |Vre|? dz + / her?ds = — %7‘5 ds — / heuqre ds.
Q o a0 On r

(4.20)

< Cse® || fll2 @y v]| 1 () -

Combining (4.21) with the estimates (4.18) and (4.20), the Poincaré inequality (4.17) and the fact that
he > 1 onT'p (see (4.4)), it follows that there exists a constant C, which does not depend on ¢, such that:

(4.22) |rellm @< ClIf|| L2 ray-

Step 2: We now turn to the proof of (4.14) so to speak.
Multiplying both sides of (4.21) by ¢ and using (4.4), we obtain:

||TE||%2(FD) < CE/ hg’l"g ds,
I'p

< (e </ Vr€2dgc+/ hsrfds>
(4.23) @ o
Ce / ﬂrg ds
ag On
< Cg”f”%Z(Rd)v

where we have used the estimate (4.20) with v = r. and the bound (4.22) over r..
Interpolating between (4.22) and (4.23) (see for instance [10]), for all 0 < s < %, s = (1 — )0 + $¢, there
exists a constant Cy such that:

IN

h.uqr. ds

)

+C<€/
r

- 1
[Irell e o) < Cs||7“s||1Lz(tpD)||7“s||§{%(FD)S Cse2 7" || fll L2 (re)-
Now, since ug € H*(12) for % <s< %, it comes that 85‘—7? € HS*%([)Q) (see [16], Lemma 4.3), and so
Jug Ougq 1 )
4.24 e ds| < ) < C.e ,
( ) I'p on e S‘ N on Hsfg(FD) ||T€||H%_S(FD)_ < Hf||L2(Rd)

for all 1 < s < 2. Returning to (4.21) and using (4.17), (4.20) and (4.24), we now see that, for any s < %
and o < %, there exists a constant C' > 0 (depending on s and o) such that:

HTEH%P(Q) < C(/ |VT‘E|2d8+/ T?dS)
Q I'p
< C (NI ama+ I Izl rlln )
Hence (4.14) holds, and this terminates the proof. O

As a straightforward consequence of Theorem 4.2, we obtain:

Corollary 4.1. Under assumption (2.3), for any given admissible shape Q) € Upn, the approzimate shape
functional J.(Q) converges to its exact counterpart J(€2).

Let us now turn to the convergence of the derivative of J.(2).

Theorem 4.3. Under Assumption (2.3), for a given admissible shape Q@ € Upn, the approrimate shape
derivative JL(2) converges to its exact counterpart J'(§2) in the sense that:
sup  [JZ(Q)(0) — J(Q)(0)] = 0.

0€EOPN,
<
Hollepy <1
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Proof. We rely on the volumetric expressions (3.13) and (4.7) of the shape derivatives J'(Q2)(#) and J.(2)(0).
In our context where (2.3) is satisfied, the boundary 9 is flat in the neighborhood of ¥ p = {sg, s1}; hence,
for € > 0 small enough, the second fundamental form of 92 vanishes where h. > 0, and the normal vectors
ny,,(S0), nx,(s1) to Lp coincide with the tangent vectors £7(sg) and +7(s1) to 0§2. Then, the approximate
shape derivative J/(2) supplied by Proposition 4.3 simply boils down to:

(4.25)
J(Q)(0) = / (J(uae) = frae) - n dS*/ 7' (ug.c)Vuq - - 0 d17+/ (divll — VO — V6" )Vuq,. - Vpg, dx
a0 Q Q
. 1 T — S
+/ divaaOhouq cpac ds + = B (Z—22)(0(x) — 0(s0)) - nx,, (s0) uQ,epa.e ds(x)
T'uTp €% Jrurp €
1 T —S
+ = n( ! )(0(z) — 0(s1)) - ns, (51) u,epa.e ds(z) + / fVpa,e-0de.
€ Jrurp € o)

Given the expression (3.13) of the exact shape derivative J'(Q), and in light of Theorem 4.2, it is obviously
enough to show that the three integrals

