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ABSTRACT. This article revolves around the total perimeter functional, one particular version of the perime-
ter of a shape Q) contained in a fixed computational domain D measuring the total area of its boundary 912,
as opposed to its relative perimeter, which only takes into account the regions of 9 strictly inside D. We
construct and analyze approximate versions of the total perimeter which make sense for general “density
functions” wu, as generalized characteristic functions of shapes. Their use in the context of density-based
topology optimization is particularly convenient insofar as they do not involve the gradient of the optimized
function u. Two different constructions are proposed: while the first one involves the convolution of the
function u with a smooth mollifier, the second one is based on the resolution of an elliptic boundary-value
problem featuring Robin boundary conditions. The “consistency” of these approximations with the original
notion of total perimeter is appraised from various points of view. At first, we prove the pointwise conver-
gence of our approximate functionals, then the convergence of their derivatives, as the level of smoothing
tends to 0, when the considered density function w is the characteristic function of a “regular enough”
shape Q@ C D. Then, we focus on the I'-convergence of the second type of approximate total perimeter
functional, that based on elliptic regularization. Several numerical examples are eventually presented in
two and three space dimensions to validate our theoretical findings and demonstrate the efficiency of the
proposed functionals in the context of structural optimization.
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1. INTRODUCTION

The general idea of optimizing “shapes” has ubiquitous applications in science, ranging from aeronauti-
cal and mechanical engineering [25, 56] to image processing [23], including more recently biology [31] and
computational chemistry [35], to name a few disciplines.

A model shape optimization problem reads as follows:

Inin J(2) +(P(Q).

Here, the optimized design Q is a domain in R? (d = 2,3); as often, it is contained in a fixed “hold-all”
domain D C RY, which serves as computational domain in numerical applications. The objective criterion
J(€) measures the physical performance of the shape 2, and P(Q2) is a constraint — enforced by a fixed
penalization of J(€2) to set ideas — which is for instance related to its geometric features.

Among such geometric constraint functionals, the perimeter Per(Q2), measuring the length of the contour
09 of Q in 2d or the area of the surface 92 in 3d, has received a particular attention. From the theoretical
point of view, including a perimeter constraint into a shape optimization problem is a well-known means to
overcome the homogenization phenomenon, and thereby to ensure the well-posedness of the problem [10, 46].
In numerical practice, perimeter constraints tend to prevent the emergence of sharp features, thus promoting
designs with “smooth” boundaries, see e.g. [64] about this point and for a more general discussion about
common sources of numerical instabilities in shape and topology optimization and possible remedies.

Before proceeding, let us stress that when the considered shapes 2 are subsets of a fixed domain D, the
terminology “perimeter” actually encompasses two subtly different notions, which are illustrated in Fig. 1:

e The relative perimeter Per®(Q) of a shape Q C D is defined by:
(1.1) Per?(Q) :/ ds;
aQND

the term “relative” reflects the fact that PerR(Q) only takes into account the part of the boundary
09 lying strictly inside the “hold-all’ domain D.
e The total perimeter Per” (Q) of Q C D reads:

erT = S
(1.2) Per” (Q2) /md,

so that Per” () takes into account the way € intersects dD.

Obviously, when D stands for the whole ambient space R%, the above two notions coincide with the more
familiar perimeter of a subset Q C R%:
Per(Q) = / ds.
ly)

Despite their intuitive definition and their “simple” mathematical formulations, perimeter functionals
raise interesting challenges depending on the elected numerical framework for optimal design. Let us briefly
describe a few of them, which are frequently encountered in the literature.
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FIGURE 1. The relative perimeter PerR(Q) of the set Q C D is the length of the yellow
curves, while its total perimeter PerT(Q) is the sum of the lengths of the yellow and red
curves.

(1) In shape optimization problems where, as in the above model example, the optimized design is a
domain 2 C D, the numerical treatment of perimeter constraints naturally brings into play the shape
derivatives of the functionals Q — Per’(Q) or Q — Per” (Q). These are expressed in terms of the
mean curvature s of 92, which is difficult to evaluate precisely, see e.g. §3.3.2 in [12] for a discussion
about this issue.

(2) In the same framework, the topological derivative of Per™(Q) or Per” (Q), measuring the effect of the
nucleation of a tiny hole inside 2, is also uneasy to handle. Indeed, the sensitivity of the perimeter
functions is of lower order in terms of the size of the vanishing hole, when compared with that most
“usual” functionals of the domain; see for instance [44, 58].

(3) In the relaxed setting of topology optimization, where the design is accounted for by a density
function u : D — [0, 1] defined on the fixed domain D, a consistent counterpart to the perimeter
functionals Per®(€2) or Per”(Q) has to be found, which makes sense for such density functions u
(and not only on characteristic functions yq of “true” shapes Q C D), and enjoys “nice” algorithmic
properties.

The latter task of devising suitable approximate perimeter functionals, defined for general density functions
u: D — [0, 1] has been the focus of many investigations in the literature, in the particular instances where
the bounding box D is the whole ambient space R?, or where D is a strict subset of R? and the version of
the perimeter at hand is PerR(Q); we sketch an overview of the existing literature about these subjects in
Section 2.3 below.

On the contrary, very little attention has been paid to the total perimeter PerT(Q), to the best of our
knowledge. It turns out that this perimeter functional is rarely used in numerical practice; often, its relative
counterpart is tacitly retained, as in the practice of the level set method for shape optimization [7]. This is
actually quite surprising, since in a fair number of applications, the total perimeter appears more natural
than its relative counterpart: the boundary of the “hold-all” domain D has to be taken into account in the
evaluation of the perimeter of the shape {2 when it has a “physical meaning”. This is the case, for instance,
in situations involving contact mechanics, where at least one part of D is in contact with an external device;
see [50] about this physical setting and [51] for examples of related shape optimization problems.

The present article is a contribution to the mathematical and numerical approximation of the total
perimeter functional PerT(Q) in density-based topology optimization frameworks. More precisely, we aim
to construct approximate total perimeter functionals P.(u) with “nice” algorithmic properties, and which
are “consistent” with Per” () as the small parameter ¢ — 0. These are defined for a general density
function v : D — [0,1] and they involve a smoothing of the latter, whose magnitude is controlled by
the “small” parameter €. Two such constructions are proposed: on the one hand, the smoothing of u is
realized by convolution with a smooth mollifier, and on the other hand, it is based on the regularizing
effect of an elliptic Partial Differential Equation (PDE) supplemented with Robin boundary conditions. The
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adequate and consistent characters of our approximate perimeter functionals will be given precise meanings
in Section 2.3 below, where our main results are described in more technical details.

This article is organized as follows. In Section 2, we present the shape optimization problems of interest
in this article, in an informal way. We then introduce density-based reformulations of such problems, and
we overview the contributions from the literature devoted to the perimeter functional in this context, before
describing ours. In Section 3, we recall some necessary background material about functions with bounded
variations and sets with finite perimeter, and then introduce our approximate total perimeter functionals.
The next Section 4 discusses the quality of these approximations in terms of their pointwise convergence
and of the convergence of their derivatives in the particular case where the considered density w is the
characteristic function xq of a smooth shape 2. Section 5 then deals with the I'-convergence of the PDE-
based approximate total perimeter functional. In Section 6, we slip into the context of numerical shape and
topology optimization: several numerical examples are presented to appraise the main points of our study.
In Section 7, some conclusions and perspectives arising from our study are outlined. The article ends with
a technical appendix.

2. SHAPE AND TOPOLOGY OPTIMIZATION UNDER PERIMETER CONSTRAINTS

This section introduces the shape and topology optimization setting which serves as a motivation and guide
throughout the paper. After introducing informally shape optimization problems and recalling basic related
facts in Section 2.1, density-based reformulations of such problems are broached in Section 2.2. The available
methods from the literature for dealing with perimeter functionals in the context of density-based topology
optimization are then summarized in Section 2.3, where the main contributions of the present article are
described.

2.1. Classical stakes about shape optimization

Let us consider a model shape optimization problem of the form:
(2.1) Inin J(Q) +LP(Q).

In the above formulation,

e The shape € is sought as a subset of a fixed computational domain D in R? (d = 2 or 3).

e The objective function J(£2) brings into play the physical or the mechanical behavior of the optimized
shape  (as described by e.g. the heat equation, the linearized elasticity system, etc.). We are not too
specific for the moment about the precise definition of J(€2), and we shall present several instances
of such in Section 6.4.1.

e The functional P(f2) stands for either of the two perimeter functionals Per®(Q), Per” (Q) introduced
in the previous section.

Admittedly, there are multiple variants of (2.1), featuring for instance P(2) as a constraint (instead of a
mere penalization of the objective function J(£2)), or bringing into play additional constraints on  (e.g. on
its volume). Shape optimization problems of this kind will be studied numerically in Section 6, but for the
simplicity of the exposition, we stick to the simple formulation (2.1) for the moment.

Remark 2.1. The penalization of J(2) by the perimeter functional in (2.1) is a well-known stratagem to
enforce the existence of an optimal shape, at least when particular instances of the objective function J(Q)
are considered, see e.g. [10] when J(§2) is the compliance functional, and the work [37] dedicated to spectral
functionals.

Most numerical methods for problems of the form (2.1) rely on the derivatives of the objective and
constraint functions with respect to the domain. This notion may be defined in a variety of frameworks,
and we retain Hadamard’s boundary variation method, giving rise to the concept of shape derivative; see
for instance [9, 46, 57] and [58] about the alternative notion of topological derivative. Briefly, and omitting
for simplicity the requirement that the considered shapes €) should be contained inside D, variations of a
bounded, Lipschitz domain  C R¢ are considered under the form:

(2.2) Qg = (Id + 9)(Q), XS Wl’oo(Rd,Rd), ||9‘|W1,m(Rd’Rd) < 1.
4



One function of the domain F(Q) is then said to be shape differentiable at € if the underlying mapping
0 — F(Qp), from W1 (R4 RY) into R, is Fréchet differentiable at § = 0. The corresponding derivative
F'(2)(0) is the shape derivative of F(£2) at €2, and the following expansion holds:

F(Q) = F(Q) + F'(Q)(6) + o(6), where lo(0)] 950

0.
0]l 1,00 (Re RAY

From the numerical vantage, shape and topology optimization algorithms can be based on shape deriva-
tives, using for instance mesh deformation algorithms as in [3, 59], or the level set method as in [7, 61, 66]
for the numerical representation of the shape and its evolution; see [6] for a recent overview.

Let us conclude this section by recalling the following classical result about the shape differentiability of
perimeter functionals (see e.g. [10], §5.4.2):

Proposition 2.1. Let Q be a bounded domain of class C3. The mapping 6 + Per(Qq) from C2(R%, R?) N
Whoo(R4, RY) into R is Fréchet differentiable at § = 0, with shape derivative:

Vo € C?(RY,RY) N WH(RY RY),  Per’(Q)(0) :/ k6 -nds,
o

where k : 0Q — R is the mean curvature of 0Q (see Appendiz A.1).

Remark 2.2. Similar results hold for the relative and total perimeter functionals, except that the considered
deformations 0 in the practice of Hadamard’s method (see (2.2)) should satisfy 0 -n = 0 on the boundary 0D
of the computational domain.

2.2. Density-based reformulation of shape optimization problems

Optimal design problems of the form (2.1) pose difficulties of various natures. From the mathematical
viewpoint, the existence of an optimal shape 2 is often difficult to guarantee; in addition, the expression
of the optimality conditions for (2.1) requires the technical calculation of shape or topological derivatives,
as the building blocks of optimality conditions, see e.g. [9, 46] about these points. From the numerical
viewpoint, the implementation of efficient shape optimization algorithms is far from straightforward [6, 63].

These challenges legitimate the popularity of density-based reformulations of (2.1). In a nutshell, the
considered set of designs is extended from true “black-and-white” shapes Q@ C D (or equivalently their
characteristic functions xq, taking values 1 in Q and 0 in D \ ) to more general density functions u : D —
[0, 1], which are allowed to take intermediate “grayscale” values between 0 and 1.

The problem (2.1) is recast as:

(2.3) J(u) + £P(u).

min
u€L>(D,[0,1])

Here, J(u) and P(u) stand for “suitable” extensions of the objective and perimeter functions J(£2) and P(12)
in (2.1) to density functions u, that is, J(u) = J(2) and P(u) = P(2) when u = xgq is the characteristic
function of a shape Q C D. The formulation (2.3) certainly presents a number of advantages over (2.1);
in particular, it is much simpler to handle numerically: for instance, algorithmic strategies based on the
derivatives of the mappings u — J(u) and u — P(u) are easy to carry out.

This question of how to conveniently extend an objective function J(2) accounting for the “physical
performance” of  (that is, involving the solution to a partial differential equation posed on §2 such as the
heat equation or the linear elasticity system) to accommodate density functions has been extensively studied
in the literature. Without entering into details, let us solely mention that the homogenization theory is
often invoked [4] to this end, or simplified, heuristic versions are used, such as the famous Solid Isotropic
Material with Penalization (SIMP) method in structural mechanics [25], the so-called “porosity method” in
fluid mechanics [26], etc; see also our previous works [5, 16, 19] in this direction, where approximate versions
J(u) of typical functionals J(€2) of the domain are constructed which are “consistent” with the shape and
topological derivatives of the latter.



2.3. Perimeter functionals in density-based topology optimization: existing works and contri-
butions of the present article

A great deal of work has been devoted to the relative perimeter functional PerR(Q) and its extensions to the
context of density functions. One natural mathematical setting features functions v € BV (D) with bounded
variations inside the computational domain D, see Section 3.1 below for a brief reminder about this notion.
The natural density-based counterpart of Per®(Q) then reads:

(2.4) /\Dul |Dul(D),

where |Du|(D) is the total variation of u € BV (D). Unfortunately, this neat mathematical framework is
difficult to exploit from the numerical vantage, since functions u € BV (D) generally present jumps which
are difficult to capture. This drawback has aroused interest for appropriate, smoothed versions F.(u) of the
(extended) relative perimeter P (u), the perhaps most famous of which being the Cahn-Hilliard functional,
defined for v € L'(D) by:

(2.5) F.(u) = /D <5|VU|2+2W(u)> dz ifue HY(D),

+00 otherwise.

Here, the function R 3 s — W(s) € R is a potential with two wells in s = 0 and s = 1, satisfying suitable
growth conditions. The functional F.(u) essentially assumes H!(D) functions and ¢ > 0 is a “small”
parameter tuning the level of smoothing. Intuitively, a minimizer u of F.(u) is expected to show a good
compromise between showing “not too steep” variations (which are penalized by the gradient term) while
avoiding to take values “too different” from 0 and 1 (those being penalized by the potential W (u)). It was

proved by Modica and Mortola [55, 54] that F. T'-converges to the functional F(u) defined by
ew PR (u) ifu € BV(D,{0,1}),
F(u) = .
400 otherwise,

where ¢y is a real-valued constant which explicitly depends on the potential W. We refer to Section 5.1
below for a short reminder of the notion of I'-convergence; see also [2] for an enlightning discussion, and [30]
for different instances of the Modica-Mortola approximation.

The approximate relative perimeter functional (2.5) (or variants of it) has been a popular means to
formulate constraints on the length of codimension 1 subsets in density-based optimal design problems. Let
us mention a few such applications:

e In image segmentation, the objects composing an image, supplied as a grayscale intensity function
I:D —[0,1], can be identified by minimizing the Mumford-Shah functional, defined over functions
u € BV(D,[0,1]). The latter is a weighted sum of a proximity term between u and I and the
measure of the jump set S, of the optimized function; see [24] for an overview. The so-called
Ambrosio-Tortorelli functional approximates this jump part by a modified version of (2.5) [14, 15].

e A quite similar approach is used in [28] in the context of an optimal repartition problem of a solid
phase, made of an elastic material, a liquid phase and void. These three phases are described by a
single “phase-field” function u € BV (D), whose values are imposed to be close to —1, 0, or 1 by the
presence of a three-well potential in the minimized energy. Furthermore, the length of the interface
between each phase is penalized in a manner reminiscent to the aforementioned Modica-Mortola
procedure.

e The functional F.(u) in (2.5) also makes it possible to approximate the gradient flow of the perimeter
functional — the mean curvature flow — by the gradient flow of the minimization of u — F.(u) — the
Allen-Cahn equation. A degenerate case of this last equation leads to the Bence-Merriman-Osher
algorithm, also referred to as “threshold dynamics”. In a nutshell, a shape €2 is updated by alternating
convolutions of the characteristic function of 2 with a kernel (for instance, the fundamental solution
to the heat equation) with thresholdings of the resulting function. We refer to [52] for the seminal
article about threshold dynamics, to [39] for an extension to the multi-phase context and to e.g. [32]
and references therein for more details on these approaches.
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The use of the approximate relative perimeter functional (2.5) is certainly more convenient than that of
the exact formula (2.4) from a practical viewpoint. Yet, a number of numerical difficulties persist, mainly
because the defining formula (2.5) involves the gradient of the optimized function u. As a consequence,
(2.5) only makes sense when u belongs to H*(D), and so its use in optimal design prevents u from being
a characteristic function; instead, u will inevitably present intermediate “grayscale” values between 0 and
1. Moreover, the derivative of u +— F_.(u), which is the key ingredient of most first-order optimization
algorithm for (2.3) (where P(u) is replaced by F.(u)), involves second-order derivatives of u. Hence, a high-
order discretization has to be used for u to ensure the accuracy of the computation of this derivative, or a
sophisticated semi-implicit scheme has to be used to update u, as in [28].

In order to circumvent these concerns, elaborating on ideas present in [3, 53] (see also [39] in the multi-
phase context), an alternative approximation of the relative perimeter P¥(u) was proposed in [21]:
~ 1
(2.6) F.(u) = 7/ (1 — LX)y dz,
€Jp

where LNy is the unique solution v. € H!(D) to the PDE

—e?Av. +v. =u in D,
(2.7) { e =0 on dD.
Using the jargon of topology optimization, the optimized design w is filtered thanks to the regularizing
effect of the elliptic operator (2.7); see [27] for a theoretical justification and [34] for a related numerical
investigation. The analysis in [21] reveals that F. I'-converges in L*(D,[0,1]) (when the latter is equipped

with the L'(D) distance) to the following multiple of the extended relative perimeter:

ﬁ(u) o %\Du|(D) if u e BV(D,{0,1}),
’ +00 otherwise.