. 1 T —s
LL(0) = / divrl heuq epae ds, I2(0) == —/ h'( 0)(9(x) —0(s0)) - 7(s0)uq.epa. ds(x),
I'ul'p I'ul'p

g2 €

and

I5(6) = i/ W(EE)0() - 0(51)) - (1) wepa.c ds(a)

converge to 0 as ¢ — 0, uniformly with respect to 6 when ||0]|epy < 1.
As far as the integral I; () is concerned, Theorem 4.2 and the facts that —Au. = —Aug = f imply that

0 0
die % in H=Y2(8Q), and ug. — ug in HY?(9Q) as ¢ — 0;

on
similar convergence results hold about pg . and po. Therefore,
0
(4.26) / divrl hqcuq pa. ds 20, divré ﬂpg ds,
Turp Ul p on

where the last integral may be decomposed as
0 0 0
/ divgnb ﬂpQ ds = / divgnb ﬂpg ds + / divynb ﬂpQ ds =0,
rur'p 371 T'p 571 r 8n

as follows from the boundary conditions satisfied by uq and pg. This convergence is easily seen to be uniform
with respect to 8 € Opn, ||0]|epy < 1.

Let us now turn to the treatment of I5(6), that of I3(f) being on all points identical. We assume for
notation simplicity that so = 0, and again, we identify the neighborhood of sy in 9 (which is a horizontal
line) with a subset of the real line R. The key remark in the analysis of I5(#) is that there exists a vector
field §(x) vanishing identically on Ty such that (6(z) — 6(0)) - 7(0) = x - 6(z), as is easily seen from a Taylor
expansion at 0. This will allow to improve the available convergence rates of ug . and pg . in the integrand
of I5(0). More precisely, using integration by parts on the boundary 952, I5(0) rewrites:

oh ~
L(0) = / 0 1z - 0(z)ug,cpa ds,
rurp 97

9 .
— he — (x -0(x)uq.ep ) ds,
rury, 887_ ( ) Q,eVQe

_/ hgé(:c) . (x 8UQ’5pQ,5 + xapﬂ’g UQ’5> ds — / hEUQ’gpQ’EM ds
r'ur'p 37’ 87— r'ur'p 87'

Y aUQ € 310(2 €

— hO(z) | z—— +r—"—u ds + R.(0

rur, € ( ) ( or Poe or Q,e s( )7

where R.(6) is a remainder (possibly changing from one line to the next) gathering several integrals which are

proved to converge to 0 as ¢ — 0, uniformly with respect to 8 when ||0]|e,y < 1 owing to similar calculations
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to those involved in the above proof of convergence of I () (see (4.26)). Then, using the boundary conditions
satisfied by uq . and pq .,

Ouq,e Opa,e Opa,c Oug . &€ A
,(0) = : : : : . ds + R.(6
a0) = [ (ot Ty e ) Be O ) (i) ) s+ (9)
A(pugq ¢y Opq,. | 9(ppa.c) duq, . T
= : : : : -0 ds + R.(6
/1‘qu< or on + or on ) (p(x) (m)) s+ Re(6),
where we have posed p(z) = |z| and the same calculations as in (4.26) have been used.
At this point, we know from Theorem 4.2 that % (resp. %) converges to %qu (resp. 85%?) in

H~'/2(0Q). Hence, the proof of the convergence of I5(f), and thereby that of Theorem 4.3, follows from the
following results:

O(pug.e) =0, pug) . 9(ppae) =0, 9(ppa) .
or or or or
where 7 stands for any smooth extension to the whole € of the tangent vector 7 to 9€0; see Appendix A. We
now sketch the proof of this last statement focusing on the case of ug ; the counterpart result as regards

Pq,e being proved in a similar fashion.

The convergence (4.27) actually follows from exactly the same arguments as that in the proof of (4.14). At
first, using the representation of Proposition 2.1 (or more exactly a higher-order avatar of it, see Remark 2.3),
observe that the function pug belongs to H*(2) for all 0 < s < % Letting the notation 7. := uq . — uq,
and using test functions of the form p(z)v € H*(Q2) for v € H'(Q2) inside the variational formulation (4.16)
of r., we see that pr. satisfies:

(4.27) n H'(Q), and n H'(Q),

(4.28) Yo € HY(Q), /

V(pre) - Vudx + / heprev ds =
Q

I'ul'p

— / hepuqu ds — aﬂpv ds — / Vo - (wVre —r:Vo) de.
r r, on Q

Now using test functions of the form %, v € HY(Q) in (4.28), then integrating by parts yields the following

variational formulation for ¢. := %:

(4.29) Yo € HY(Q), —/ Vq. - Vv dx—/ heqev ds = %prev d8—|-/ g(hgp(az:)ug)v(is
Q r a0 OT r Ot

0 Ougq
N /FD 7 <pan> vds + (Fo, v) @) 11 (@)

where the remainder F. is a sequence of linear forms in the dual H'(Q)* of H'(Q) which converges to 0 in
the strong dual topology.

Finally, using the result of Theorem 4.2, together with very similar calculations than those involved in its
proof, the desired result (4.27) follows, which concludes the proof. |

Ul'p

5. NUMERICAL ILLUSTRATIONS

In this final section we present several numerical illustrations of the previous mathematical developments.
The examples discussed below take place in situations which are variations of the basic model introduced
in Section 2.1. The notations may differ slightly depending on the context at stake, and so do the involved
numerical methods; the precise description of the considered setting is adapted to each particular case.

One common feature of our examples is that all of the simulations are done using the finite element method
in FreeFem++ [32] with Lagrange P; finite elements. When it comes to operations related to the level set
method we used our own C++ implementation interfaced within FreeFem++. Finally, all computations were
done on a basic laptop.

We start in Section 5.1 with a fairly simple academic example which aims to validate the approximation
procedure of Section 4 for optimization problems featuring the transition between regions supporting homo-
geneous Dirichlet and Neumann boundary conditions. We then turn in Sections 5.2 and 5.3 to more realistic
applications in the context of the linearized elasticity equations. Specifically, Section 5.3 deals with problems
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where both the shape and the region of its boundary supporting Dirichlet boundary conditions are subject
to optimization.

5.1. An academic, validation example

We start with a toy example, meant to assess the validity of the approximation process of Section 4 for
the optimization of the transition ¥ p between regions of the shape ) bearing homogeneous Dirichlet and
Neumann boundary conditions.

We consider a rectangular domain Q = (—1,1) x (=3, 1), as depicted on Fig. 4 (left), which is filled with
a material with inhomogeneous conductivity a € L () satisfying the conditions

m<a(x) <M ae xz €,
for some constants 0 < m < M. To be quite precise, in the present application, a(z) takes the values 1
inside a (fixed) subset K C €, and 100 outside K. A constant, unit body source is acting inside €2, and the
boundary 90X is divided into two distinct regions I'p and T' supporting respectively homogeneous Dirichlet

and Neumann boundary conditions. The region I'p is parametrized by two real parameters «, 8, and is
thenceforth denoted by I'y g; it is of the form:

(5.1) Ty = {<a+t7—;> te (—mw)} U{(ﬂ—kt,;) te (—w,w)};

in other terms, I'y g is the reunion of two intervals with fixed width w > 0, which are respectively centered
at the points (o, —3) and (B, 1) € 99, where «, 8 € (—1 4+ w,1— w). In this situation, the voltage potential
Uq,5 inside € arises as the unique solution in Hf. ,(€2) to the conductivity equation:

—div(a(z)Vua,g) =1 in Q,

(5.2) Uq,g =0 on I'y 3,
—a%‘;’ﬁ =0 onT.

Our purpose is to optimize the position (a, ) of the two intervals defining I'y g so as to minimize the
average potential inside the region K; that is, we considered the following optimization problem of two real
parameters:

5.3 inf J(a, B), where J(a, ;:/ U g dz.
( ) (a,B)E(=14w,1—w)?2 ( 6) ( 6) p 8

We first perform a brute-force calculation of all the possible values J(2) when the couple («, ) runs
through the set (—1 4w, 1 —w)?. The results are reported on Fig. 4. In particular, it is visible that J(«, 3)
possesses two local minima, near the points (—0.5,0.5) and (0.5, —0.5), respectively.
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.
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«@ 0.1 0.009

0.008
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,_.
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0.3
0.006

<> 0.005
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A\

2 -1 —0.5 0 0.5 1

o position

FIGURE 4. (Left) Setting of the validation example of Section 5.1; (right) value of the
objective function for all admissible positions of the boundary I'p, parametrized by o and 3.
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According to the methodology developed in Section 4, we now approximate the problem (5.3) by that

(5.4) et ), where J.(0,8) = [ o da,

inf
(@, 8)€(—1+w,1—w)? K

featuring the solution uq 5. € H'(Q2) to the following smoothed counterpart of (5.2):

{ —div(a(x)Vuape) =1 in Q,

(55) % + haua,ﬁ,s =0 onoN.