The above contributions are dedicated to the relative perimeter Per®(Q) of a domain Q, or its extension
(2.4) to density functions u. As we have mentioned, in sharp contrast with this abundant literature, very few
contributions have been dealing with the total perimeter functional PerT(Q), to the best of our knowledge.

The latter is readily extended to the density-based topology optimization setting via the following formula:

(2.8) PT (u) ;:/ |Dul, wue€ BV(D),
D

where u stands for the extension of u by 0 outside D. Understandably enough, this extended function suffers
from the same drawbacks as its relative counterpart in (2.4).

The main goal of the present work is precisely to construct, analyze and put into practical use suitable
approximate versions of (2.8). More precisely, we introduce approximate versions of the total perimeter
PT(u) whose common structure resembles very much that of (2.6):

(2.9) Pfu) =1 /D (1 Lii)u da.

€
In the above definition, L. is a regularizing operator, about which two versions are proposed:

e One of them, LV u = n. * u is based on the convolution of v with a smooth mollifier 7;

e The second one, L?Ob, resembles much the operator in (2.6), except that the homogeneous Neumann
boundary condition in (2.7) is replaced by a Robin boundary condition: LE°Py is now the unique
solution v, € H(D) to the boundary-value problem:

—e?Av, +v. =u in D,
s%j +v.=0 ondD.

We denote by P (u) (resp. PR°P(u)) the instance of (2.9) corresponding to the choice of the operator
Lo (resp. LE°P). These constructions echo to our previous contributions [5, 16, 19], where density-based
approximate topology optimization problems were introduced, showing “consistent” optimality conditions
with those of the original shape optimization problem.

We then analyze thoroughly the mathematical properties of the functions P.(u) defined by (2.9), as well
as the quality of the induced approximation of P (u). Our main contributions can be summarized as follows:
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(i)

(iii)

We first address the pointwise convergence of the functions P-(u): when u = xgq is the characteristic
function of a “smooth enough” shape Q C D, we prove that both quantities P°™(u) and PR°P(u)
converge (up to an explicit multiplicative constant) to the total perimeter Per’ (Q) as ¢ — 0, see
Sections 4.1 and 4.2. This result is generalized later in Section 5, where we show that, in the case of
the functional PR°P(u), the pointwise convergence of PRP(u) to (a multiple of) P (u) actually holds
when w is an arbitrary function in BV (D, {0,1}).

We then consider in Section 4.3 the convergence of the “derivative” g, . of the mapping u — P.(u)
to the shape derivative of Q + Per(Q2) as ¢ — 0 in both cases where L. = L™ and L. = LE°b.
When u = xq is the characteristic function of a “smooth enough” shape Q2 C D, we prove that g, ()
converges (up to a multiplicative constant) to the mean curvature x(z) of Q at all points z € 9Q N D.
This convergence result is important in practice since it accounts for the convergence of the optimality
conditions attached to P (u) and PR°P(u) to those corresponding to Per’ (Q), and also for the
consistency of the associated gradient flows.

Finally, we show in Section 5 that the PDE-based approximate total perimeter PR°P(u) I'-converges
to (a multiple of) PT (u); this feature accounts for the behavior of the minimizers of PR°P(u) as e — 0,
or more generally for that of solutions to optimization problems involving PR°P(u) such as (2.3), see
Remark 5.2 for further comments about this point.

Last but not least, these results are illustrated in Section 6 by several numerical examples, ranging from
mere validation experiments to more concrete resolutions of shape and topology optimization problems.

3. THE TOTAL AND RELATIVE PERIMETER FUNCTIONALS AND THEIR APPROXIMATIONS

In this section, we properly introduce our approximate total perimeter functionals. Since they are built in
the density-based setting introduced in Section 2.2, we first recall in Section 3.1 some basic material about
the chosen mathematical framework, namely that of functions with bounded variations and sets with finite
perimeter. Meanwhile, we set some notations used throughout the article. The approximate total perimeter
functionals are then formally presented in Section 3.2.

Thenceforth, D stands for a bounded “hold-all” domain of R? (where d = 2,3 in applications), with at
least Lipschitz regularity.

3.1. Preliminaries about geometric measure theory

Our main reference about the topics discussed in this section is [22]; see also [12].

3.1.1. Functions with bounded variations

Let us start with a definition.

Definition 3.1. A function v : D — R with bounded variations on D is a function u € L'(D) whose
distributional gradient Du, defined by:

Vo € CH(D,RY), (Du,y) = 7/ u dive dx,
D

is an R-valued Borel measure on D.
We denote by BV (D) the space of functions with bounded variations in D.

Note that, as in [12], Chap. 1, this definition implicitly assumes that the total variation of Du is bounded
when v € BV(D), that is:
|Du|(D) = / |Du| = sup / udivyp dz < +o0.
D pecl(D,rd) D
el o0 (pya <1

As a result of the last fact, the integral

/Df-Du

can be defined for all continuous and bounded function f € C(D,R?).
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The quantity |Du|(D) (be it finite or infinite) is called the total variation of a function u € L*(D); since
it writes as the supremum of a family of linear functionals, the mapping L'(D) > u +— |Du|(D) € R U {co}
is lower semi-continuous.

The following proposition asserts that smooth functions are dense in the space BV (D), when an adapted
notion of convergence is considered on the latter space, see Th. 10.1.2 in [22].

Proposition 3.1. For any function w € BV (D), there exists a sequence u,, € C>(D) converging to u for
the intermediate convergence, that is:

Wy 2222w strongly in LY(D), and /

|vun|dxﬁii°+/ |Dul.
D D

Like functions in the Sobolev space H!(D), functions with bounded variations in D possess a trace on
the boundary 9D:

Definition-Proposition 3.2. The usual restriction operator
C>(D) > u v+ ulppe L* (D)

has a bounded extension to the space BV (D), which we refer to as the trace operator on BV (D).
Moreover, the mapping vo : BV (D) — LY(9D) is continuous when BV (D) is equipped with the topology
of the intermediate convergence.

In this context, an adapted version of the Green’s formula holds for functions u € BV(D), see [22], Th.
10.2.1:

Proposition 3.2. Let u be a function in BV (D); then for any function ¢ € C*(D,R%), it holds:
(3.1) / v Du= —/ udiwpdw—i—/ Yo(u)g - np dHIL.
D D oD

Here and thenceforth, we denote by H! the t-dimensional Hausdorff measure on R¢ for any non negative
real number ¢ > 0. We recall that H¢~! is simply the surface measure ds when it is restricted to the boundary
0D, while H¢ coincides with the Lebesgue measures £¢ of Borel subsets of RZ. The vector field np in (3.1)
(or simply n when the context is clear) is the unit normal vector to 9D, pointing outward D.

Throughout the paper, we denote by ¥ the extension by 0 to R? of a function v € L'(D); the previous
identity then rewrites equivalently:

Vo € CY(D,RY), —/ udivyp do = —/ udivp da = / @+ Du— / Yo(u)p - ndHI,
Rd D D aD
and so we have the following identity between R%-valued measures on R?:

(3.2) Du = Du|p — vo(u)n ’Hd71|aD.

3.1.2. Approzimate limits
Let E C R? be a Borel subset, and let u : R — R be a measurable function.

Definition 3.3. The function u is said to have an E-approximate limit { = ap 11Lr£»10 u(x) at some point
zeE

xo € R? if and only if for every e > 0, it holds:

£9(By(ao) NEN{lf — €] <&}) poo

(B, (v0) N B) b

(3.3)

Here and throughout the text, {|f — ¢| < ¢} is a shortcut for the set of points = € R? such that |f(z)—£| <
e. Also, B,(x¢) is the open ball with center zy and radius p.

For xy € R? and a given unit vector a in the unit sphere S¥=! ¢ R¢, we introduce the half-space oriented
by a:
Ta(zo) = {z € RY, (z—x0)-a > 0}.
9



Definition 3.4. One point o € R? is said to be a reqular point of the measurable function u if there exists
a direction a € S*1 such that the following two approzimate limits exist:

(3.4) ua(zo) :=ap lim w(z), and u_o(vo) :=ap lim  u(x).
CDEWa(T(')[]) mEﬂ_,,,(Ozo)
The following proposition sheds some light about the nature of regular points; see [22], Th. 10.3.1.

Definition-Proposition 3.5. Let x¢ be a reqular point of the measurable function u and let the direction
a € S be as in (3.4); two situations may occur:
o Ifu,(wo) = u_a(w0), then for any direction b € S¥=1, the approzimate limit uy(x¢) exists and equals
ua(Zo); xo is said to be a point of approximate continuity of u;
o Ifuy(xo) # u_q(x0), then a is the unique vector (up to a sign) in S¥=1 such that ui,(xo) ewist; g
1s said to be a jump point of u.

We denote by S,, the jump set of u, i.e. the set of its jump points.
3.1.3. Sets with finite perimeter

In the following, we shall be interested in those functions in BV (D) which only take the values 0 and 1,
that is, the characteristic functions xg of Borel subsets £ C D. Those sets £ C D such that yg belongs to
BV(D,{0,1}) are called subsets of D with finite (relative) perimeter.
The topological boundary JF of a set E with finite perimeter in D may be a quite singular object; see
for instance [45] §1.10. Two other notions of boundary are actually better suited for the study of such sets:
e The first one of them is the measure theoretical (or essential) boundary Oy E, defined for a general
Borel set £ C R%, not necessarily contained in D, by:

LY(B,(z) N E) LY(By(z) \ E)
OmE = {x e RY, limsup =— 2" 2 > 0 and limsup ——2—~ " > 0+ C JE.
o0 LUB,(x)) p—0 LYB,(x))
e The second notion of importance is the jump set S, , N D of the characteristic function of . In this
case, it coincides with the set of points zy € D where there exists a direction a € S*~! such that:

LYB,(z0) N7_q(z0) N E) LYBy(x0) N o(x0) NE)

3.5 lim =1, and lim =0.
(3:5) 22 LB, (w0) M 7a(20)) 32 T ZA(B, (20) N ma(a0))
Finally, we list below a few useful properties of sets E with finite perimeter in D, see [22], Th. 10.3.2.

Proposition 3.3. Let E C D be a set with finite perimeter; then
o There exists a vector field v(z) with values in ST, the inner measure theoretic normal vector to E,
defined for H?~' almost every point x € Oy E, such that:

D)/(E' = VHd_1|aME and DXE'D = V?‘ld_ll(aME)mD.
In particular, it holds:
|Dxe| = H¥ (O E) and |Dxg| = H N ((Om E) N D).

It follows from (3.2) that v(x) coincides with —n(x) at points x € Oy E N OD, where n is the unit
normal vector to D pointing outward D.

e The jump set Sy, N D coincides with OpyEN D up to an HA~1-negligible set. For zg € Sy, N D, the
vector a in (3.5) then equals —v(xg).

o Hi 1 almost every point in D is a regular point of X k.

3.1.4. Perimeter functionals in the setting of functions with bounded variations
Let us now consider the functional defined for a general function with bounded variations in R by:
(3.6) P(u) = |Du|(R%), wu € BV(R?),
and for u € BV(D), let
PR(u) := / |Dul|, and PT(u) := / | Dl
D d

T / o ()] A,
D oD
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Note that we have used (3.2) in passing from the first to the second line of the above equality.
These functions are tailored in such a way that, if € is a bounded Lipschitz domain of R%,

Per(2) = P(xaq),
and if Q) is a bounded Lipschitz subset of D,
Perf(Q) = PE(xq), and Per’ (Q) = PT(xq).
Hence, with a small abuse of language, these functions will still be referred to as the perimeter (resp. the
relative and total perimeter) of w.

3.2. Definition of the approximate perimeter functionals

We are now in position to introduce approximate versions P.(u) of the total perimeter PT (u). Two different
constructions are presented, with competing assets and drawbacks. They have the common structure

1 ~
(3.8) P.:L>(D,[0,1]) = R, P.(u)= 7/ (1 - Lew)udex,
D

3

and when possible, we shall deal with them in a unified fashion. In the above, L. : L>®(R%[0,1]) —
L*>(D,[0,1)]) is a regularizing operator of the integral form

(3.9) Leu(z) = y N.(z,y)u(y)dy, z€D.

The kernel N, (z,y) has the decomposition:

(3.10) No(z,y) = gidu (”ty) + Ro(z,y),

where
e the function y € L'(RY) is radial, smooth on R?\ {0}, and it has unit integral:

/Rdu(x) dz =1.

Besides, p has (at most) a weak singularity near 0:

(3.11) 3p1>0,C>0st Yy <p1, { "Tigé)y')fgcgllfﬁ,l?{” g Z _ gj
and it has fast decay at infinity:
(3.12) Fp2>0,C>0and a>0st. Y|yl >ps, |u(y) <Ce el
e For any compact set K € D, the remainder R.(x,y) satisfies
(3.13) sup ||Re (2, )l =(p) < Ce™ %,
€K

for some positive constants C' and « depending on K.

We now discuss two possible definitions L& and LE°P of the regularizing operator L., which induce via
(3.8) two different approximate total perimeter functions P and PReP.

3.2.1. Approximate perimeter functionals based on a mollifying kernel

Let 77 : R? — R be a smooth mollifier, that is:

e 7 is of class C*;
e 7) has compact support inside the unit ball B;(0);
(3.14) e 7 has unit integral [,, 7 dz = 1;
e 7 has radial symmetry: there exists a smooth function 77 : R — R such that n(x) = 7(|z|)

for € R4,

For £ > 0, we set n-(z) = Zn(%£) and we introduce the convolution operator

(3.15) L™ LYRY) — L°(RY),  LOu(z) = (0. * u)(x) = /]Rd n(y)u(z —ey) dy, a.e. x € R%

11



Inspired from [17, 21], we now define the approximation P°™ (u) of the total perimeter P (u) by:

1 ~
Yu € LY (R?), PCo™(u) = g/ (1= L™ %)u dex.
D

Remark 3.1.

o A similar approximation could be worked out for the absolute perimeter functional P(u), but not for
the relative perimeter PE(u). Indeed, doing so would rely on a procedure to extend u from D to RY
without creating “artificial” jumps across 0D.

o We shall see that, despite its intuitive character, the convolution-based functional PO (u) is not so
easy to handle as the PDE-based counterpart presented in the next section, from both theoretical and
numerical viewpoints.

3.2.2. Approzimate functionals using the reqularizing effect of an elliptic partial differential equation

Our PDE-based approximation of the total perimeter PT (u) is based on the following operator: for a given
function u € L*(D, [0,1]), let

(3.16) LRy = o,

where v. € H*(D) is the unique solution to the boundary value problem:

—e?Av. +v.=u in D,
(3.17) { 5% +v.=0 ondD.
The approximate total perimeter PX°P(u) is defined by:
1
(3.18) PRV (y) = 7/ (1 —v:)udez.
€Jp

At the moment, it is not obvious that the functional PR°P has the desired structure (3.8). To see this
more clearly, we rely on the integral representation of v.:

ve(x) = /D Ne(z,y)u(y) dy, for a.e. z € D.

In the above formula, N.(x,y) is the fundamental solution of the equation (3.17): for x € D, y — N.(z,y)
satisfies

—e2AyN.(2,y) + Ne(2,y) = 0y—yy in D,
Eggj(l‘,y)—l—]\fe(aj,y) =0 on 0D,

where d,—, is the Dirac distribution at y = «.
The function N¢(z,y) can be expressed in terms of the fundamental solution ®. of the operator v
—£2Awv + v in the free space, which satisfies, for all z € R,

—2A,®.(x,y) + ®-(x,y) = 6, in the sense of distributions in R?.

This function ®. has the analytic expression

1 T—y 1 1
3.19 P (zr,y) = =P | ——= |, where & = —Ka_ ,
(3.19) o) = g (T where 8(0) = g K (o)
that is, ®(z) is the fundamental solution of the operator v — —Awv + v in the free space R, involving the
modified Bessel function of second kind K, with parameter a > 0, see e.g. [18] §2.3. The following lemma
collects useful estimates about @, see [1], §9.6.

Lemma 3.1. The function ® : R?\ {0} — R defined in (3.19) satisfies the following properties:
(i) ® is of class C*° on R\ {0}.
(i) ® is non negative, and [, ®(z) dz = 1.
(i1i) (Estimates near 0) For m > 0, there exists a constant C > 0 depending on m such that
B(z) < Clloglal| ifd=2,
®(r) < Clz|t if d=3.
12
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(iv) (Estimates of the derivative near 0) For m > 0, there exists a constant C' > 0 depending on m such

that
S (@) < Cla|™ ifd=2,
Vo € RY\ {0}, |z| < m, O i=1,....d
gfi(x) <Clz|=? ifd=3,

(v) (Estimates at o) For M > 0 and a multi-index o € N, there exist constants a > 0, C > 0 depending

on M and p such that
0P
ox®

Vo e RY, |z| > M, (z)| < Cealel,

The function N¢(z,y) can now be decomposed as:
Ne(z,y) = Oc(z,y) + Re(2,y),
where for given « € D, the remainder y — R.(z,y) satisfies:

7€2AyRE(I7y)+RE(Iay) =0 in D7
eGnz(@,y) + Re(,y) = —eG=(2,y) — ®(z,y) on D.

It then follows from the structure (3.19) of the fundamental solution ®., the decay of modified Bessel
functions at infinity (see (v) in Lemma 3.1) and classical elliptic estimates that for a given compact subset
KeD,

sup |[R:(z,")||p~(p) < Ce =,

zeK

for some positive constants a,C' depending on K.

Remark 3.2. A similar approximate counterpart was proposed for the relative perimeter (3.7) in [21]:

1

(3.20) PNev(y) = E/D (1 — we)u d,

in which w. is the HY(D) solution to problem

{ —?Aw, +w, =u  in D,

%ZO on 0D.

Let us emphasize the flexibility of the use of PDE-based regularizing operators L. in the device of our gradient-
free perimeter functionals (3.8): an approximate version of the total perimeter is obtained from its relative
counterpart by simply changing boundary conditions in the defining boundary-value problem.

4. POINTWISE CONVERGENCE PROPERTIES OF THE APPROXIMATE TOTAL PERIMETER FUNCTIONALS
UNDER A REGULARITY ASSUMPTION

We first discuss the convergence properties of the approximate functionals P (u) and PEROb(u) towards
the total perimeter functional P (u) in the particular case where u = yq is the characteristic function of a

domain 2 C D. Throughout this section, we proceed under the following hypotheses:

(i) The domain D is piecewise smooth.
(ii) The shape Q C D is of the form Q = DN O where O C R? is a Lipschitz, piecewise smooth
bounded domain. As a result, the boundary 92 can be decomposed as:

0N =TUTp, where':=0QND and I'p :=90DNO,

(791) For every point € 0D N 90O, the boundaries of O and D are smooth at z and the normal
vectors np(z) and np(x) satisty |no(z) - np(z)| < 1.