In (5.5), the interpolation profile h. is constructed as in (4.3), in which the small parameter ¢ is chosen of

the order of the mesh size.
The partial derivatives of J.(«, 8) are easily calculated thanks to Proposition 4.3, taking advantage of the
particularly simple form (5.1) of the optimized region I'p of 9; for instance, one has:

aJ, 1 t—a—w 1 —t+a—w

where L, L are the one-dimensional sets defined by L} = {(¢t,—3), t > a}, Ly = {(t,—3), t < a} (with
a little abuse of notations, LE are identified to the corresponding subsets of the real line). In the above
expression, the adjoint state p, g is the unique solution in H'(£2) to the problem:

—div(a(x)Vpa,ge) = -1k in Q,
L)gf’s + hepage =0 on 092,

a

where 1 is the characteristic function of K. A similar expression holds for the partial derivative %‘,]85 .

We solve the approximate problem (5.4) by means of a standard gradient algorithm, starting from several
different initial configurations (o, 3) as regards the two connected components of I'y g. The results are
reported in Fig. 5: in particular, depending on the initialization, the boundary I', g smoothly converges
to an optimized position which matches the two local minima of the exact functional J(a, ) (see again
Fig. 4, (right)). This indicates a good agreement between the exact optimization problem (5.3) and its
approximation (5.4), and notably between the exact and approximate derivatives of the optimized criterion.
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FIGURE 5. Histories of (left) the objective function J.(«, 8) and (right) the locations «,
of the components of the optimized boundary Iy g in the validation example of Section 5.1.
Three experiments are performed, with different initial values (o, B) (associated to red, green
and blue lines).
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5.2. Optimization of the repartition of clamps and locators on the boundary of an elastic
structure

Our second example deals with the application of the results of Sections 3 and 4 to the problem of optimal
repartition of clamps and locators on an elastic structure; see [11], Chap. 9, for a presentation of the physical
context and [36, 41, 50] for optimization studies conducted in this context.

5.2.1. Description of the physical setting and of the optimization problem

In this example, 2 stands for a three-dimensional rectangular beam with size 4 x 1 x 1, filled with a linearly
elastic material, whose Hooke’s law A is defined by, for any symmetric matrix e with size 3 x 3:

Ae = 2pe + Mtr(e),

where A, p are the Lamé parameters of the material; in our context

(5.6) A= L7 W= _E

1+v)(1-2v) 1+v
with £ = 100,v = 0.3. During its construction, {2 receives the vertical load gioo1 = (0,0, —1) from the
manufacturing tool, which is applied on the upper side I'r of its boundary. So that the structure do not
move under this effort, a clamping-locator system is used: €1 is attached on a subregion I'p of the left-hand
side Ap of 9Q (locator), while it receives a prescribed load ¢ = (0,—1,0) on another region I'y of the
right-hand side Ay C 99Q (clamping); the latter is exerted by an external mechanical device pressing against
the structure; see Fig. 6 for a sketch of the situation.

€1

FIGURE 6. Setting of the example of Section 5.2 about the optimal repartition of clamps and
locators on the boundary of an elastic structure.

In this context, the displacement of € is the unique solution ur, r, € H%D(Q)3 to the following linear
elasticity system:

—div(Ae(ur,ry) =0 in Q,

U’FDJ—‘N :O on FD,
(5.7) Ae(ur, ry)n = gtool on I'r,
Ae(ur,ry)n =g on 'y,

Ae(ur, ry)n =20 on T,

where e(u) := %(Vu + Vul) is the strain tensor associated to a vector field u :  — R3.
Our aim is to optimize the positions I'y and I'p of clamps and locators on the surface of the structure
Q, whose shape itself is not subject to optimization, so that the displacement of £2 under the action of gioo1
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be minimal. We also add constraints on the size of the regions I'y,I'p and on the perimeter of I'p via fixed
penalizations of the objective function. More precisely, we consider the optimization problem:

(5.8) inf J(I'p,I'n), where J(I‘D,I‘N):/ lur .oy | dx—l—ZD/ ds+€N/ ds+€KD/ ds,
N N Q I'p In b
INCAN

where ¢p,fx and {, are fixed Lagrange multipliers: ¢p = 2.1072, {y = 1073, g, = 1072. In the

framework of Hadamard’s method (see Section 2.2), we consider deformations 6 such that:
(5.9) 0-n=00n0dQ, and § =0 on N\ (Ap UAy).

The numerical resolution of this problem relies on the knowledge of the shape derivatives of the partial
mappings I'p — J(I'p,I'y) and I'y — J(I'p,I'y). In order to accomodate the presence of the transition
Yp:=IpNT C Ap between homogeneous Dirichlet and Neumann boundary conditions, we follow the lead
of Section 4 and consider the following approximate counterpart of (5.10):

(5.10) rirg J.(T'p,Tx), where J.(I'p,T'x) ::/ |U]_“D71"N)5|2 dr+/{p ds+ N ds+ VK, ds,
D D

INyCAN Q 'p I'n Sp

where ur, ry < is the solution in H'(Q2)? to the system:

—div(Ae(ur, ry,e) =0 in Q,
Ae(uFD,FN,E) +heur,rye =0 on Ap,

(511) AG(UFD,FN,s)n = Gtool on FTv
Ae(ur, ry.e)n =g on I'y,
Ae(ur, ry.e)n =0 on '\ Ap,

featuring the interpolation profile h. in (4.3).

Thence, the calculation of the shape derivative of 'y — J.(I'p,T'n) is provided by Section 3.1, or more
exactly, the straightforward adaptation of its proof to the present linearized elasticity context. The shape
derivative of the smoothed mapping I'p — J.(I'p, 'y) is calculated exactly as in the proof of Proposition 4.3
(or by using Céa’s formal method), and we omit the formula for brevity.

5.2.2. Numerical representation of the regions I'y and I'p

When it comes to the numerical representation of the optimized subsets I'p and I'y of the lateral bound-
aries Ap and Ay C 99, we rely on the level set method, pioneered in [18], then introduced in the shape
optimization context in [5, 52, 55].

Let us for instance provide a little more details about the numerical representation of I'p—the same
ingredients being used in the case of I'yy. The region I'p is described as the negative subdomain of a scalar
‘level set’ function ¢ : Ap — R, defined on the (planar) lateral boundary Ap, that is:

o(z) <0 ifzelp,
Vo € Ap, o(x)=0 ifzeXp,
¢(z) >0 otherwise.

The motion in (pseudo) time of I'p = I'p(¢) according to a velocity field with normal component v (¢, x)
(which in our case is associated to the shape gradient of the optimized functional J.(I'p,T'x) in (5.10)) is
then described in terms of an associated level set function ¢(t,-) by the following Hamilton-Jacobi equation:

0]
(5.12) a—‘f(t,x) +o(t,x)|Vo(t,z)| =0, for t >0, z € Ap.
In practice, (5.12) is discretized in time, and solved on a Cartesian grid of Ap by means of the second-order
scheme presented in [51], §6.4.

Last but not least, let us mention that at each iteration of the process, the level set function ¢ is reinitialized
as the signed distance function dr, to the actual region I'p by using the fast marching algorithm (see for
instance [51], Chap. 8). On the one hand, this operation is well-known to be a key ingredient in the numerical
performance of the level set method (see again [51]); on the other hand, the signed distance function dr,, is
needed to calculate the coefficient h. in (5.11) (see again (4.3)).
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5.2.3. Numerical application

Let us now consider a concrete example in the previous context. A tetrahedral mesh of €2 composed of 45000
vertices is used, and the optimization problem (5.10) is solved for the positions of I'p and T'y while, again, the
shape of (2 itself is unchanged. Relying on the level set method of Section 5.2.2 for representing I'p and 'y,
we use a standard gradient algorithm based on the knowledge of the shape derivatives of I'p +— J.(I'p,T'n)
and 'y — J.(T'p,T'y); the computation takes about 8 hours and the results are presented on Fig. 7.