(4.1)

Roughly speaking, part (iii) of the above assumption means that the boundaries 9O and 9D are not exactly
parallel at the points where they intersect. In particular, €2 is Lipschitz regular, see Fig. 2 for an illustration.

We start in Section 4.1 by proving the pointwise convergence P (u) — PT(u) as e — 0 when u = xq is
the characteristic function of a domain Q C D. Then, in Section 4.2, we deal with the pointwise convergence
of PR°P(y). Note that the results of this section will be retrieved in a more general context in Section 5.5;
yet, we believe that the calculations conducted in here are interesting per se, since they allow for a clearer
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FIGURE 2. Illustration of the assumptions (4.1) of Section 4: the region T' = QN D of the
boundary of 2 is depicted in yellow, while the region I'p = 0D N O is in red.

intuition of the convergence process. We finally examine in Section 4.3 the behavior of the derivatives of the
mappings u +— P (u) and u — PRP(u) as e — 0.

4.1. Pointwise convergence of the convolution-based functional P"(u) towards PT(u)

Let us start with a technical lemma:

Lemma 4.1. Let n € L'(RY) be radial, i.e. there exists a function p: R — R such that n(z) = u(|z|). The
following identity holds:

o0 _ 1 N . N
(12) | mwa= 5 [ gl
0 - Rd-1

where § := (Y1, - .., ya—1) € R4™1 is the collection of the (d—1) first components of a pointy = (y1,...,ya) €
R?, and the function T : R — R is defined by:

(4.3) 7(t) == /]Rd_1 n(y,t)dy, forae teR.

In the following, we denote by C(n) the common value of both sides of (4.2).

Proof. From the definition (4.3) of 7, it holds:

/ tﬁ(t) dt = / / t?’](yl, e Yd—1, t) dyy ...dyq—1 dt
0 Ooo Rd—-1

/ / tu(\/y%+...+y§,1+t2) dy; ...dyg—1 dt
0 Jra-1

= Wi_1 / / tri=2u(/r2 4 t2) dr dt,
o Jo

where we have operated a switch to polar coordinates in R?~! to pass from the second to the third line,
denoting by wy_; the surface of the unit sphere S¥=2 ¢ R4~!. Using the change of variables z = /72 + {2 in
14




the last integral in the above right-hand side, this rewrites in turn:

> d
/ Tty dt = wqe_ 1/ / (22— )5 Lpu(z) 22 dt
0 22-—t2

—— /O/t (2% = )" u(z) dz dt.

An application of the Fubini theorem now yields:
/ () dt = wd_l/ zp(2) (/ (2% — tz)% dt) dz
0 0 0 ;
= wy 1/OOZN(Z) R
Jo d—1
= (;d__i/o 2%p(2) dz,

and so, using another polar change of variables in R4~1:

/tn( :7/ [91*n(7,0) 47,
0

which is the desired identity. O

It will be useful in the following to calculate the value C(®) of the constant attached via (4.2) to the
fundamental solution ® of the operator v — —Awv + v defined in (3.19).
Lemma 4.2. Let ® be defined by (3.19); then C(®) = 3.

Proof. As a consequence of Lemma 3.1, the function ® is in L!(R%), and it easily follows that
D(t) := / D(y1, ey Ya—1,t) dyr - . . dyg—1
Rd-1

belongs to L' (R). In particular, the functions ® and ® are temperate distributions on R% and R, respectively.
Moreover, the Fourier transform F® of ®, defined by

Ve e RY, ]-"cID(f):/ (z)e ¢ da
Rd

is a continuous function on R, which is related to the one-dimensional Fourier transform F® of ® via the

relation:
VweR, Fo0,w) = / ( / @(’:E,xd)dg?)e”d“’dw
R \JRd-1

= Fo(w),
where, again, we have denoted by 0 the point (0,...,0) € RI~1,
On a different note, taking the Fourier transform of the defining identity for ¥:
—A®d + & = §, in the sense of distributions in RY,

we obtain:

~ ~ 1
VEeRTL weR, Flw) = —s——,
1+ €2+ w?

and so

(1+w?)Fo(w) =1
Taking the (one-dimensional) inverse Fourier transform of the previous relation, it follows that the function
® € L'(R) satisfies the following ordinary differential equation in the sense of distributions on R:

3 1D =4,
A direct resolution of the latter yields:
— 1
B(t) = eIt
(1) = 5

15



With this result at hand, we are now in position to calculate the constant C(®):

C(®) = / t®(t) dt = 1/ te tdt = 1,
0 2 Jo 2
as desired. 0

We now prove the main result of this subsection.

Proposition 4.1. Let D C R? and Q C D be two domains satisfying the assumptions (4.1); the following
convergence holds:

L™ (xa) =% C(n) Per” ().
where C(n) is the constant defined by (4.2).
Proof. For clarity, we limit ourselves to proving the proposition in the case where Q2 € D is a smooth domain.
The full statement of Proposition 4.1 is obtained by applying the argument below to the each individual

smooth portion of 0f2.
The definition (3.8) and (3.15) of the approximate perimeter P (xq) yields:

P ) = [ xa) (1 - [ et =) dy> da
= */Rd /Rd n(y)xa(z)(1 — xa(r —ey)) dz dy.

g

Since the function 1 has compact support inside the unit ball By (0), the integrand n(y)xa(x)(1—xa(z—¢cy))
vanishes unless y € B1(0) and « belongs to the tubular neighborhood {z € Q, d(z,0Q) < e}. Using the
coarea formula of Lemma A.1, the above expression then rewrites:

nv 1
P = 2 f )1~ xale — =) do dy
€ JB(0) J{zeQ, d(z,00)<e}
d—1

1 0
(4.4) - :/ . A H(Htm(ff))) 1)1 — xa o+ tn(z) — =) dt ds(z) dy

i=1

0 d—1
/z—m /71 (}:[1(1 + t5"z‘(®“))> </Bo(1) n(y)(1 — xa(r + ten(x) — ey)) dy) dt ds(z),

where K1, ..., kq_1 are the principal curvatures of 02, see Appendix A.1.
For given x € 9Q and t € (—1,0), we are now led to investigate the behavior of the quantity:

L= [ w1 xale+ ten(e) — =) dy
B1(0)

as € — 0. Without loss of generality, we assume that
(4.5) z =0, and n(z) = eq,

where eg is the d' coordinate vector in R?. Since 2 is smooth around z, there exists an open neighborhood
U of x in R? and a smooth function f : R%™' — R such that Q coincides with the subgraph of f around z,
that is:

QNU ={(x1,...,zq) €U, x4 < f(x1,...,T4-1)};
see Appendix A.1. In order to calculate I., we approximate it by the following integral, defined for fixed
x€ed, te(—1,0):

L= / n(y)(1 - x(z + ten(z) — ey)) dy,
B;(0)

whose definition mimicks that of I. except that yq is replaced by the characteristic function x of the lower
half-space {x = (21, ...,24), x4 < 0}. The error between both quantities is estimated as:

(4.6) |1 — f;| < /B " n(y)|xa(r + ten(x) — ey) — x(x + ten(z) — ey)| dy.
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A simple calculation yields, for € small enough and y € B;(0),

_ 1 ifyg >t
(4.7) x(x+ten(x) —ey) = { 0 otherwise, and
1 ifyg >t —Lf(—eyr,...,—€ya_1),
Xa(z +ten(z) —ey) = { 0 otherwise. )

Hence, it is easy to see that
Ixa(z +ten(z) — ey) — x(z + ten(z) —ey)| = 0

. 1 1
ifyg <t— g|f(—5y1,~--,—€yd—1)| or yq >t + g|f(—5y1,~--,—€yd—1)|-

A rough estimate of (4.6) based on the Fubini theorem now implies:

1
|IE - Ia| < H77||L°°(Rd) / 11ja-1 (/_1 X{tfﬂf(fsyl ..... —eya—1)|<ya<t+1i|f(—ey1,..., 75y471)\} dyd) dys ... dya-1-

Noting that f(0) = 0 and V f(0) = 0 because of (4.5), there exists a constant C' > 0 such that:
v(yla ey Z/d—l) € [_17 1]d717 |f(53117 s 753}d—1)| < C€2a

and so:

(4.8) [I. — I.|— 0 as e — 0.

We are now in position to calculate the limit of I.. Using again (4.7) and the Fubini theorem, IN6 reads:

I. = / N(Y)X fya<ty (y) dy
B1(0)

t
= / 7(ya) dya,
1

where the function 7 is defined by (4.3). Therefore,

¢
(4.9) lim 1. Z/_ln(yd) dya.
Collecting (4.4), (4.8) and (4.9), we obtain:

PO (yq) 2% /a ) / / 2)dzdt ds(z ( / / 2)dz dt) Per().

Eventually, an integration by parts yields the alternative expression for the constant involved in the above

convergence result:
0 1
/ / z)dzdt = / tm(t) dt = / tm(t) dt,
-1 0

which is exactly the constant C(n) defined in (4.2). This terminates the proof. O

Remark 4.1. We do not know whether the statement of Proposition 4.1 extends to the more general case
where uw = xg € BV(D,{0,1}) is the characteristic function of a set E with finite perimeter in D.

4.2. Pointwise convergence of the PDE-based functional PR°P(v)

In this section, we prove that, for a given domain Q C D fulfilling (4.1), the approximate quantity PR°P(xgq)

converges to Per” (Q), up to a factor 3. This conclusion will be improved in Section 5 (see notably The-
orem 5.2) by using completely different techniques. However, we believe that the following argument is
interesting in itself as it sheds light about why Robin (and not e.g. Dirichlet) boundary conditions are

somehow “natural” in the definition of our PDE-based approximate total perimeter functional.

Theorem 4.1. Let D C R? and Q C D be two domains satisfying (4.1); then PEP(xq) converges to
1Per’(Q) ase — 0.
17



Remark 4.2. This result is the exact mirror of Proposition 4.1 in the present context where the reqularizing
operator L. is that LE°® defined in (3.16) in place of L. Indeed, the constant C(u) associated via (4.2)
to the radial function u involved in the decomposition (3.9) and (3.10) of the kernel of LE°P equals exactly %
by virtue of Lemma 4.2.

Proof. Let us recall the expression of PR°P(yq) from Section 3.2.2:

1
PRb(yq) = © / (1 - ve)xa dr,
€Jp

where v, is the unique solution in H'(D) to the boundary-value problem

(4.10) { —e2Av, +v. = xq in D,

5%3? +v.=0 on 0D.

The latter rewrites, under variational form:

(4.11)  Search for v. € H'(D) s.t. Yw € H(D), a.(v-,w) = / xow dz,
D

where ac (v, w) = 52/ Vo - Vwdx + E/ vw ds + / vw dz.
D oD D
A formal integration by parts in the above definition of PRP(yq) yields:

(4.12) PRoP(yq) = —6/ Av. dz = —¢ dve
Q a0 On

A careful understanding of the behavior of v, near the boundary 92 is thus the key ingredient in passing
to the limit in (4.12). As we shall see, grossly speaking, v. behaves like the characteristic function xq as
€ — 0, near points x € D lying “far” from 02 as € — 0. On the contrary, the description of v, near 92 will
involve boundary layer correctors.

For the sake of simplicity and without loss of generality, we limit ourselves with the case of two space
dimensions in the present proof. Let us recall that, according to our geometric assumption (4.1) whereby Q
arises as the intersection of D with a piecewise smooth domain @ C R¢, the boundary 92 is decomposed as:

0N =TUTlp, whereI':=9QnND, I'p:=0DNO,

where the former region is the part of 92 lying strictly inside D and the latter is the part of 9Q which is
included in 0D, see again Fig. 2. Also, the intersection dO N JD consists of finitely many points p1, ..., pn,
and there exist positive constants ¢, d such that:

(4.13) Vi=1,...,N, Yo € 0D N Bs(p;), d(z,00) > clz — p;|.

dx.

Our calculations proceed as in Chap.2 of [49], and the proof is decomposed into four steps.

Step 1: We analyze the difference z. := v. — xq from a formal point of view.
To achieve this, we first derive a variational characterization of z.. This function belongs to H'(Q) and
H'(D\ Q); it is discontinuous across I' and its jump across this boundary reads, for z € I':

(4.14) [z](x) = 1, where [2.](z) = 2] (z) — 27 (2)

is the difference between the one-sided limits 2 (z) := lim;_, o+ 2.(z + tn(z)). Likewise, the jump of the
normal derivative of z. across 00 reads:

0z 0zt 0z=

4.1 = —= - —= = r

(1.15) S @=Zm - G =0, we

The function z. additionnally satisfies:

(4.16) vYw € HY(D), 62/ Vz. - Vwdx —|—/ zew dx —|—5/ Zewds = —6/ xow ds.
D D aD aD

As we have mentioned, we expect z. to be concentrated around the boundary 92 and to show “fast” decay
away from the latter as € — 0. To verify this, let 6 > 0 be the small thickness parameter as in the statement
of Proposition A.1, and let us take arbitrary test functions w with compact support inside DN 9Qs in (4.16),
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where we recall the definition of the tubular neighborhood Qs := {z € R%, |do(z)| < }. Applying the
coarea formula from Lemma A.1, we obtain:

s
0z: Ow 0z: Ow
202 OW | 0% OW _
(4.17) /aQ /_6(1+t/i(m))(5 e +zgw) (z + tn(z)) dt ds(z) = 0.
In particular, we may select functions w of the form
Ve e dQ, t € (—4,0), w(z+in(x))=_(z)g (z) ,

where ¢ € C°(T") and g € C°(—1,1) are arbitrary. Doing so and using the change of variables t = eu in
(4.17), we obtain:

[ eusta <<<x>ddu (2o + cun(a) ' (1)
0Q J —c0

228 ()% 1 4 cun(@))g(u) + 22 (e + eun(x»ax)g(u)) du ds(z) = 0.

Neglecting the terms weighted by ¢ and €2 in the above identity and using the fact that ¢ € C2°(T)
and g € CX(—1,1) are arbitrary, we see that for any given point x € T', the function on the real line
fo(u) := z.(x + eun(x)) should satisty:

—f(u) + fz(u) =0 for u € (—o0,0) U (0, 00),
fac(0+) - fz(oi) =1,
f2(07) = £2(07) =0,
fz(u) is bounded as u — +o0.
where we recall the jump relations (4.14) and (4.15). A direct resolution now yields:

1 u g
_ ) —ze if t <0,
fa(u) { %e’“ if ¢t > 0.
This supplies our candidate as for the behavior of z. near the region I' C 9f2:
do(x) .
—%e < if x € Q,
de () . _

le” E ifxeD\Q,
where do is the signed distance function to O, see Appendix A.2 about this notion, and notably Proposi-
tion A.1.

Using similar considerations, we expect that:

ze(x) ~

1 apw@ _
ze(x) ~ —iedDe near I'p, and z.(x) ~ 0 near 9D \ O.

Step 2: Definition of the boundary layer correctors. Let us denote by 00s := {x € R d(z,00) < (5} the
tubular neighborhood of 90 with width 26 (and likewise for Dy), where § > 0 is chosen as in the statement
of Proposition A.1. Let ¢, : R — R be two smooth cut-off functions with the following properties:
() =1 if t| < $, ag | O =1 it <=5,
o(t) =0 if|t| >4, Y(t) =0 ift>0.
Following the analysis in Step 1, we introduce profile functions rq and rp, accounting for the local behavior
of the difference (ve — xq) in the neighborhoods of T and I'p, respectively:
—1e™ % ifreq, () = _ Lot
. p(T) = —;€ = .
L= ifp¢Q, 2

The corrector function r. : D — R is eventually defined by:

(1.19) re = pldoyra + o(do) (%2 ) ro
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(4.18) Ve € D, ro(z) = {



that is, r. coincide with ro near I' and with rp near I'p, outside neighborhoods of the junctions points of
00 N 0D with diameter of order e.
We aim to prove that v, behaves likes xo + r. as € — 0, i.e. we estimate the residual

Se = Ve — XQ — T,

in a way yet to be specified. To achieve this, let us observe that s. € H'(D) since both functions v. and
r. + xq do, by construction of r.. A simple calculation based on Lemma A.1 yields the following estimates
about rq and rp:

(4.20) Irallz2 o5 < Ce¥2, [|Vrallr2@os): < Ce™'/2, and ||rp||r2(op, < Ce'/?;

here and until the end of the proof C' stands for a positive constant which does not depend on &.
Moreover, it follows from assumption (4.13) that, for i = 1, ..., N, the following estimate holds:

(4.21) lIrallz2 (0B, (r) < Ce'/2.
Step 3: Estimate of the function s.. For an arbitrary test function w € H'(D), we calculate:
as(se,w) = ac(ve,w) — as(xq + 75 w)
(4.22) = £ / V(re + xo) - Vwdr — 5/
/D ) aD
= _Ia (w) _Ia (w)’

where we have used the variational formulation (4.11) to pass from the first line to the second one, and we
have defined:

I (w)=¢ /D\aQV(np(d@)rQ) -dex+s/6

(xo +re)wds —/ rew dzx
D

o(do)row ds + / o(do)row dz,

D D

and

B =2 [ v («:(dDw (do) rD) Vodets [ tdny (do) rpw ds

d
+/ @(dp) <O> Tpw da:—l—e/ xow ds.
D € oD

Grossly speaking, the contribution I!(w) appraises how well the corrector rq accounts for the harmonic
behavior of (ve — xq) inside Q and the jump of this function across I'. The contribution I2(w) measures how
well rp represents the Robin boundary condition fulfilled by (v — xq) on I'p.

We proceed to estimate each term separately. Throughout the proof, we denote by ¢.(w) a remainder term,
possibly changing from one line to the next, which satisfies the estimate:

0-(w)|< € (1Yl 2yt wll2om)+ellwlla ) )

At first, the definition of I!(w) rewrites:

(4.23) I!(w)=¢? /

raV(p(de)) - Vo dz + &2 / o(do)Vre - Vi dz
D

D\oQ
+ 5/ p(do)row ds + / p(do)row dz.
aD D

Using (4.20), the first integral in the above right-hand side is estimated as:

IN

Ce*|Irall2(00snD) IV W] | L2 (D)2

055/2||Vw||L2(D)2.