0000000000 O 6060606000000 00
000000000 OFGOG ©060606000000O0C°O°
® 000000000 OFGOGO 6060606000000 0

(A) Design of clamps at iteration 1 (B) Design of locators at iteration 1
T - - -
® - ®

(c) Design of clamps at iteration 20 (D) Design of locators at iteration 20

(E) Design of clamps at iteration 100 (F) Design of locators at iteration 100

FIGURE 7. Initial, intermediate and optimized designs of clamps and locators in the test-
case of Section 5.2.

We notice in particular that the optimized design of the clamps is concentrated under I'y whereas the

locators are symmetrically positioned at both ends of the beam. The deformed configurations of the initial
and optimized shapes are displayed in Fig. 8.
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FIGURE 8. Details of the optimization example of clamps and locators of Section 5.2.
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5.3. Joint optimization of the shape and the regions supporting different types of boundary
conditions

We finally turn to examples where the shape €2 of a 2d structure is optimized at the same time as the region
I'p of its boundary supporting homogeneous Dirichlet boundary conditions. For simplicity, the region I'
supporting inhomogeneous Neumann boundary conditions is fixed, which means that we are exactly in the
setting of Sections 3.2 and 4: in all the examples in this subsection, we consider the following shape and
topology optimization problem:

(5.13) inf  J(Q), where J(Q) = j(ugq) +€v/ ds—i—ED/ ds
Qch Q I'p
I'pCApNOQ

is a weighted sum of a case-dependent objective defined from a smooth function j, involving the elastic
displacement uq of the shape, solution to (5.11), and of constraints on both the volume of shapes, and on
the area of the Dirichlet boundary I'p (the latter constraints being enforced by means of fixed Lagrange
multipliers ¢y, ¢p). Notice that in the statement (5.13) of the considered shape optimization problem, we
have committed the same abuse of notations as in Section 2.2: ug and J(£2) depend on both the overall
shape Q of the structure and the position I'p of the region supporting homogeneous Dirichlet boundary
conditions (the latter being constrained to belong to a fixed region Ap of the computational domain D),
while only the first dependence is explicit.

As regards the numerical setting, the computational domain D is equipped with a fixed mesh. Each shape
Q C D is represented by the level set method, i.e. € is described via a level set function ¢ : D — R such
that:

o(z) <0 ifzeq,
Vx € D, o(x) =0 if z €99,
¢(x) >0 otherwise;
see Section 5.2.2 above for more details about the level set method.

Since the shape Q is not discretized (it is only known via the datum of a level set function), no com-
putational mesh is available to calculate the elastic displacement ug by means of a standard finite element
method. To alleviate this issue, the ‘ersatz material trick’ (see e.g. [3, 5, 12]) is used to approximate the
considered linearized elasticity systems posed on €2 with systems posed on D as a whole: ug is approximated
by the solution u to:

—div(A,e(u)) =0 in D,
u=20 on I'p,
Ape(uyn =g on I'y,

Ape(u) =0 on T,

A ifreq,

where Ay (z) := { nA otherwise,

and 7 is a small parameter so that the void region D \ Q is filled with a very soft material instead of
void (typically, we take n = 1073). In this section the Lamé parameters are still given by (5.6) but using
E=1,v=0.3.

As far as the representation of the optimized part I'p of 9€) is considered, it is constrained to belong
to a planar subset Ap of the boundary 9D in the examples of Sections 5.3.1 and 5.3.2. In this case, it is
represented by means of a level set function on a subset of the real line. In Section 5.3.3; the set Ap is a
whole region of D. Then, I'p is represented by means of a different level set function ¥ : Ap — R from that
¢ used to represent ). Both cases are simple adaptations from the general idea outlined in Section 5.2.2; see
also [57, 56] about this type of representation.

The same process as before is applied to approximate the transition region ¥ p between homogeneous
Dirichlet and Neumann boundary condition in the formulation of Problem (5.13), and we do not repeat the
details for brevity.