Ez/D’I’QV(QO(do)) -Vw dz

IN

Likewise, relying on the estimate (4.21), we prove that:

5/ o(do)rqw ds
oD

20
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As far as the remaining two terms in (4.23) are concerned, an integration by parts yields:

(4.24) 52/ ©(do)Vrq - Vw dz —|—/ o(do)row dz = —&* / w(do) {37"9] wds
D D r on

0
+ 5—:2/ @(d@)%w ds — 52/ wV(p(dop)) - Vrq do + / o(do)(—e*Arg + ro)w dx.
oD n D D

From the definition (4.18) of rq, the first integral in the above right-hand side vanishes. Moreover, using
again (4.20) and (4.21), the second and third integrals are estimated as:

(4.25)

52/ gp(d@)%w ds — 52/ wV(e(dp)) - Vrq dx
D on D

<C (63/2|\w|\L2(D)+53/2||w||L2(8D)> .

We now consider the last integral in the right-hand side of (4.24). Recalling the expression (A.3) of the
Laplace operator in the local basis (7,n) attached to the tubular neighborhood 90s

B 0rq  0%rq . K %
or? on? 14+ kdp On’

a simple calculation based on the explicit expression (4.18) of rq and the properties of the signed distance
function recalled in Appendix A.2 yields:

—€ r(x) do(=) 3
=E— e - if x € 9005 N Q,
(4.26) — 2 Arq(x) + ro(z) = 2 l4do(a)n(=)™ o
e wl@) =0 i e 905\ Q
2 Tfdo(@r@ ¢ °© if z € 995\ Q.

Hence, we obtain:

(4.27) < C32||w| L2 (.-

/ o(do)(—e*Arg + ro)w dx
D

Collecting (4.24), (4.25) and (4.27), we have proved that

vw e H'(D), [1Hw)|< C (2 |lwllzzmy+e* 2 wllizom))
and in particular
(4.28) |12 ()< ge(w).

We now estimate the term I2(w) for an arbitrary function w € H'(D). This quantity rewrites:

IPw) = & /DTD1/J <d€O) V(e(dp)) - Vw dz + £ /D rpe(dp)V (zb (Cl;)) -Vw dz
(4.29) +€2 /D ©(dp)y (‘?) Vrp - Vwdz + 6/8D ©(dp )y (‘?) rpw ds
+/D @(dp)y (d60> rpw ds + 5/313 Xow ds.

The first integral in the above right-hand side is easily estimated thanks to (4.20):

IA

@ [ row (df) V(p(dp)) - Vo da

Ce®||rpllz2ops)| VW]l L2(D)2,

055/2||Vw||L2(D)2.

(4.30)

IN

As for the second integral in the right-hand side of (4.29), we get similarly:

g2 /DrD ©(dp)V <w <dgo>> -Vw dz rpVi <d€o>

(4.31) < Ce V]| L2 pye-

L2(8Ds)2
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We now proceed to estimate

(%)

2

d
RG
L2(0Ds)? dDs €

C r da
ODs ﬂ&(f)gs

C/8D / _?X{IGBD d(z+tn(z),00)<sey At ds(),

where we have used the coarea formula of Lemma A.1.
Taking advantage of (4.13), there exists a constant ¢ > 0 such that:

2
dx

IA

IN

N
{az € 0D, 3t <6, d(z+tn(x),00) < 55} coDn (U Bcg(pi)> ,

=1
()

and so:
2

<C / / e~ % dt ds(a).
L2(8Ds)? Z 9ODNBee(pi)

d
rpw< O)

€ /L2 (ops)2

EQ/DTDgO(dD)V (w (‘f)) Vu dz

When it comes to the third term in the right-hand side of (4.29), an integration by parts, followed by
estimates similar to those previously derived yields:

This entails:

(4.32)

< Ck,

and so, recalling (4.31):

(4.33)

< C€ ||V’LU||L2(D)2

(4.34) &2 /D o(dp)y <d€O) Vrp - Vwdz = —¢? /D o(dp)y (df) Arp wdx

aTD
2
d wd
w2 [ ptays (%) GPuds+atw)
Gathering (4.29), (4.30), (4.33) and (4.34), we obtain:
d d 0
I?(w) = / e(dp)y (O> (—e*Arp +rp)w dz + E/ w(dp)Y ( O) ( ZD 4 rp+ XQ) wds + ge(w).
D € oD € on
Eventually, explicit calculations similar to (4.26), based on the definition (4.18) of rp yield:
(4.35) |12 (w)|= ge(w).
Using the estimates (4.28) and (4.35) in (4.22), then taking w = s. as test function, it follows that:
(4.36) 52|\V58||%2(D)2+€||36||2L2(0D)+H56||2L2(D) ( 2‘|VS€||L2 24'53/2\|<96||L2(6D +el|sell2(p )

We now apply the Cauchy-Schwarz inequality with the following inner product over R3
Va = (a17a27a3)7 b= (bla b2a b3) € RS) <av b> = €2a1b1 + 5a2b2 + a3b37

to obtain:

2 2 2 2 2 2 2 2 2, 2\1/2
€ ||VSEI|L2(D)2+E‘|55||L2(8D)+||56HL2(D)§ C<5 ||V58||L2(D)2+5HSE||L2(6D)+||3€HL2(D)) (5 teete ) ’
and so:

(4.37) || Vsel|22(py2ellsellF2ap)y 156l [72(py < Ce™.
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Step 4: Asymptotic analysis of the approzimate perimeter PR°P(xq). Let us recall the alternative formula
(4.12) for PR°b(xq):

Ore ds —¢ Ose ds

PROb — _ Yle )
€ (XQ> © a0 3n a0 8n

A straightforward calculation based on the explicit expression (4.18) and (4.19) of the corrector r. reveals

that:

g . £ € ]‘
lim ( —¢ or ds ) = lim ( —¢ or ds—¢ or ds ) = —Per” (Q).
=0 a0 On e—0 r on r, on 2

Therefore, the conclusion of the theorem follows from the convergence:

ds e—=0
= ds

4.38 — 0
(439) | ,

which we now proceed to show.
To this end, let 0. := eVs. € L?(D)?; the following estimate is a direct consequence of (4.37):

(4.39) lloel|z2(p)< Ce.
We now prove that ||divo.||z2()»< C. To achieve this, let us calculate:
—2As. = —e*Av. +2Ar,
= 1—u.+e%Ar,

= —s.— (=&*Ar. + 1),

in the sense of distributions in 2. Therefore:
1
div(o.) = e + - (—ezArg + 7"5) .
e €

The first term in the above right-hand side is bounded in L?() owing to (4.37), and the second one is
also bounded in L?(£) as is immediately revealed by an explicit calculation based on the expression (4.18)
and (4.19) of the corrector 7.

Hence, o, is a bounded sequence in Hgiy(§2), and so there exists a subsequence (still indexed by ¢ for
simplicity) and o¢ € Hgiy(£2) such that

0. 2% oy weakly in L*(Q), and div(o.) 20, div(og) weakly in L?(9).

Because of (4.39), the weak limit o¢ is necessarily 0, so that along the same subsequence:

5/ 0se ds =2% 0.
a0 on

By a classical argument relying on the uniqueness of the limit, the above convergence actually holds for
all the sequence ¢ (and not only along a subsequence). This shows (4.38), and terminates the proof of the
theorem. 0

Remark 4.3. A similar result to Theorem 4.1 holds in the case of the approximate and exact relative
perimeter functionals (3.7) and (3.20), with the same line of proof.

4.3. Convergence of the derivative of the approximate perimeter functionals P<°" (u) and PX°P(u)

As we have mentioned, we intend to use P°"(u) and PR°P(u) in topology optimization algorithms, as
generalized counterparts of the usual total perimeter Per” (Q) of shapes Q. Recalling the common structure

(3.8) of these functionals,

1 ~
P.:L®(D,[0,1]) > R, P.(u)= f/ (1 - LA)udz,

¢Jp
where L. stands for either L™ in (3.15) or LE°P in (3.16), we have just proved the consistency of the values
of P.(u) with those of Per” (Q): when u = xq is the characteristic function of a shape Q C D (satisfying
mild assumptions), the quantity P.(yq) converges to C(u)Per” (Q) as ¢ — 0; see (3.10) and (4.2) for the
definition of the constant C'(u).
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As we shall see in more details in Section 6.4.1, a key quantity in the numerical treatment of density-based
topology optimization problems involving P-(u) is the derivative of this functional. Its expression follows
from a standard calculation:

~ ~ I 1 ~
(4.40) Vu € L*(D), Pl(u)(u) = / Gu,cu dz, where g, (x) := g(l —2(L.u)(x)),
D
where we have used the fact that the operators L™ and LE°P are self-adjoint with respect to the L2 (R%)
and L?(D) inner product, respectively.

In this section, we examine the consistency of the derivative P/(u) of our approximate perimeter functionals

with the shape derivative Per’’(Q)(6) (supplied by Proposition 2.1) of the exact total perimeter in the

particular case where u = ygq is the characteristic function of a given domain 2. Our main result reads as
follows.

Proposition 4.2. Let D C R? and Q2 C D be two bounded domains satisfying the assumption (4.1), and let
x € 0NN D be a point such that the boundary 02 is smooth around x. Let

1 —~
Ixa.e(@) = g(l —2(Lexa) (@),
where Le is one of the regularizing operators (3.9) and (3.10). Then, the following convergence holds:

e—0

gxxz,E(x) E— C(N)H(ff)a
where k(x) is the mean curvature of O at x and C(u) is the constant associated with the radial principal

part v of L. via (4.2).

Remark 4.4. This result expresses the quite intriguing fact that when u = xq is the characteristic function
of a smooth subdomain Q C D satisfying (4.1), the derivative of the approzimate perimeter P-(u), which is
a quantity able to measure “topological changes” in the shape accounted for by the density u, is consistent
with the shape derivative of the exact perimeter functional, describing geometric variations of ).

Proof. Without loss of generality, we assume that the considered point = coincides with the origin 0, and
that the normal vector to 02 at z is n(x) = eq. A simple calculation, based on the structure (3.9) of L,
yields:

Ixa.e(@) = é (1 - 2/Rd 1(y)xe(z —ey) dy) - g/w xo(y)Re(z,y) dy.

It follows from the decay estimate (3.13) that the second term in the above right-hand side vanishes as e — 0.
Then, a simple calculation based on the properties of the function p in (3.10) yields:

1
/ w(y) dy = 3
{yeR4, yq>0}

so that:

(4.41) @) = 2 [ 00 xtus01) ~ Xl = e0) dy+ o(0).

Let us now introduce a local representation of Q around x. As in Appendix A.1, there exists a real number
p > 0 and a smooth function f € C>(R?~!) (which we assume to be defined on the whole space R~ for
commodity) such that:

QN B,(0) ={y = (y1,---va), ya < f(Y1,-,9a-1)}-
Our convention whereby x = 0 and the normal vector n(0) equals e4 implies that:

(4.42) f(0)=0, V3f(0)=0, and VZf(0) = —IIo,
where Iy is the second fundamental form of 92 at 0. Hence, for € small enough and y € Be (0), it holds:
1 ifyg > —Lf(—eyr, ..., —eya_1),
Xﬂ(x_ay):{ if ya f(=ey1, s —ya—1)

0 ifyy< fgf(fsyl, oy —EYd—1)-
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Now taking advantage of the decay (3.12) of u at infinity, it follows:

2 2

2 frwat—epay = 2 [ et e dy o

€

2

- /Bp@ PO o> e emena-n} 9+ O)
2 €

= E/Rd ’u'(y)X{yd>*%f(*Ey1,‘..,nyd_l)} dy+0(1)a

and (4.41) then becomes:

2 (o) o0
Ixae(®) = */ / 1(y) dyd—/ fi(y) dya | dys - .. dya—1 + o(1),
(4.43) € Jra-t 0 —1f(—ey1,.,—€Ya-1)
’ ) b(e)
= */ / 1(y) dya | dya ... dya—1 +o(1),

€ Jrd-1 0
where we have introduced the smooth function b(e) := —%f(—syl,...,—syd,l), whose dependence on
Y1,---,Yd—1 is omitted for notational simplicity. In order to pass to the limit € — 0 in the above ex-

pression, we first need to calculate the values b(0) and b'(0); to achieve this, a Taylor expansion at € = 0
yields:
b0 = =2 (10~ 9707+ S V370153 ) + ot
and using (4.42), we obtain:
b(e) = 51o(7,3) + ofc).

We then infer that b(0) = 0 and ¥'(0) = £1I6(7, ).
Now using the smoothness of the partial mapping yq — p(y1, ..., Ya—1, yaq) for fixed gy = (y1,...,ya-1) # 0,
we obtain, for  # 0:
1 o)
lim — pu(y) dya = b'(0) p(y, -, ya—1, b(0))-

e=0¢ Jo

The estimates (3.11) and (3.12) about u then make it possible to apply the Lebesgue dominated convergence
theorem in (4.43), which results in:

lim gy, .c(z) = /d w(yis - Ya—1, 0o (¥, y) dyy . .. dya—1,
Rfl

e—0
d—1
= / p@- - ya1:0) | D Moy | dyn - dyas,
R ij=1
= fi(x)/d pyr, - ya-1,0)y7 dys ... dya-1,
Rd-1

where we have denoted by Il ; ; the entries of the (d — 1) x (d — 1) matrix Ily, and we have used the radial
character of u, which implies that

/d ) w(y1s - ¥a—1,0)ysyj dyy ... dyg—1 = 0 if i # j,
Ri—
and that all the integrals
/ 1y, - Ya—1,0)y7 dyr...dya—1
Rd—1

share the same value for i = 1,...,d — 1. We have also used the fact that x(z) = tr (Ily), see Appendix A.1.
Hence,

. 1 N
lim gy, c(x) = mn(x) /Rd_l |y|2,u(y17 ey Yd—1,0)dyr ... dya—1,

e—0

which termines the proof, owing to Lemma 4.1. O
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Remark 4.5. The above analysis stands only in the neighborhood of the points x € 02 N D where the
boundary OS) is smooth, and it seems difficult to extend to intersection points of the boundaries 02 and 0D.
The behavior of the approzimate perimeter functional PRP(u) near those intersection points as ¢ — 0 will
be better understood in the framework of I'-convergence, as we shall see in the next Section 5.

5. CONVERGENCE PROPERTIES OF THE PDE-BASED APPROXIMATE PERIMETER FUNCTIONAL PROP(y)

In this section, we look at the approximation of the total perimeter P (u) in (3.7) from another perspective,
namely, we investigate the [-convergence of the PDE-based functional PX°P(u) to its exact counterpart
PT(u), which indicates how the minimum value and the minimizers of PX°P(u) behave as ¢ — 0.

We first recall in the next Section 5.1 some material about the notion of I'-convergence, and we state
Theorem 5.2, which is the main result in this section. Technical preliminaries for the proof of this theorem
are discussed in Sections 5.2 and 5.3; Sections 5.4 and 5.5 are then devoted to the proof of the I'-limsup

(resp. I'-liminf) inequalities. Finally, we deal with the equi-coercivity of PR°P(u) in Section 5.6

5.1. A brief reminder of I'-convergence

For the convenience of the reader, we summarize in this section the basic ingredients of the I'-convergence
theory, referring to [22], Chap. 12 and [29] for further details.
Let us start with a definition:

Definition 5.1. Let (X,d) be a metric space, F. : X — R U {o0} be a sequence of functions on X, and
F: X — RU{oo} be another such function. The sequence F; is said to I'-converge to F if for every x € X,
the following two conditions hold at every point x € X :

o (T-liminf inequality) For every sequence x. € X such that d(xe,x) — 0, it holds:
F(z) < liminf F.(z.).
e—0

o (T'-limsup inequality) There exists a sequence x. € X with d(ze,z) — 0 such that:

limsup F.(z:) < F(x).
e—0

The relevance of the notion of I'-convergence comes from the next theorem, according to which if (quasi-)
minimizers x. of a I'-convergent sequence of functions F. accumulate at some point x € X, then z is a
minimizer of the I'-limit F.

Theorem 5.1. Let (X,d) be a metric space, and let F. — R U {occ} be a sequence of functions which
I-converges to FF' — R U {oc}. Then,

(i) Let x. € X be a sequence of quasi-minimizers of Fr, i.e. there exists a sequence of positive real numbers
Ae converging to 0 such that:

F.(z) < ;g}f{ F.(z) + A
If the set {x.} is relatively compact, then every of its cluster points is a minimizer of F over X, and:

e o) = I P

(i) If G: X = RU{oo} is a continuous function, then (G + F.) T'-converges to (G + F).

An attached concept with utmost interest is that of equi-coercivity, which is precisely about the compact-
ness of sequences of (quasi-)minimizers of F. assumed in the previous theorem.

Definition 5.2. Let (X, d) be a metric space; a sequence of functions F. — R U {oo} is said to be equi-
coercive if from every sequence x. € X such that sup, F.(z.) < oo, one can extract a subsequence €; such
that z.; converges to some element x* € X.

With these notions at hand, we are in position to state the main result in this section:

Theorem 5.2. Let the metric space L™= (D, [0,1]) be equipped with the distance induced by the L*(D) norm.
Then, it holds:
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(i) The functional sequence PRP : L>°(D,[0,1]) — R T'-converges to the functional defined by:

1PT(u) ifue BV(D,{0,1}),

Vu € L=(D, [0,1]), { +00 otherwise.

(ii) The functional sequence PR°P : L>°(D,[0,1]) — R is equi-coercive.
The proof of Theorem 5.2 is developed in the next subsections.

Remark 5.1. A similar result was proved in [20] about the T'-convergence of the functional PN°" : L>(D,[0,1]) —
R defined in (3.20) to the relative perimeter functional P%(u). As we shall see, the present analysis of the
functional PRP(u) involves much more technicalities.

Remark 5.2. Theorems 5.1 and 5.2 exemplify why the notion of I'-convergence is well-adapted to our
original purpose of approzimating the total perimeter PT(u) by PRP(u) in the context of a density-based
optimal design problem. Let us indeed consider the problem introduced in Section 2.2,

5.1 i J PT (u),
(5.1) er (u) +€P" (u)

where J(u) is an objective function depending on the optimized density u and PT (u) is the total perimeter
functional. The approzimate problem obtained by replacing PT (u) with 2PR°P(u) reads:

5.2 3 J 2€PROb )
(5:2) sy min () + 2R ()

The T-convergence of PE°"(u) to 3P (u) then ensures that minimizers of (5.2) converge to minimizers of
(5.1), under suitable assumptions on J(u); see [21] for more details and examples about this point, in the
context of the relative perimeter functional.

5.2. Variational preliminaries about the approximate functional PR°P(v)

Our first task is to give a variational characterization of the approximate total perimeter PX°P; this simply
relies on the variational formulation associated to (3.17) and on a duality argument. Throughout this section,
for a given function u € L>(D, [0, 1]), we denote by v. the unique solution in H'(D) to:

{ —e?Av. +v.=u in D,

(5.3) 5% +v.=0 ondD.

Lemma 5.1. For any u € L= (D, [0,1]), PR®(u) admits the following expression as an infimum:

1 1
(5.4) PRoP(y) = inf {/ <5|V11|2+v2 + —u(l— 21})) dz +/ v? ds} ,
veHY (D) | Jp € € oD

where the infimum is uniquely attained at v = v.. Alternatively, PR°P(u) rewrites as a supremum:

1
(5.5) PRoP(y) = sup {/ (u — (u +edivo)? — |0|2) dz — / (0 -n)? ds} )
oeHy (D) (€ JD oD
o-n€L2(dD)

where the supremum is uniquely attained at o = eVu,.

Proof. The variational formulation for (5.3) reads:

V’UEHI(D)7 52/ V’UE~V7)d£L'+E/ vgvds—i—/vgvdac:/uvdx.
D oD D D

As a consequence of the standard Lax-Milgram theory, it holds:

1 1
—7/ uve dz = inf { </ (2| Vo2 +0?) dx—i—s/ v? ds) —/ uv dx},
2Jp veH (D) 2 \/p oD D

where v is the unique minimum point in the above right-hand side. Combining this expression with the
definition (3.18) of PR°P(u), we immediately obtain (5.4).
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In order to obtain (5.5), we use a duality argument, which is more systematically described in [47]. The
latter relies on a simple algebraic identity, taking place in a Hilbert space (H, (-, ) gr), involving an invertible,
positive operator A: H — H:

1 1
For all v € H, Av,v)g = sup ((o, )y — §<A_1o, 0>H),

5 < oc€H
where the supremum is uniquely attained at o = A~ 1v.
Thence, it easily follows from the previously established identity (5.4) that:

5.6 PRoP(y) = inf sup I(v,0,w,z),
( ) c ( ) vEHY (D) 5;er2(D)d, weL2(D), ( )
2€L2(8D)
where
1
(5.7) I(v,0,w,z2) ::2/ U-Vvdx—f—Q/ wvdx—i—?/ zvds—i—f/ u(l —2v) dz
D D oD €Jb

1
—f/ \a|2dx—€/ wzdm—/ 2% ds.
€Jp D aD

In addition, the min-max problem (5.6) has exactly one saddle point, namely (v, o, w, 2) = (ve, eV, %vg, Ve );
hence, the min and max in (5.6) can be interchanged. We then arrive at:

PRoP(y) = sup inf I(v,0,w,z).
ceL2(D)d, wer?(p), vEH (D)
2€L2(8D)

Now, for given (o, w,z) € L*(D)* x L*(D) x L?(dD), the infimum value inf,epi(pyI(v,0,w,2) in (5.7)
equals —oo, unless it holds:

2
(5.8) Yv € HY(D), 2/0-V1}d:ﬂ+2/wvdx+2/ zvds—f/uvd:zrzO.
D D oD €Jp

Indeed, if (5.8) is not satisfied, there exists a function vy € H'(D) such that the left-hand side of the above
identity is positive, and so:

inf I(v,o,w,z) < lim I(—MAvg,o,w,z)=—o0.
vEH (D) A—+o00
The condition (5.8) imposes in turn that

. 1
—divo = —-u—w, ando-n=—z.
€

Finally, for any (o, w, z) € L?(D)¢ x L?(D) x L?(0D) satisfying these relations, a simple calculation yields:

1
inf I(v,0,w,z)= 7/ (u — (u+edive)? — \0|2> dz —/ (o -n)*ds,
veH (D) €Jp oD
which leads to the desired result (5.5). O

5.3. Study of an auxiliary function

In this section, we consider a given function u € L>(D,[0,1]), as well as its extension u by 0 to R%. In the
forthcoming derivations, we shall encounter on several occasions the function w. := u * ®., where we recall
that

1
O (x) = —® (E) . and @ is the fundamental solution of u — —Awu + u in RY,
€ €
see (3.19). By definition, w. is the unique solution in H'(R?) to the following equation:
(5.9) —&?Aw, + w. = U in R

In this section, we aim to analyze the precise asymptotic behavior of w. as ¢ — 0, and we start with a few
remarks.
Lemma 5.2. Foru € L>*(D,[0,1]), let we :=u* ®.. Then,

(i) For all € > 0, the function w. belongs to H*(R?).
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(ii) The sequence w. converges to U strongly in L*(R?).
(i1i) The following estimates hold:

1
0 <w.(z) <1 for a.e. z €RY, and lleVwe || oo (ray < 3

Proof. Proof of (i): Since u € L?(R%), this point is a simple consequence of the classical elliptic regularity
theory, see for instance [33], §9.6.

Proof of (ii): Since ® has unit integral (see Lemma 3.1), it holds for almost every point = € R?,

wela) =e) = [ 8) (e - 29) ~ (o) d
and so
o =l < [ [ @0 - ) )] dy da.

For an arbitrary real number p > 0, we may estimate:
Lo e ([t e - o) az) ay
R4\ B,,(0) Rd

/ (/ <1><y>|a<x—ey>—a<x>|dy> de
re \ Jre\B,(0)
< 2llullz o) / B(y) dy,

RI\B,(0)
and it follows from the decay of ® at infinity (see again Lemma 3.1) that, for given § > 0, there exists p > 0
such that for every € > 0:

N

/ (/ B(y) iz — ey) — ()| dy> dz < 6.
re \ Jra\B,(0)

Therefore, using the Cauchy-Schwarz inequality and considering the behavior of ® in the neighborhood of 0

recalled in Lemma 3.1, it follows:
/ ( [ e - =) - ) dy) dr 45
R4\ /B, (0)
3

C’/Rd </BP(O) [u(z — ey) — u(x)] dy) dz + 9,

for a constant C' > 0 which may depend on ¢ and p, but which is independent of €. Since u takes values in
[0, 1], this entails:

IN

lJwe — ﬂ||L1(Rd)

IN

2

~ 1 ~ ~
l|we — | p1(ray < C/ (d/ [u(z — 2z) — u(x)] dz) dz + 0.
R \ €7 JB.,(0)

It follows from the Lebesgue differentiation theorem and the Lebesgue dominated convergence theorem that
the integral in the above right-hand side converges to 0 as € — 0. In particular, for € sufficiently small, it is
smaller than §, and then:

||’wg - a”Ll(Rd) < 2.
Since 4 is arbitrary, this reveals that w. — @ strongly in L!(R%).

Proof of (iii): This fact follows from quite precise estimates about the fundamental solution ®.. Since the
proof has already been tackled in the 2d case in [20] (see Proposition 2.7 in there), and since it is similar,
albeit more involved in the 3d case, we only focus on the latter, which is new to the best of our knowledge.

To this end, let us first recall the explicit expressions of the modified Bessel function of the second kind
K1 (r) and the fundamental solution ®(z) in 3d (see [1] §9.6.23):

me "
1 Ki(r)=4/=— ~lel R? .
(5.10) NG e \ {0}

(r) r >0, and ®(x) =

1
2
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A simple change of variables in the definition of w. now yields:

wele) = [ @)t - 2y)
R
and the first part of the statement then follows from the simple calculation:

1 eyl _ d
U)E(il?) - E 23 |y| u(x—gy) Y

1 / e

<
47F RS |Z/|

= 7/ /re‘rsingadgpdr
12 o Jo

where we have introduced the spherical coordinates (r, 8, ¢) centered at 0 in passing from the second line to
the third one.

Now let z € R3 be given, and let v € R? be an arbitrary unit vector. Since the function ®(z) is radial,
we obtain from the definition of w. and a change of variables that:

eVwe(x) - v = /RB (VO(y) - v) u(x — ey) dy = eVwe(x) - ey,

where e; is the first coordinate vector of R%. We now estimate this last quantity:

Vur@) v = [ 22w —ey)dy
R3 6.731

(5.11) /R3 max (gj)l(y)»o> dy.

Using the expression of the gradient in the spherical coordinates and the explicit expression (5.10), we obtain:

0P r+1 _, . P
— =———¢ "sinpcosb,
ory 472

IA

and then:

P 1 0o 27 T 1
/ max (g(y),O) dy = 4—/ / / max (0, 77’—2 e~ " sin y cos 9) r< sin ¢ depdfdr
RS 1 m™Jo Jo Jo r
3
1 o0 = s
= = / / / (1 + 1)e" sin® p cos A dpdfdr
T™Jo Jz Jo

Hence, we have proved that:

1
Vo € R} Wv € §?, eVuw.(z) v < 2

which leads to the desired conclusion. O

It is quite natural to try and approximate the solution v. to our boundary-value problem (5.3) by the
function w,. Indeed, the latter satisfies —e?Aw, + w, = v inside D. The purpose of the next lemma is to
show that, as € — 0, we is “close” to fulfilling the Robin boundary condition of v. in (5.3): € a“’E +we =0
as ¢ — 0. This fact may be understood as a geometric measure theory counterpart of the derlvatlon of the

boundary layer profile rp in the proof of Theorem 4.1.
Let us start with a lemma.

Lemma 5.3. Let f € L=(R%), and let zo € R be a regular point of f. Leta € S~ be a unit vector such that
both approzimate limits f,(xo) and f_q(xo) exist, with f,(xo) = 0. Then the function w. = f*®. € H'(RY)
satisfies:

lim (€Vw5(z0) ca+ wg(xo)) =0.

e—0
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Remark 5.3. Despite its quite technical proof, the above result is fairly intuitive: roughly speaking, if the
function f jumps from some value &' = f_,(x) to 0 across the hyperplane with normal vector a, the smoothed
approzimation w. should take a value close to %O/ on this hyperplane, and it should have a normal derivative

’

; o
behaving as —5-.

Proof. The definition of w. immediately implies that:

eVw:(xo) - a + we(xg) = /Rd (5V®E(x0 —y)-a+ D (zg — y))f(y) dy.

We now fix p > 0 and § > 0. Then,
eVwe(zo) - a + we(xg) = /

EV.(30 —y) - 0+ De(wo —y)) fly) dy+ 71,
Bp(xl))

where the remainder ry is defined by:

(5.12) o= /Rd\B — (EVQJE(JJO —y)-a+ P (w0 — y))f(y) dy.

Denoting by
a:= f,(x0) =0, and o' := f_,(x0),
we further decompose:

eVwe(xo) - a + we(x0) = /

By (wo)Nma(zo)N{|f—a| <6}

+/ <€V‘I’s($o—y)'a+‘1)e($o—y))f(y)dy+7“1+7“2+7°'2a
B, (zo)N7T_o(xo)N{|f—a'|<6}

(EV‘I’E(l‘o —y)-a+ P (2o — y))f(y) dy

where we have set
(5.13) ro = / <€Vq’a(l‘o —y)-a+d(xg — y))f(y) dy,
B, (z0)Nma (z0)N{|f—a|>6}

and

/A
Ty =

/ (€V<I>E(x0 —y)-a+ P (zo — y)) fy) dy.
By (wo)Nm—a(20)N{|f—a’| 25}

Let us now introduce the functions 7(y) = f(y) — « and r'(y) = f(y) — /. Then,

eVwe (xo) - a + we(x0) = /

(V@ (w0 — 1) - a+ @c(w — ) ) dy
B, (zo)Na (zo)N{|r|<8}

+ / (5V<I>6(a:o —y)-a+ D (zg — y))o/ dy + 71 +re + 15+ 13 + 15,
B, (zo)N7—q (zo)N{|r’|<8}
where

(5.14) (V- (a0 — ) -+ @ (0 — 1)) r(y) dy,

T3 ‘= /
B, (zo)Na(zo)N{|r|<6}
and

= [ (V0.0 — 9)-a+ @ca0 — ) (v) dy.
By (20)017—a (o)1 17| <5}

Finally, since o = 0, we arrive at the following expression:

(5.15) eVwe(zo) - a+ we (o) :/

m_a(x0)

(EV@E(QCO —y)-a+ P (w0 — y))o/ dy 471 +r2+ry+ 713+ 15+ 77,

with

(5.16) Ty = —/ (5V<I>5(:co —y)-a+ P (20— y))o/ dy.
—a(@o)\(Bp(zo)N{|r'|<d})

We now proceed to estimate each term in the right-hand side of (5.15).
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Calculation of the integral fma(mo) (6V<I>5(ac0 —y)-a+ D (zo — y))a/ dy. Let us define
H, = {xeRd, x~a>0}, and for t >0, H, ¢ := {xeRd7 x~a:t}.

Then a change of variables and the Fubini theorem yield:

/ (5V<I>E(x0 —y)-a+ P(rg — y))o/ dy = o// <V<I>(z ca+ q)(z)) dz,
T_a(x0) H,
/

)
- a/ooo (VCID(y)~a+<I>(y)) dy dt.

Ha ¢

(5.17)

Let us now define the function 1), : (0,00) — R by:

Yo (t) = /H O(y) dy.

a,t
Because ®(z) depends only on the radial part |z| of z, the function 1, is independent of the vector a. In
particular, 1, (t) = 1, (t), where eg is the d*® coordinate vector.

On a different note, we may calculate the derivative of 1, by considering the expression

Ya(t + h})L —%a(t) _ % (/Hmh D(y) dy — /H ®(y) dy) :

a,t

Changing variables in the first integral in the above right-hand side and using the Lebesgue dominated
convergence theorem, we obtain:

V>0, yL(t) = / Vo(y) - ady.
Ha t
Based on these ingredients, (5.17) rewrites:
[ (90w ulmn ) dy =o' [ (00 + wale) at.
T_q(x0) 0

As in the statement of Lemma 4.1, for a given point © = (z1, ..., 24), we use the shorthand = (21, ...,x4-1) €
R?~1. We also denote by Fz (resp. JF;) the partial Fourier transform in R?~! (resp. in R) with respect to
the d — 1 first variables (resp. to the last one). Since 9),(¢) = ., (t), it holds:

alt) = (Fs®)(0,8), ¢ >0.
Therefore, taking the partial Fourier transform F; in both sides, we obtain:
Fig(w) = Fr o F3P(0,w) = FO(0,w).

On the other hand, since —A® + ® = § in the sense of distributions in R?, the Fourier transform of ® reads

fw)= — 1 .
FO(&,w) = INEEIvEL and so 1
Fiho(w) = —.
tw (LU) 1 +OJ2
The Fourier inversion formula then yields:
wa(t) = ei‘tl'

In particular, for ¢t > 0, we have ¥/, (t) + ¥, (t) = 0, which implies that:

/ (5V¢>5($0 —y)-a+ Pe(xo — y))o/ dy = 0.
7"7(1(550)

We now proceed to estimate the remainders r1, 12,75, 13, 75,7} featured in the formula (5.15) in terms of ¢.
This task demands a careful choice of the radius p of the ball B,(z¢) in their definitions and we start by
introducing two functions which prove useful in this perspective.
Recalling that 6 > 0 is fixed, we first define the function 6 : [0, 00) — R by:
(5.18)
o) max{ wp L1B@) Nmaa0) V{1 —al 28D LABa) N roalao) 11 ~ o] > 6D } |
0<r<p L4(B, (o) Na(20)) 0<r<p LA(By (o) N m—a(x0))
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where we recall that £L¢(E) denotes the Lebesgue measure of a Borel subset E C R?. By construction, 6
is a non decreasing function from [0, 00) into itself; it is also lower semi-continuous, as a consequence of
the elementary Lemma 5.4, whose statement is postponed to the end of this proof for clarity. Finally, the
definition (3.3) of approximate limit readily implies that lim, o 6(p) = 0.

We next introduce the function ¢ : [0,00) — R defined for € > 0 by:

(o) =sup{p =0, p(p+0(p)?) <e}.

Since (p) is lower semi-continuous and the function p — p(p + 0(p)21) tends to infinity as p — oo, it is
easy to see that this supremum is attained. The function ¢ : (0,00) — (0, 00) is non decreasing and satisfies
¢(e) > 0, and lim._,q ¢(¢) = 0; indeed, it holds:

{pz 0, plp+06(p)>?) < f—:} c{p=0, p*<e},
and so
((e) <sup{p>0, p? <e} < Ve
On a different note, the change of variables p = et yields:

¢(e) :=esup {t >0, (et +0(et)2) < 1} .
Since for any real number M > 0, one has:
lim M (eM + H(EM)ﬁ) =0,
e—0

it follows that for any M > 0, there exists €y such that @ > M for ¢ < gp, which means exactly that

limg_,q C(E) = 4o00. To summarize, we have proved that the function ((¢) satisfies the following properties:
_((e) L
. = 2 < .
(5.19) lim ((¢) =0, lim == = +oo, and ((£)(¢(e) +6(¢(€))27) < &

We now select p = () as for the radius of the ball B,(x¢).
FEstimate of the remainder r1. A change of variables in the definition (5.12) yields:

n=[ (V0w a+ 8w) o - ) d
RI\E, (0)

Since f € L>(RY), @ — oo and because of the exponential decay of the fundamental solution ®(r) as
r — oo (see Lemma 3.1), it follows that 71 — 0 as e — 0.

Estimate of the remainder ro. Likewise, a change of variables in (5.13) yields:

Ty = /Rd (V‘I’(y) ca+ ‘I’(y))f(fﬂo — EY)XB, (20)Nma(wo){| f—a|>5} (To — €Y) dy.
Considering the behavior of ® and its derivative near 0 and oo (see Lemma 3.1) and the fact that f € L>°(R%),
a simple application of Holder’s inequality yields:

1
q

lra| < C </Rd XB, (20)"ma(20){|f—a|>5} (T0 — €Y) dy) )

for some ¢ > 2. Here and until the rest of the proof, C stands for a constant which depends on f but not on
0 and . We now estimate this last integral as:

XB o (z0)NTa (o) N{| f— a|>(5}( )dy
B, (0) N ma(o0) N {1 — ol 2 6)
SORNE)

/d X B, (w0)Nma (o) {|f—a|>6} (0 — €Y) dy =
R

IA

IN

C@;



where we have used the definition (5.18) of 6 from the second to the third line, as well as (5.19) to achieve
the last line. Using again (5.19), we see that ro — 0, as desired.