5.3.1. Optimization of the shape of a two-dimensional bridge and its supports

We first consider the joint optimization of the shape of a two-dimensional bridge 2 and of the location of

its fixations. The situation is that depicted in Fig. 9: € is enclosed inside a two-dimensional computational

domain D meshed with 80537 triangles; a unit vertical load is distributed along the upper deck I'y, a

neighborhood of which is imposed to be part of Q. We optimize Q and the set of fixations I'p (which is
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restrained to a subset Ap of the lower part of D) with respect to the elastic compliance of the configuration;
more precisely, the optimization problem reads as (5.13) with the expressions:

j(u):/ g-uds, fy =50, {p=10.
I'n

Nl

FIGURE 9. Setting of the 2d bridge test-case of Section 5.5.1; the dashed rectangle corre-
sponds to the deck of the bridge, which is a non-optimizable area of .

We perform two optimization experiments, corresponding to different initial states as for 2 and I'p; the
results are reported in Fig. 10 and Fig. 11. In particular, we observe very different optimized topologies
depending on the initial definition of the fixation region I'p.

) Iteration 25 (c) Iteration 100

Objective —

Objective value

0 10 20 30 40 50 60 70 80 90 100

Number of iterations

(D) Deformed configuration of the opti- () Convergence history
mized shape

F1GURE 10. Concurrent optimization of the shape and the fization regions of the bridge of
Section 5.3.1, with an initial configuration for I'p composed of two line segments.
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FI1GURE 11. Concurrent optimization of the shape and the fization regions of the bridge of
Section 5.3.1, with an initial configuration for I'p composed of 18 line segments.

5.3.2. Optimization of the shape of a force inverter and of its fixations

Our second example deals with the optimization of a force inverter mechanism, that is, a device which convert
a pulling force into a pushing one. The details of the test-case are presented on Fig. 12: the considered shapes
Q are contained in a box D meshed with 78408 triangles; they are subjected to a given load g = (—1,0)
applied on a non optimizable subset I' of their left-hand side, and they are attached on another subset I'p
of 912, contained in the upper and lower sides of D. In this context, the aim is to optimize the overall shape
Q and the location of the fixations I'p so that the elastic displacement of {2 on a non optimizable subset I'r
is maximized. The symmetry of the optimized shapes with respect to the horizontal axis is enforced.

1

Ap

Ap

FIGURE 12. Setting of the force inverter test-case of Section 5.53.2. The two dashed rectan-
gles represent non optimizable areas.

More precisely, in the general formulation of the problem (5.13), we set:

j(u) = 10*1/ lu — (1,0)* ds — 10*3/ upds, ly=5x10"%, (p=0
FT 1—‘N
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where the little penalization on the compliance was added to make it easier to obtain a connected structure.

(A) Iteration 1 (B) Iteration 50 (c) Iteration 100
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0 10 20 30 40 50 60 70 80 90 100
Number of iterations
(D) Deformed configuration of () Convergence history

the optimized shape

FI1GURE 13. Concurrent optimization of the shape and the fization regions of the force in-
verter of Section 5.3.2, with an initial configuration for I'p composed of 8 line segments.

5.3.3. Optimization of the shape and the support regions of a two-dimensional cantilever beam

Our last example deals with the concurrent optimization of the shape of a classical 2d cantilever beam and
its fixation zones. The considered shapes () are contained in a fixed computational domain D, meshed with
39402 triangles. They are attached on the upper and lower left corners, as well as on a region I'p which
is subjected to optimization, and which is constrained to be contained inside a given region Dp C D. A
vertical load g = (0, —1) is applied on a non optimizable subset Iy of the right-hand boundary; see Fig. 15.
Notice that, contrary to the previous two examples, the region I'p is not a subset of a region Ap C 9D but it
is allowed to evolve freely inside a region of D. This demands a little adaptation of the framework described
above (another level set function is used to identify the region I'p).

Symmetry with respect to the horizontal axis is imposed on the optimized shape.

All things considered, we consider the optimization problem (5.13) with the expressions:

j(u):/ g-uds, {y =150, ¢p=0.
Jrr

Results are presented on Fig. 16; obviously, the Dirichlet region aims to get as close as possible to the
application region of the load g. It also tends to concentrate on the top and bottom corners of the region
Dp, following insofar as possible the principal stress directions of the structure.
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FI1GURE 14. Concurrent optimization of the shape and the fization regions of the force in-
verter of Section 5.5.2, with an initial configuration for I'p composed of 4 line segments.