FEstimate of the remainder r},. One obtains rj, — 0 as € — 0 by using exactly the same arguments as in the
case of ro.

Estimate of the remainder rs. From the definition (5.14), we obviously have:
<5 [ V(20— y) -0+ @l — )] dy,
Bp(m(,)ﬁ'rr,,,(mg)ﬁ{\r\<5}
and so, using a change of variables together with the fact that ® and V& are integrable on R? (see Lemma 3.1):

lrs| <6 [V®(z)) - a+ ®(2)] dz < C6.
B¢(e) (0)

Estimate of the remainder r}. By the same token, there exists a constant C' > 0 which does not depend on
0 and ¢ such that:

3] < C6.
FEstimate of the remainder ry. A change of variables in the definition (5.16) leads to:

ry = —ad /Rd (V@(z) -a+ <I>(z)) (X o (z0) — Xﬂ-_a(zo)ﬂBp(rg)ﬁ{‘T"|<5})(x0 —ez)dz.
We then decompose r} as:
7‘;1 = —Oé/(Il + Ig),

where
I := /Rd (V@(z) ca+ @(z))(x,r_a(zo) — xﬂ_a(xo)mgp(zo))(wo —ez)dz,
and
I = /Rd (V@(z) ca+ @(z))(xma(xo)ngp(xu) — Xt o (20)N B, (z0)n{|r| <5} ) (To — €2) dz.

Now, on the one hand, using again Holder’s inequality, we see that there exists ¢ > 2 such that:

q

1
I, < C (gd /]Rd | (Xt — o (20)1 B (0) = Xrt—a(@0) 1By (o) {117 |<63) (¥)] dy)

1
= C(gd/ X a(@0)N By (o) {1261 (U) dy)
R

o(;g@wwqaﬂé;

it follows from (5.19) that I — 0 as € — 0.
On the other hand,

1

q

IN

(Xn,a(xo) - Xn,a(xo)nsp(xo)) (r9 —e2) = (XHH, - XHQOBLE)(O)>(Z)a

@ — 00. This, together with the integrability of ® and

V® on R? and the Lebesgue dominated convergence theorem, imply that I; — 0. Hence, r; — 0 as &€ — 0.

which converges to 0 as ¢ — 0 for a.e. z € R? since

Gathering all these ingredients, we have finally proved that:
lim sup [eVwe(z0) - a + we(20)| < C0;
e—=0
since this holds fo arbitrary ¢ > 0, the desired result is proved. O

We now provide the missing link in the previous proof:
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Lemma 5.4. Let L : [0,00) — [0,00) be a continuous function. Then the function m defined by

Vp =0, m(p):= sup L(r)
0<r<p

18 lower semi-continuous.

Proof. Let p > 0 be arbitrary, and let p,, be any sequence of elements in [0, 00) such that lim, . pn = p-
For any fixed point ry < p, it holds, for n large enough ry < p,,, and so

L(ro) < sup L(r) =m(pn)-
0<r<pn

Taking the liminf, we thus obtain:
L(rg) < liminf m(py,),
n—oo
and recalling that the sequence p,, — p is arbitrary, this results in

L(rp) < liminf m(s),
s—p

Since 0 < rg < p is arbitrary, and since L is continuous, we actually end up with:

sup L(r) < liminf m(s),

0<r<p s=p
that is:
m(p) < limint (),
whence the claim. |

Corollary 5.1. Let u € BV(D,{0,1}) and set w. = u* ®. € H*(D). Then,

(5.20) lim <5%126 + wE) (z) =0, for H '-a.e. 2 € OD.

e—0

In particular, the following limit holds:

0
lim (e We 4 we) we. ds = 0.
e=0 Jop \ On

Proof. Since the function @ is in BV (R?, {0, 1}), there exists a set  C D with finite perimeter such that
% = xq. We know from Proposition 3.3 that H?~! almost every point 2y € R? is a regular point of . On a
different note, since D is a Lipschitz domain, the unit normal vector n to 9D exists H* '-almost everywhere
on 0D.

Let then xo € D be a point where the latter two conditions hold and let a € S*~! be a direction such
that the approximate limits f,(z) and f_,(x) exist. Two cases occur about zg, up to an H4~! negligible set:

e If 2y belongs to the measure theoretical boundary 0/ of €, then zg € O\ D, and so we may
take a = n, the unit normal vector to 0D, see again Proposition 3.3. Obviously, the approximate
limit @, (x0) equals 0, and Lemma 5.3 implies that (8 aa’;’f + wg) (zg) — 0.

o If zy does not belong to 9y, it does not belong to the jump set of yq, and in particular, the
approximate limit i, (zo) exists for all @ € S~'. Obviously, for a = n, it equals 0, and so, again

(5% + we) (z9) — 0.
This proves (5.20).
The second statement of the lemma follows directly from this, the uniform bounds on w. in Lemma 5.2

and the Lebesgue dominated convergence theorem. O
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5.4. Proof of the I'-limsup inequality

The following proposition implies that the I'-limsup inequality in Definition 5.1 is satisfied by the sequence
PRoP(y), which is one part of the statement of Theorem 5.2.

Proposition 5.1. The functionals PR°P(u) and PT (u), respectively defined in (3.18) and (3.7), satisfy, for
any u € BV (D,{0,1}):
1
lim sup PR°P(u) < P (u).

e—0 2
Proof. Let us first consider a function u € H(D,[0,1]) C BV(D,[0,1]). As in the previous developments,
we let U be the extension of u by 0 outside D, and w. = ®. * 4. The expression (5.4) of PR°P(u) as an
infimum immediately implies that:

1 1
PRob(y) < / (5|ng|2+w§ + ~u(l — 2w€)> dx —|—/ w? ds.
D € € oD

Performing integration by parts in the right-hand side of the above identity and using the fact that —e2Aw, +
we = w in D, we obtain:

PsR"b(u) < 1/ (1 —w:)u d:r+/ (ane +w6) w, ds.
€ D oD 8n

Using the fact that v € H(D), the identity —e?Aw. + w. = u in D and integration by parts in the first
integral in the above right-hand side, it follows that:

1 € €
PRob(y) gf/ (1—u)udx+/ 6Vw5-Vudas—/ saw uds+/ 66w + we | we ds.
€Jb D op On oD on

We now rely on the estimates of the function w. and its gradient contained in Lemma 5.2 above to find:

(5.21) PEROb(u)gl/ (l—u)udx—&—l/ |Vul dx—i—l/ uds+/ €8w5+w€ we ds.
€Jp 2.Jp 2 Jop op \ On

We now wish to prove that the above inequality actually holds when v € BV (D, [0, 1]), and to this end,
we rely on a density argument. Recalling the density of H'(D) in BV (D) for the intermediate convergence,
and the continuity of the trace mapping 7o : BV (D) — L'(0D) when BV (D) is equipped with the topology
of the intermediate convergence (see Section 3.1.1), for any v € BV(D,[0,1]), there exists a sequence of
functions u,, € H*(D) such that

u, — u strongly in L*(D), / |Vu,|dz — / |Dul, and o (u,) — Yo(u) strongly in L'(0D).
D D

The sequence of functions v,, := max(0, min(u,, 1)) then belongs to H!(D, [0,1]) and it also satisfies:
Von = X{o<u, <1} Vn and ~Yo(vp) = max(0, min(1, vy (un))),
see [16], §3.1.2. Hence,
(5.22) v, — u strongly in L'(D), lim sup/ Vo, | de < / |Du| and ~o(vy,) — Yo(u) strongly in L*(8D).
n—o0o D D
Hence, we may apply the inequality (5.21) with u replaced by v,,, leading to:
1 1 1 O(v, * @ N —
PEROb(vn) < f/ (1 —vy)v, dx—&—f/ |V, da:—l—f/ Up ds—l—/ ew + (Un * ®.) ) (v x D) d.
€Jp 2Jp 2 Joap oD on

We now wish to pass to the limit n — 0 in the above identity. This is possible thanks to (5.22) and the
following facts:

e The mapping u + PR°P(4) is continuous from L!(D) into R;
e Since v, and u take values in [0, 1], it holds:

/v%dx—/uzdx
D D

§2/ oy, — u| dz =22 0.
D
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e Since the mapping L?(D) > u + ®. xu € H?(D) is continuous, we have:

e—— + (v, x P vy % Q) dr ——— € + we | w, ds.
/8D ( on ( )¢ ) ap \ On

Hence, (5.21) indeed holds when v € BV (D, [0, 1]).
Eventually, when v € BV(D,{0,1}), this yields:

1 1 0
PEROb(u) < 5/ |Dul| + 5/ ~Yo(u) ds +/ <€aws + ws) we ds.
D oD oD n

Now using Corollary 5.1, we arrive at:

1 1 1
lim sup PR (u) < 5/ | Du| + 5/ Yo(u)ds = 5PT(u)7
D aD

e—0

which is the desired result. U
5.5. Proof of the I'-liminf inequality

We eventually turn to the proof of the I-liminf inequality for the functional PR°P(u). The result of interest
reads as follows.

Proposition 5.2. Let uw € L>®(D,[0,1]) and let us be a sequence in L>°(D,|0,1]) such that u. — wu in
LY(D); then:
VPT(w) ifue BV(D,{0,1}),

A Rob
(5.23) lim 161f P (ue) 2 { +oo  otherwise.

e— -

Proof. Let us first observe that if u € L*°(D, [0, 1]) does not belong to L>(D,{0,1}) — i.e if u takes values
different from 0 and 1 on a subset of D with positive Lebesgue measure — the expression (5.4) yields:

1 1
PEROb(uE) = inf / 5\Vv|2+7112 + —u:(1—2v) ) dz +/ v2 ds
veHL(D) | Jp € € oD
1 1
= inf {/ (5Vv|2+(v —ug)? + —u (1 — ue)) dz +/ v? ds}
’L)EHl(D) D I g 8D

1
> f/ ue (1 — ue) da.
€Jp
It readily follows that liminf. ,o PR°P(u.) = +oo. Hence, it is sufficient to prove the desired result

(5.23) when v € L*(D, {0, 1}), which we now consider.

The proof hinges on a localization and slicing argument, and we carefully follow the trail exposed in Chap.
15 of [29]. To this end, we first introduce a “localized” version of the approximate perimeter functional
PEROb(u) which emphasizes the spatial dependence of the defining integrals. For any open subset A C R¢
and u € L*(D,[0,1]), let us define the quantity F.(A4,u) by:

F(Auw)= inf Ge(Auv),

where we have introduced, for any open subset A C R% and functions u € L>°(D, [0,1]), v € HY(D),

(5.24) G (A u,v) = /

1 1
(5\Vv|2 + =02+ Zu(l - 20)) dz + / v? ds.
DNA € €

dDNA
Our aim is to prove that:
%/ |Du| if u € BV(A,{0,1}),

A

400 otherwise,

where we denote as usual by @ the extension of u € L*(D, [0, 1]) by 0 outside D. In the above, F(A,u) is
defined as the I'-liminf of the sequence of functions u — F.(A,u), that is,

F(Aju) >

Vue L®(D,[0,1]), F(A,u):= inf {limiglfFe(A,uE), u. € L®(D,[0,1]), ue — u in Ll(D)}.
e—
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Note that it is easily verified from the definition that for a given u € L*°(D, [0, 1]), the mapping A — F(A, u)
defined on open subsets of R? is super additive with respect to reunions of open subsets of D with disjoint
compact closures, i.e.

(5.25) ANB=0and AUB € R = F(A,u) + F(B,u) < F(AU B,u).

We then express G.(A,u,v) in terms of one-dimensional integrals for an arbitrary open subset A C RY,
To this end, for an arbitrary direction £ € S*~!, we denote by m¢ the linear hyperplane orthogonal to &:

mei={2€R% £ 2=0},
and for y € m¢, we introduce the two sets:
Dey=Dn0{y+1t§ teR}y, Agy=An{y+iE, t R},
whose characteristic functions satisfy:

Xp, (1) = xp(y +1€), and xa,,(t) = xaly + £5).
For given u € L>°(D, [0,1]) and v € H'(D), we decompose G.(A,u,v) along the normal lines to m¢:

Ge(A u,v) > / He(A,u,v,y) dH 1 (y), where
e

He(A,u,0,y) = / (eIwol? + L2 4 (1 - 20) ) (y + 1€) xpraly + t€) dt-+ / V¥ (y + tE)XoDe 0 e, (£) AHO (D).
R € € R

In order to deal with the first integral in the definition (5.24) of G.(A4,u,v), we have used the Fubini
theorem; the treatment of the second integral relies on the following technical lemma (remarking that
OD¢, C ODN{y +t&, t € R}), whose proof is postponed to the end of the present section.

Lemma 5.5. Let D C R? be a bounded Lipschitz domain, and let g be a non negative function in L'(0D).
For any direction & € S*1, it holds:

d—1
/8D gds 2 /ng (/3Dn{y+t§, teR} 9() dHO(t)) W)

Notice that, for given open subset A C R? and functions u € L>(D,[0,1]), v € H*(D), the quantity
H_.(A,u,v,y) is well-defined for dH4"! a.e. y € 7.

Step 1: We bound H.(A,u,v,y) from below by a one-dimensional energy. Let A C RY be an open subset
and fix £ € S¥7! and y € m¢. Let also u € L>=(D,[0,1]) and v € H*(D) be given functions. We introduce
the functions of the real variable

vey(t) = vy +16),  ugy(t) =uly +1€), teR;
which are well-defined for a.e. y € m¢.
Noting that [v; ()| < [Vo(y + t§)], it holds:

1 1
He(A,u,v,y) =2 / (Evg,y|2 + 7”2,1/ + —ugy (1 - 2”5,2;)) (t) dH (1) +/ Ug,y(t) dH ().
De yNAg y € l € D¢ yNAg y
Since D is a bounded and Lipschitz subset of R?, Dy, is the reunion of a finite number of open bounded
intervals; for simplicity and without loss of generality, we assume that D¢, = {y+1t{, t € (ag,y,bey)},
the general case being addressed by a simple variation of the arguments below. The latter inequality then
rewrites:

HE(A7u7v7y) Z /

1 1
(€|Ué,y|2 + g”gy + g“&y(l - 2U§7y)> (t) dH (t)
DﬁwymAévy

2 2
+ Xae,, (agy)v(aey)” + xa,, (bey)v(be,y)”
Now, for arbitrary real values a, b, an explicit computation yields:

@ 1 o 1
inf / <s|u/|2 + w2> dt = h* and  inf / <s|u/|2 + w2> dt = h2.
weH (—o0,a) 0o & weHL(b,00) b &
w(a)=h w(b)=h
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Indeed, it is easily verified that the infimum in the former minimization problem is attained by w(t) = heFTa,
and the infimum in the latter is attained by w(t) = he~ =,

Since Dg,, consists of a single open interval, taking any 8 > 0, it follows that:

1 1
o) = [ (et P a2, Ty (1 20cy) ) (0.0

De,yNAg,y
a
inf N /12 1 2 d
+ x4, (aey) in elw'|* + —w* | xa, , dt
£,y 1 &y
wEH! (—o00,a¢ 4) a5,y75 £
wlag,y)=ve,ylag,y)
be,y+B , 1,
. /
+ xa., (bey) inf elw'|* + ~w? | xa,, di,
&y Y a1l € £y
weH(bg yo00) Sy,

w(bg,y)=ve,y (bg y)

which rewrites in turn:

be .y
HE(A7U7U7y) 2 /

ag,y

1 1
(6|Ué,y|2 + gvg,y + guf,y(l - 2”5,2})) (y +t€) XAe y (y+t&)dt

e 2, L o
+ inf / elw'|® + —w* ) xa,,, dt
wEHl(*oo,agyy) a ) 13 v

y—Bxa, , (ag,
wlag y)=ve y(ag,y) v §,y( v

be,y+Bxa; , (be,y) 1
+ inf / <5|w’|2 + w2> XA, dt.
) € '

u;eHl(bEm be.y

w(bg o) =vg 4 (bg y)

Let us now denote

ZE,y = Aey N{y + 1€, t € (agy — Bxae, (agy), bey + 5XA§,y(bE,y))} .

Recalling from the definition that u¢, = 0 on R\ (agy,bey), the above calculations allow to infer the
following lower bound of H. (A, u,v,y):

H. (A u,v,y) > inf /

vEH(Ag,,) J A

1
<5|v'|2 + =0 4 ug (1 — 21;)) dH?,
Ag.y €

Grossly speaking, we have here added a “thin skin” near the points of 9D belonging to A.

Step 2: We analyze the behavior of the minimizer of the one-dimensional energy. Let now u € L*>(D,{0,1}),
and let u. be a sequence of functions in L*°(D, [0,1]) converging to u strongly in L!(D). Again, we set, for
yem, teER,

Ue e,y (t) = us(y + &), and wug y(t) = u(y + t&).

Obviously, from the Fubini theorem, we have, for H¢ ! a.e. y € urs

(5.26) Ue g,y 29, ug,y strongly in Ll(g&y).
From the Lax-Milgram theorem, there exists a unique solution v, ¢ , € H* (Zgy) to the minimization problem
1 1
(5.27) inf / <s|z/|2 + =%+ = ue gy (1 — 2v)> dH?,
veH! (Ag,y) JAc,, € €

which is also the unique solution to the following variational problem:

(5.28) Yw € HY(Ag,), /~ (%0 ¢ g0’ + ve g yw) dH' = /~ Ue g yw dH.
Agy Agy

It follows from the maximum principle (see e.g. the proof of Th. 8.18 in [33]) that:
(5.29) 0<veey(t)<1lforae te /Tg,y.

Since in particular v = 1/2 is an admissible test function in the minimization problem (5.27), it holds:

1 1 1 ~
/~ <E|U;E,y|2 + gvg,&y + gue,&y(l - 2”6,5,34)) dHl < E‘Aﬁ,yh
Aé,’y
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which rewrites, since u. ¢, only takes the values 0 and 1:

1 ~
(5.30) | €l o+ (e —veca ) 4 < {1

&y

Combining the variational problem (5.28) with the estimate (5.30) yields:
Vw € H' (Ag,), /~ (Ve gy — e,y )w dHE S22 0.
£,

Y

Since (vegy — Usg,y) is bounded in Lz(ggyy) because of (5.30), the density of Hl(ggyy) in L2(g§’y) then
entails:

(531) Yw € LQ(gg,y), /~ (U57§7y — us@y)w d?‘[l i_>°0—> 0.
Ai,y

Eventually, because of the bounds (5.29), we obtain:

/g Ve gy — gyl dH' = /A (Ve 6.y — Ug ) Xue =0y AH' + /~ (Ugy = Ve£,y) X fue,, =1y AH'
&y 13%7]

sy

A
_ (Vegy — Uegy)X{ue,, =0} dH’ + j~ (te6y = Vegw) X{ue =13 dH

,
.

Using (5.31), the first two integrals in the above right-hand side tend to 0 as ¢ — 0, while the last two
integrals also tend to 0 because of (5.26). This proves that:

A Yy
(te,e.y — Ue.y)X{ue,,—0p dH' +/; (ttg,y — Ue,£,y) X fug =1y M.
3

Y 'Y

(5.32) Ve g,y £20, ug,y strongly in Ll(g&y).

Step 3: We bound from below the minimum value of He (A, ue,v,y) as € — 0. We have just seen that for all
v e HY(D),
H. (A uc,v,y) > /ﬁ <E|U;’§’y|2 + évgé’y + é Ue gy (1 — 2067577;)) dH'.
From the fact that "
Vo<a<l, BeR, A*+a(l-28)>p%+min(0,1—28) =min(s? (8 —1)%) >0,
we infer that:
H. (A uc,v,y) > /~ <5|v\'€757y|2 + émin (V2 (1— vs,g,y)2)> dH*.
We now employ the so-called “Modica—i/}ortola” trick: from the elementary inequality
Vo, B eR, o+ %2> 208,
we get:

Ho(Aue,v,y) > / 20! ¢y min (e ], 1 — v ]) AH.

&y

Introducing the C! function v : R — R defined by:

o(r) :/ min(|t], |1 — ) dt,
0
it follows:
A e )= [ 2l 0/ (vmen) 4 = [ 2l(oue,)yan,
Ag.y Ag.y
where we have used the results in [16], §3.1.2 to calculate the derivative of the composite function ¢ ov. ¢, in

the context where 1) is of class C' and v, ¢, is in H'(A¢ ). Let us set we e, = 100, ¢, and we,, = 10U y;
introducing the total variation |Dw, ¢ | (see Section 3.1), this rewrites:

HE(A7UE7U7y) Z Z‘Dw&&y“‘z{&y)'
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The conclusion (5.32) of the previous step immediately implies that w. ¢, — we, strongly in Ll(gg,y) as
e — 0. The lower semi-continuity of the total variation of functions in L'(4g,,) implies that:

liminf  inf  H.(Aue,v,y) > 2|Dwe,y|(Ae ).
€20 veH! (Ag,y) ‘ ‘

Note that the right-hand side of the above inequality may be infinite; the meaning of the above inequality
is that the liminf in the left-hand side is also infinite in such a case.
Since ug,, € L>(A¢y,{0,1}), we eventually observe that

1
wey = Y(Lugy +Y(0)(1 —ugy) = (¥(1) = ¥(0))ugy +9(0) = Juey.
As a result:

liminf  inf = H.(A ue,v,y) > *IDuéyl(Asy) |Dusy|(A£y)
€0 vEH! (Ag,y)

where we have used the fact that |Dug ,|(Ag., \ Ae.y) = 0 to obtain the last equality.

Step 4: We recover the multi-dimensional case from the one-dimensional result. To this end, let us recall
from the definitions that:

F.(Au) > / inf  H.(A ue,v,y) dH " (y).
me VEH (Ag,y)
Using Fatou’s lemma yields:
liminf F. (A, u:) > / liminf  inf  H.(A, ue,v,y) dH1(y).
e—0 e e—0 vEH(Ag )

Hence, using the result of Step 3:
1
(5.33) lim inf . (4, ue) > 3 / |Dug ,|(Ag ) dHY (y).
E—r e

We now rely on the following theorem about the characterization of functions with bounded variations by
their one-dimensional sections, see Remark 3.104 and Th. 3.107 in [12].

Theorem 5.3. Let A C R? be an open subset and u € L'(A). Then u belongs to BV (A) if and only if there
exists d linearly independent vectors &1, ..., &q € R such that ug, , € BV (Ag, ) for dH™! a.e. y € ¢, and

Vie1,....d, / |Due, | (Ae,.,) dH < oo,
TE;

Then, for any direction & € S¥=1, it holds:

/ Due,|(Ae ) AH = | Du- £[(A).
e

Now, if u is not a function with bounded variations in A, the integrand in the right-hand side of (5.33)
takes an infinite value for a set of y € m¢ with positive H?~! Hausdorff measure, and we conclude that
F(A,u) is infinite.

We finally suppose that, on the contrary, © € BV (A,{0,1}), that is, the restriction of @ to A is the
characteristic function of a subset £ C A with finite perimeter. We then obtain:

hmmfF (A u.) > /\Du &

and since ¢ is arbitrary:
hmmfF (A us) > = sup / |Du - &,
§€§d 1
in the sense that if the right-hand side in the above inequality is infinite, so is the left-hand side. It follows
that the T liminf function F'(A,u) satisfies:
sup / |Du - €.
esd—1

F(Au) >
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Using Proposition 3.3 for the expression Du = vH?"1|,, g, where v/(z) is the inner measure theoretic normal
vector to E, taking values in the unit sphere S%~1, it follows:

1
F(A,u) > = sup / v - €|dHIT.
EES‘Fl I ENA

Since the mapping A — F(A,w) is a super-additive function, it then follows from Lemma 15.2 in [29] that
the supremum and the integral sign may be interchanged in the above identity, so that:

1 1
F(A,u) > 7/ sup |v-€|dHIT! = 7/ dH-1.
O ENA EES‘!71 2 OmMENA

Eventually, taking A = R? yields the desired result.

‘We now provide the proof of the technical Lemma 5.5.

Proof of Lemma 5.5. Since 0D is a compact and Lipschitz hypersurface in R¢, it is enough to prove that,
for any non negative function g € L(S), it holds

531 foaez [ ([ st a0,

in the case when S C R? is a single parametrized piece of surface of the form S = f(U), where U is an open
subset of R4~ and f : U — R? is a bounded and injective Lipschitz function.

In order to prove (5.34), let pe : R? — 7¢ be the orthogonal projection onto 7¢; we introduce the Lipschitz
function ¢ = pgo f : U — m¢ as well as g = go f € L*(U). Using the Lipschitz change of variables formula
yields (see e.g. [40], §3.3.3), we obtain:

qg(x)J r)dr = g(t) dH° dH(y),
Jswrow = [ ( JAC <t>> )

where the Jacobian determinant J(¢) is defined by

J(6)(x) = 1/ det(VT (2)V(x)), for ac. x € U.

Since ¢ = p¢ o f, it holds
Vo(x) = VpeV f(x);
now using that Vpg is the matrix of an orthogonal projection, we obtain

J(9)(x) = \/det(Vf(w)T(foTVps)Vf(x)) < J()(x),

where we have used the following elementary inequality, valid for any orthogonal projection matrix P € R%*?,
and any M € R4x(d=1).

det (MTPM) < det(M"M).

Hence, we obtain from the non negativity of g that

/ d(f @) () de > / 3(2)J(6)(x) dz
U U

- / ( / g(t)d’HO(t)> dH " (y)
T Pgl(y)ms

and so, using again the change of variables formula to transform the left-hand side of the above inequality,

it follows:
/ gds > / / g(t) dHO(t) | dHI(y),
s me \JSN{y+te, teR}

which is the desired result. |
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The result of Proposition 5.2 applied with the constant sequence u. = u, together with Proposition 5.1 im-
mediately imply the following pointwise convergence of the functional PX°P(u); this result is a generalization
of Theorem 4.1 to the setting of functions with bounded variations.

Corollary 5.2. Let u € L*>(D,[0,1)); then the following convergence holds as € — 0:
LPT(w) ifue BV(D,{0,1}),

Rob
F (u)—>{ +o00 otherwise.

5.6. Proof of the equi-coercivity of the functional sequence PR°P(u)

We finally turn to the missing part in the statement of Theorem 5.2, which corresponds to the following
result.

Proposition 5.3. The functional sequence PRP(u) is equi-coercive: for any sequence u. € L>(D,[0,1])
such that sup, PR°P(u.) < oo, there exists a subsequence ; and an element u € L>=(D,[0,1]) such that:

(5.35) ue, 2% win LY(D).

Proof. This result is a straightforward consequence of the comparison between the functional PR°P(u) and
that PN°"(u) defined in (3.20) as an approximation of the relative perimeter (3.7). The functional sequence
PNeu(y) was extensively analyzed in our previous work [21]; in particular, Proposition 4.4 in there states
that PN¥(u) is equi-coercive on L (D, [0,1]), when the latter is equipped with the distance induced by the
L'(D) norm.

Hence, if u. € L>(D,[0,1]) is a sequence of density functions such that sup, PR°P(u.) < oo, we obtain
from Lemma 5.1 that:

1 1
Pf‘)b(ua) = inf / £|Vv|2+fv2 + —u(l—2v) ) da + / v? ds
veEH(D) D e e oD

1 1
> inf / <€|Vv|2+v2 + —ue (1 — 2@)) dz
veHY (D) Jp I3 g

= PENeu(uE)a

where the last equality follows from a similar argument to that of Lemma 5.1. Hence, sup, PN®%(u.) < oo
and the equi-coercivity of PN°"(u) immediately leads to the desired conclusion (5.35). |

6. NUMERICAL ILLUSTRATIONS

In this section, we consider various situations to illustrate the numerical behavior of our approximate total
perimeter functionals, emphasizing on the PDE-based version PR°P(u). For the sake of comparison, the
same experiments are conducted by using the approximate relative perimeter functional PN°"(u) devised in
the previous work of the first author [21], whose definition is recalled in Remark 3.2.

At first, in Section 6.1, we appraise the approximation of the total perimeter PerT(Q) of a shape Q C D by
the quantity PR°P(xq) as € — 0. In Section 6.2, we perform numerical comparisons between the derivative
of the functional PR°P(u) and the shape derivative of Per’ (Q). The subsequent discussions deal with
shape and topology optimization problems, properly speaking; in Section 6.3, we compare the influences of
the approximate total and relative perimeter functionals PX°P(u) and PN¢"(u) in the resolution of a simple
minimization problem of the perimeter of a shape under a volume constraint, and in Section 6.4, we illustrate
their use in the context of the optimization of an elastic structure.

Before proceeding, let us first set a few notations, which may differ slightly from those adopted previ-
ously in order to ease the present discussion. Throughout this section, D C R? still stands for the fixed
computational domain, and our approximate perimeter functionals are of the form, for u € L*>°(D, [0, 1]),

1

2
(6.1) P.(u) = f/ pe dx, where p. = — (1 —v:)u.
2 D S
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FIGURE 3. Setting of the validation experiment conducted in Section 6.1; the mesh of the
hold-all domain D contains a mesh of the considered shape Q as a submesh (in blue).

In the above, the function v. stands for one of the functions vNe" or v which are the respective H'(D)
solutions to the equations:

—e2AvNen 4 pleu =4 in D, —e2AvReb 4 yRob =4 in D,
(6.2) goNeu and HuRob
£ £

a— =10 on 9D, e=5— 408" =0 ondD.

The corresponding integrands p. in (6.1) are denoted by pN®, pR°P | giving rise to the functionals PN°"(u),

PRoP(y), as approximations of the relative and total perimeter functionals P (u) and PT (u), respectively.
6.1. Numerical validation of the consistency of the approximate perimeter functionals

In this first experiment, we illustrate the results of Theorem 4.1 and Corollary 5.2 about the pointwise
convergence of PN°%(u) and PR°P(u) to (half) the relative and total perimeter functionals P#(u) and P (u).
More precisely, we aim to verify that when £ C D is a shape satisfying (4.1), it holds:

1 1
PNU(yq) — §PerR(Q) and PR°P(xq) — §PerT(Q) as e — 0.

In two space dimensions, let the computational domain D be the rectangle D = [0,2] x [0,1] C R? and
let 2 C D be the square [3, 3] x [0, 1], so that the boundaries 99 and 9D do intersect, as depicted in Fig. 3.
The computational domain D is equipped with a regular conforming triangular mesh 7, whose edges have
average length h. The shape € is explicitly discretized in 7T, i.e. a mesh of €2 is available as a subset of the
triangles in 7.

The respective solutions v, vsROb to (6.2) are calculated by the P; finite element method; different mesh
sizes are used (h = 1/40,1/80,1/160), as well as different values of the small parameter e, and we present
on Fig. 4 the resulting numerical values of PN"(yq) and PR°P(xq) for several values of h and the ratio £.

Interestingly, in both experiments, the values of PN%(yq) and PR°P(yq) increase, converging to their
respective continuous counterparts %PerR(Q) and %PerT(Q) as ¢ gets small, but a certain relation has to be
observed between e and the mesh size h for this to happen. Indeed, for “too small” values of the ratio ¢/h,
that is, when the approximation parameter € is “too small” when compared to the mesh size h, the targeted
quantities %PerR (Q) and %PerT(Q) are overestimated. This observation is in line with that made in our
previous work [21], in a similar framework; intuitively, it seems unreasonable to apply a degree of smoothing
via the problems (6.2), using a length scale € which is much smaller than the mesh size. The choices €/h = 4
and e/h = 2 lead to stable and accurate approximations of the relative and total perimeters; throughout the
following, unless stated otherwise, we consistently select € and h within these proportions.

The regularized characteristic functions vX*" and vE°P involved in this experiment are represented in
Fig. 5 for different ratios £/h, and the corresponding integrands pX®* and pE°P are depicted in Fig. 6. As
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FIGURE 4. Convergence of the quantities (left) 2PN%(xq) and (right) 2PR°P(yq) to the
ezact values of the relative and total perimeters Per®™(Q) and Per” (Q) in the numerical
validation example of Section 6.1.

expected, these functions show a transition between the values 0 and 1 over a sharper and sharper interface
as € — 0, which represents a blurred version of 92N D in the former case, and of 02 in the latter.

e/h =32 e/h =16 e/h =38 e/h =4 e/h=2

‘TRlIRlINIE -
OV L)L )]

FIGURE 5. (Upper row) values of the regularized characteristic function vXN°U; (lower row)

values of the regularized characteristic function vR°P in the validation example of Section 6.1.

6.2. Numerical validation of the derivative of the perimeter functional

We now turn to illustrate the consistency of the derivative PEROb/(u) of the approximate perimeter functional
PRoP(y) with respect to the shape derivative of the exact function Per” (€2). More precisely, let us recall the
formula for PEROb/(u) obtained in Section 4.3:

~ ~ I 1
(6.3) Yu € L*(D), paRobl(u)(u) = / Gu.c0 dz, where g, . (z) := = (1 — 208 (z)).
D 9
In this section, the computational domain D is the unit two-dimensional square D = (0,1)?, and Q C D is
the disk Q = {(z1,22) € D; 2% + 23 < R?} with R = 0.25, so that £ does not intersect the boundary 9D,
see Fig. 7.
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FIGURE 6. (Upper row) Values of the integrand pN" of the approzimate relative perimeter

functional PN®(u) in the validation experiment of Section 6.1; (lower row) values of the

integrand pf“’b of the approzximate total perimeter functional PEROb(u).

FIGURE 7. Setting of the numerical experiment conducted in Section 6.2. The shape Q (in
blue) is not explicitly discretized in the mesh of D, but it is represented as the negative
subdomain of a “level set function”.

Letting u := xq, we aim to study the “derivative” g, ., and notably to verify the conclusion of Proposi-

tion 4.2 whereby
2gu,e(x) 20, k(z), ze€dND.

A rather fine triangular mesh 7 of D is used in this experiment, with size h = 1/160. Contrary to the
study conducted in Section 6.1, in this experiment as in all the forthcoming ones, the shape € under scrutiny
is not explicitly discretized in 7. Rather, Q is defined as the negative subdomain of a so-called “level set
function” ¢ : D — R, that is, a function such that

P(x) <0 if x e,
Y(x)=0 if z €99, x € D.
P(r) >0 if z€D\Q,
b.

In practice, ¢ is discretized at the vertices of the mesh 7, and the boundary-value problem (6.2) for v°P is
solved by applying the finite element method with the mesh 7 of D, with a careful assembly of the right-
hand side in its finite element resolution. We refer to e.g. [60] about the general idea of handling implicit
geometries in numerical computations.
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6.2.1. Behavior of the field g, inside Q and D\ Q

The graph of the derivative g, . on D is represented in Fig. 8 for different values of the ratio £/h, and its
values on the line L := {x = (x1,22) € D, 0.5 <x; <1, x5 = 0.5} are depicted on Fig. 9.

We observe that the derivative takes negative values in €2, positive values in D \ , and that its modulus
blows up as the ratio €/h decreases.

FIGURE 8. Graph of the “derivative” g, -(x) of the perimeter functional PR°P(u) for several
values of the ratio e/h = {32,16,8,4,2,1} in the numerical experiment of Section 6.2.1. The
boundary 0X) is depicted in red.

h=1/40 h=1/80 h=1/160
50 100 200
150
100
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0
-50
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——c/h =2 1 ——e/h =2 -100+
-30 e/h =4 -60 e/h =4
——c/h =8 ——c/h =8
-40 ——c/h = 16 -80 ——¢e/h =16 -150
e/h = 32 e/h = 32
-50 -100: -200+
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3

r

FIGURE 9. Values of the derivative g,.(x) at points x on the horizontal line L = {z =
(x1,22) € D, 0.5 <1 <1, 29 = 0.5} in the situation of Section 6.2.1, for several values of
the mesh parameter h (see the inset in the leftmost picture).

6.2.2. Behavior of the field g,, . on 092

We now focus on points x € 992 and we appraise the convergence of g, (z) to (half) the mean curvature
k(x) of 08 as € — 0, recalling that in the present geometric situation x(z) = 1/R for all x € 9Q.

We evaluate this behavior in terms of the mean value m, and the variance o, of g, . over 9%
(6.4) m:i/ gueds and U':i (2gu.c —m.)? ds

M g * |8Q| 50 u,e g |aQ| 50 u,e € ’
where, again, the factor 2 is introduced out of consistency with the convergence result of Proposition 4.2. In
practice, g, () is calculated at the vertices of the mesh T by a direct application of the formula (6.3). The
calculation of integral quantities involving the values of g, . on 09, as those in (6.4), then relies on linear
interpolation from these values.