Ap O.QI FN{ 1

FIGURE 15. Setting of the 2d cantilever test-case of Section 5.3.3.

6. CONCLUSIONS AND PERSPECTIVES

In this article, we have considered the optimization problem of a shape  and of the regions of its boundary
supporting different types of boundary conditions in the description of the underlying physical context. Re-
lying on the basic model of a Laplace equation, we have calculated the shape derivative of a quite general
objective function J(£2) with respect to variations of the ‘inhomogeneous Neumann - homogeneous Neu-
mann’ and ‘homogeneous Dirichlet - homogeneous Neumann’ transition zones ¥y and X p. Since the second
expression is very difficult to use in practice, for it involves a measure of the ‘singular’ character of the
Laplace equation near >, we have proposed an approximation process to carry out this optimization in
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FIGURE 16. Concurrent optimization of the shape 1 and the fixation zones I'p of the two-
dimensional cantilever of Section 5.5.3 (the latter are represented using red lines).

practice, which consists in ‘smearing’ the sharp transition ¥ p between homogeneous Dirichlet and homo-
geneous Neumann boundary conditions into a band with small thickness € supporting Robin-like boundary
conditions. We have verified the numerical efficiency of this process on several application examples involving
notably the context of linearized elastic structures in two or three space dimensions. In these examples, we
have made the simplifying assumption that ¥p belongs to a ‘flat’ region, and it would be interesting to also
conduct the optimization in the case where it is enclosed in a curved surface. Although this setting is already
dealt with in our theoretical developments, this is a little more demanding from the numerical point of view:
in particular, we would have to apply the level set method on a curved surface, which could for instance
involve the so-called ‘closest point method’; see for instance [12]. Also, it would be natural and interesting
to extend the idea approximate ‘singular’ transition regions between different types of boundary conditions
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to different physics than those considered in this article (e.g. electromagnetism); let us again mention that
it was already used in [24] in the context of the acoustic Helmholtz equations.
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APPENDIX A. SOME FACTS FROM TANGENTIAL CALCULUS

In this section, we briefly review some facts from tangential calculus which come in handy in several parts
of this article; see [33] for a more exhaustive presentation.

Let Q be a smooth bounded domain in R?. There exists a tubular neighborhood U of its boundary 99
such that the projection mapping pgq : U — T" given by

poa(y) = the unique x € T s.t. |x — y|=d(y,T)

is well-defined and smooth; see [7], Th. 3.1. This allows to define smooth extensions of the normal vector
field n and of any tangential vector field 7 : 9Q — R to U via the formulas:

n(y) = n(poaa(y)), and 7(y) = 7(poa(y)),

respectively. From these notions, we define the mean curvature k of 9Q by k = divn.

In this context, the tangential gradient Voqf of a smooth enough function f : 92 — R is defined by
Voaf =Vf—(Vf- -n)n, where f is any smooth extension of f to an open neighborhood of 9f2.

In the same spirit, the tangential divergence divoaV' of a smooth vector field V' : 99 — R? is defined by
divgqV = divV — (VVn) - n, where V is any extension of V' to an open neighborhood of 99).

Let us finally recall the following integration by parts formulas on the boundary of smooth domains; see
[33], Prop. 5.4.9 for the first point, and [19], §5.5.4 for the second one.

Proposition A.1. Let Q C R? be a smooth bounded domain with boundary 0Q;
(1) Let u € HY(OQ) and V € H*(0Q)?; then:

/ divgqVu ds :/ (=V -Vaqu+ kuV -n) ds
a0 a0

(2) Let G be a subset of O with smooth boundary 3, and denote by nx, its unit normal vector pointing
outward G (nx, is a tangent vector field to O). Let v € H'(O) and V € H'(0Q)4; then:

/divag‘/uds:/uv~ngd€+/ (=Vaqu -V + kuV -n)ds,
G by} G

where df denotes integration over the codimension 2 submanifold ¥ of RY.
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