Both quantities m. and o, are represented in Fig. 10 for several values of the ratio e/h. As expected, the
mean value m, is approaching close values of the constant mean curvature x of 92 as ¢/h decreases with a
small bias. Concurrently, the variance o. increases, which can be explained by the fact that the values of
Gu.c tend to —oo (resp. +00) at vertices of the mesh lying inside 2 (resp. inside D\ Q) in this regime, and so
large numerical errors occur when calculating the values of g, . on 992 by interpolation. Roughly speaking,
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FIGURE 10. (Left) mean value m. over 092 of the derivative 2g, - of the approzimate perime-
ter functional PR°P(u); (right) variance o. over 9§ of this derivative in the ezample of
Section 6.2.2.

e/h = 4 seems to strike a fair compromise between a fair accuracy of the approximation of k by g, . and a
reasonable level of oscillations of the latter quantity.

An interesting conclusion of this experiment is that the mean curvature of a shape 2, which is in general
difficult to compute (see [41] for a discussion about this point), may be accurately approximated by the
quantity 2gy..

6.3. Minimization of the perimeter under a volume constraint

In this section and the next, we appraise the numerical behavior of the approximate total perimeter functional
PRoP(y) in model shape and topology optimization contexts.
Let us consider the problem
min Per(Q)

(6.5) Qchb
st. Vol(Q) =Vr

where the (total or relative) perimeter Per(€)) of the shape € is minimized under the constraint that its
volume Vol(Q) := fQ dx match a target value V. The density-based counterpart of this problem features
designs as density functions v € L>°(D, [0, 1]); it reads:
min P (u
(6.6) weL>(D,[0,1]) ()
s.t. Vol(u) = Vr

where P.(u) stands for either the approximate total perimeter PX°P(u) or the approximate relative perimeter
PNe"(y), and with a small abuse of notation, we have denoted by Vol(u) = [, u dz the straightforward
extension of the volume functional to density functions.

In principle, the numerical resolution of (6.6) could be conducted thanks to a standard algorithm, such
as a projected gradient method. In this context, even though the optimized function u is a density, a priori
taking values between 0 and 1, the I'-convergence result Theorem 5.2 (which in itself expresses a penalization
of intermediate densities) suggests that, as € gets small, u will present less and less such intermediate regions.
This is indeed observed, and for brevity, we do not report on these simulations, referring to [21] for analogous
calculations and conclusions.

Rather, we treat the problem (6.6) with a fixed-point algorithm from the previous work [18] of the first
author, which only features “black-and-white” designs. This method is based on the first-order necessary
optimality conditions associated to (6.6). Recalling the expression (6.3) of the derivative of P(u), these
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optimality conditions read: if u € L>(D, [0, 1]) is a local solution to (6.6),
Gue(x)+A>0 ifu(z)=0,
(6.7) Vol(u) =V, and 3N € R, s.t. < Gue(r) +A=0 if0<wu(z) <1, =xeD.
Jue(x) +A<0 ifu(z)=1,
If we restrict ourselves to considering characteristic functions of shapes u = xqo € L (D, {0,1}), we are thus
led to search for a shape 2 C D such that:
Oxo.e(@) +A <0 ifzxe
(6.8) Vol(xa) = Vr, and A € R s.t. { Gya.e(®) +A =0 if x € 0Q x € D.
Ixae(@)+A>0 ifxeD\Q,
To carry out this program, we represent the shape ) as the negative subdomain of a “level set” function
YP:D—R:
P(x) <0 ifxreQ
(6.9) Y(x) =0 ifzredQ z€D.
Y(x) >0 ifxe D\Q,
The first-order necessary conditions (6.8) are thus equivalent to the fact that the function (gy,.. +A) be one
level set function for 2. They can be rewritten as:
Ixa,e T A
|9xa.e + )‘HLZ(D)

(6.10) ¥l L2(py =1 and ¥ = with Q@ ={z € D, ¢(z) <0}.
Note that, in the above, since ¥ and ct) define the same shape  via (6.9) for any constant ¢ > 0, there is
no loss of generality in imposing that ¢ have unit norm.

We rely on a fixed point algorithm with relaxation to enforce the optimality conditions (6.10). The
latter is summarized in Algorithm 1. Briefly, a sequence of level set functions v,,, and associated shapes
Q,, :={x € D, ¢,(z) < 0} is produced, which are updated via a linear interpolation scheme on the unit
sphere [62] (see the definition of the coefficients a,, and b,, in Algorithm 1). The value A, of the Lagrange
multiplier ensuring that the volume constraint is satisfied is found by bisection at each iteration of the
process.

In practice, as was noted in the previous work [18], solving the problem (6.6) with Algorithm 1 for a small
value of the ratio e/h may precipitate the optimization path in a local minimum with bad performance. To
circumvent this issue, we rely on a continuation strategy: starting from a fairly “large” value of €/h, we solve
a sequence of problems (6.6), associated to decreasing values of this ratio. Each sub-problem is deemed to
reach convergence at the iteration n where the angle 6, between the current level set function v,, and the
derivative g,, satisfies 6,, < 1°.

We solve the problem (6.6) in both situations where P.(u) is the approximate relative perimeter PN%(u),
or the approximate total perimeter PR°P(u). The considered 2d physical setting is the following: the
computational domain D is the unit square (0, 1)?, which is discretized with a Cartesian mesh Q composed
of 10,000 Q; elements. In both cases, the volume target is set to Vr = 0.4|D|; the initial guess € is the
total computational domain D minus a square hole so that g fulfills the volume constraint.

The evolution of the shape in the course of both experiments is presented in Fig. 11. When the relative
perimeter is minimized, the resulting design is a horizontal rectangle which sticks to the boundary of the
domain D, taking advantage of the fact that only the side of the rectangle lying strictly inside D will be
evaluated by the (approximate) relative perimeter. On the contrary, when the total perimeter is minimized,
the optimized shape is a disk which does not touch the boundary 0D, in agreement with the classical
isoperimetric inequality.

The histories of the perimeter, volume and Lagrange multiplier associated to both experiments are re-
ported in Fig. 12. In particular, we observe that the approximate perimeter functionals PN®"(yq) and
PRoP(yq) converge to their exact counterparts as the ratio €/h decreases. The images of the second column
illustrate that minimizing the sequence of approximate perimeters PN°"(yq) and PR°P(yq) for a decreasing
value of the ratio ¢/h leads to a minimization of the exact perimeters 3 P¥(2) and £ PT ().
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Algorithm 1 Fixed-point level set algorithm for the resolution of (6.6).

Initialization: Initial shape Q°, initial associated level set function .
for n =0, ..., until convergence do
(1)  Solve the equation (6.2) for v, with xq~ as the right-hand side by the finite element method.
(2)  Calculate the derivative g, . via (6.3).
(3)  while 7 > 7y, do
(i) Calculate the new level set function 1,41 and the new shape €, 11 as

wn—&-l == anwn + bngna Qn+1 - {fﬂ S D ¢n+1( ) < 0}7

where we have introduced

o gXQ,NE + /\n L sin ((]_ — T)Gn)
= g e ooy T snb,
= w 6,, := arccos(¢ ) € [0, 7]
" sinf, =" ns Yn) L2 (D) » Tl

and )\, is obtained by bisection, so that Vol(xqgn+1) = V.
(ii) if P.(xqn+1) < P-(xqn) then
break
(iii) else
T4 0.5*T.
(iv) end if
(4) end while
end for
return Q" ¥,

iter = 0 iter = 2 iter = 3 iter = iter = 16 iter = 18 iter = 40

Re}ative D D r‘ ' ‘ ‘
o LA A 4 et il NN

iter = 0 iter =1 iter = 2 iter = 3 iter = 10 iter = iter = 20

Total
perimeter

FIGURE 11. Several snapshots of the evolution of the design in the perimeter minimiza-
tion example under volume constraint considered in Section 6.3; (upper row) the relative
perimeter functional PN is used; (lower row) the total perimeter functional PRP is used.

6.4. Using the perimeter functional in structural optimization

We finally turn to the use of our perimeter approximations in the more realistic setting of shape and topology

optimization of elastic structures.

6.4.1. Shape and topology optimization of elastic structures

The optimized shape 2 C D stands for a linearly elastic structure, whose boundary is decomposed into three

disjoint regions I'p, I'y, I
0N = fD @] fN urT.
The shape is attached on the part I'p of its boundary and surface loads g € H*(R%)? are applied on I'y. For

commodity, we assume that both regions are imposed by the context; they are non optimizable subsets of
the boundary 9D of the computational domain. The only optimized part I" of 92 is traction-free; moreover,
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FIGURE 12. Ewolution of the quantities involved in the (upper row) relative and (lower row)
total perimeter minimization problem under volume constraint of Section 6.3. The values of
the perimeter (normalized with that of the initial design), volume and Lagrange multiplier are
represented on the left column; the exact relative and total perimeters Per™(Q) or Per” (Q)
of the shape Q are compared with the approzimate values PN"(xq) and PR (xq) through
the iterations in the central column, and the algorithm parameters 6 and e/h are represented
on the right column.

body forces are omitted. In this context, the displacement of Q is the unique solution ug € H'(Q)¢ to the
linearized elasticity system:
—div(Age(uq)) =0 in D,
ug = 0 on FD,
Age(ug)n =g on I'y,
Age(ug)n =0 on I
The constitutive tensor Ag is constructed accorded to the so-called ersatz material approximation:
Aq = (1= xa)nA + x4,
where A is an isotropic Hooke’s tensor with unit Young modulus and Poisson’s ratio v = 0.3, and n < 1 is a
very small parameter (in practice we take = 10™%), so that the phase D\ Q is made of a very soft material.
We consider the minimization problem

min C(Q2) + aPer(9)

s.t. Vol(Q) = V.

where Per(2) stands for either the relative or the total perimeter of 2, Vr is a volume target, and C(2) is
the compliance of ), that is:

C’(Q):/DAQe(uQ):e(uQ)dx:/F g - ug ds.

N
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The density-based counterpart of this problem reads:
min C(u) + aP-(u
(6.11) e By OO T OTE
s.t. Vol(u) = Vp,

where we have introduced a suitable relaxation C'(u) of the compliance functional, devised in our previous
work [19] and further analyzed in [13]. Again, P.(u) stands for either PN¢"(u) or PR (v).

The numerical resolution of this problem relies on the same continuation strategy as in the previous
Section 6.3 for the ratio ¢/h, and a straightforward adaptation of Algorithm 1.

6.4.2. Optimization of a two-dimensional cantilever

We first consider the benchmark 2d cantilever test case. The computational domain D is a rectangle with
size 2 x 1 and the clamping region of shapes I'p is the left-hand side of 9D. A unit vertical load g = (0, —1)
is applied on 'y = {z = (z1,22) € D, 1 =2, 0.4 < 25 < 0.6}. The domain is discretized with a
regular triangular mesh composed of 7200 Py elements. The volume target is set to Vp = 0.4|D| and the
initial design €2 is the solution of a standard compliance minimization problem under the volume constraint
Vol(2) = Vi (corresponding to the version of (6.11) without perimeter penalization). When solving (6.11),
we normalize the compliance by replacing C(u) with C(u) := C(u)/C(xqa,)-

We solve both instances of (6.11) featuring the approximate relative and total perimeter functionals, with
a value of the weight coefficient @ = 0.1. The results are displayed in Fig. 13. In both cases, the small
features of the initial design are removed in the course of the process and admittedly, both optimized designs
look similar, except for the fact that the shape € obtained by using the total perimeter functional presents
more natural, “straight” members in the junction region with the boundary of the computational domain
D. This expected effect shows that it is actually more natural to rely on the total version of the perimeter
functional in such a context, so as to ensure that the boundary 9D is “seen” as a part of the boundary of
shapes, and that the region 92 N 9D is optimized as such.

XD X> X >
X0 X> 2X>

FIGURE 13. Several iterations of the minimization of a weighted sum of the compliance and
the perimeter of a 2d cantilever under a volume constraint in Section 6.4.2. (Upper row)
the relative perimeter functional is used; (lower row) the total perimter functional is used.

6.4.3. Optimization of a 3d cantilever

We eventually deal with the three-dimensional counterpart of the example of the previous section. The
computational domain D is now a box with size 4 x 1x1; the region I'p where shapes are clamped corresponds
to the left side of 9D, and a unit vertical load g = (0,0, —1) is applied on I'y := {x = (1, 22,23) € D, 21 =
4, 0.4 < Io, X3 < 06}
We solve the minimization problem (6.11) with a volume target Vy = 0.15|D| and a = 0.1. The initial
design € is that obtained for minimum compliance under the volume constraint Vol(Q2) = Vr, i.e. we
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solve the instance of (6.11) where the perimeter functional is omitted. The resulting optimized shapes are
represented in Fig. 14.

D>
AI>

FIGURE 14. Optimization of a weighted sum of the compliance and the perimeter of a 3d
cantilever under volume constraint in Section 6.4.3; (upper row) several views of the initial
guess and (middle row) corresponding views of the optimized shape obtained when using
the relative perimeter functional; (lower row) corresponding views of the optimized shape
obtained when using the total perimeter functional.

Obviously, the minimization of the compliance of €2 without any perimeter constraint tends to favor
plates and laminates as structural elements. In contrast, beams and bars naturally appear when a perimeter
penalization is incorporated into the problem. As expected, when compared with that obtained when using
the relative perimeter functional, the optimized design using the total perimeter functional shows a lesser
contact area with the boundary 9D of the computational domain.

7. CONCLUSIONS AND PERSPECTIVES

The object at the place of honor in this article is the total perimeter Per” (). This functional evaluates the
total measure of the boundary of a subset  contained in a fixed “hold-all” domain D C R?, as opposed
to the relative perimeter Per(Q), which only takes into account the region dQ N D lying strictly inside
D. We have introduced and analyzed two approximate versions P (u) and PR°P(u) of Per” (Q), which
are in addition defined on general “density functions” w : D — [0,1]. These prove particularly relevant in
density-based topology optimization frameworks, since their expressions do not involve the gradient of the
function u, but rather a “smoothing” of u (the degree of smoothing being controlled by the “small” parameter
g). The “consistency” of the approximate formulas P°" (u) and P2°P(u) with the original notion of total
perimeter as € tends to 0 has been proved by considering their pointwise convergence, the convergence of
their derivatives, and their I'-convergence. These features of our approximate total perimeter functionals
have been appraised by numerical simulations.
The present work opens the way to several natural directions for future research:

e It would be natural to try and extend the present study to the case of anisotropic perimeter func-

tionals, of the form
/ o(ng) ds
le)
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where ¢ : R — R is a given function. Grossly speaking, these functionals are used to account for

growth models where some expansion directions are preferred, see e.g. [67]. Let us mention that
variants of the Modica-Mortola approximation have been proposed to deal with anisotropic perimeter
functionals [11, 65].

e The result of Proposition 4.2 suggests approximate versions of shape functionals involving the mean
curvature of 952, which would be of great numerical interest, since calculating curvatures, and even
worse, their derivatives, is well-known to be a difficult issue (again, see [11] for a related discussion).

e As we have mentioned, the total perimeter functional, or an approximate counterpart as those devised
in this article, finds a natural use in optimal design involving contact mechanics: the contact region
is often imposed by the context as a fixed subset of the boundary of the computational domain D.
However, this region should be counted as part of the boundary of the optimized structure 2 and
its area has to be taken into account in the evaluation of the perimeter of €.
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APPENDIX A. TECHNICAL FACTS
A.1l. A wee bit of geometry

For the convenience of the reader, we recall in the present section a few basic facts from differential geometry,
referring to e.g. [38] for a more exhaustive treatment.

Throughout the article, we consider Lipschitz bounded domains (resp. domains of class C*, k > 1) Q C R%:
for any point x € 0f2, up to rotating the canonical orthonormal frame, there exist an open neighborhood U
of 2 and a Lipschitz function (resp. a function of class C¥) f : R%~! — R such that:

(Al) QNU = {(ZZ = (1171, ...,ll?d) € U, Tq < f(x17---7xd—l)};

roughly speaking, Q can be described as the subgraph of a (d — 1)-dimensional Lipschitz function, locally
around any point x € 9. Likewise, letting the function ¢ : U — R be defined by ¢(z) = x4 — f(z1, ..., z4-1),
it holds:

zeQNU & ¢(z) <O0.
When € is a bounded Lipschitz domain, the unit normal vector n to 92 pointing outward € exists for
dH4 1 a.e. point x € 90, If Q is of class C*, n is defined as a vector field of class C*~! on 9€. In either

case, it is conveniently expressed in terms of the function f (or alternatively ¢) if a local representation of
the form (A.1) is assumed:

n(z) = YOO _ €= Vi@, za)
V()] \/1+|Vf($1,...,xd_1)|2'

Let us now suppose ) to be of class C?; if x is a point on 9 and a local representation of 9Q of the form
(A.1) is assumed, the second fundamental form of 9 at x is given by the matrix II, defined by:

m, = V<V¢ ) (a),

v Vé(x)
T @) ~ Rp © (V@) V@)

In the particular case where n(z) = eq4, these formulas rewrite:
Vf(z) =0, and [T, = —V?f(x).

The eigenvalues k1(z),...,kq—1(x) of the matrix II, are the principal curvatures of the surface 9 at z,
and the associated eigenvectors are tangent vectors to dS) at x called the principal directions of 02 at x.
Eventually, the mean curvature x(x) of 0Q at x is the sum k() := k1(x) + ... + Ka—1(x).
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A.2. A few words about the signed distance function
Let us start with a definition.

Definition A.1. Let Q C R? be a bounded Lipschitz domain.
e The signed distance function dg to Q is defined by:

—d(z,0) if x € Q,
Vo € RY do(x) = 0 if x € 09,
d(z,00) ifx € R\ Q,

where

(A.2) d(z,09) = Join, |z —yl

is the usual Euclidean distance from x to 0S.

e For a given x € R, any point y € 08 realizing the minimum in the definition (A.2) is called a
projection point of x onto 9. When there exists a unique such point, it is denoted by paq(z) and
called the projection of x onto Of).

The following proposition expresses the fact that, provided Q is regular enough, there exists a tubular
neighborhood of 92 whose points can be parametrized by their distance to 9€; see [13] for a proof.

Proposition A.1. Let Q C R? be a domain of class C, k > 2; there exists § > 0 such that, introducing the
tubular neighborhood 95 = {9: € R?, d(xz,00) < 5}, the mapping

F :(=6,0) x 0Q — 0Qs, F(t,y) =y +tn(y)
is a C*~1 diffeomorphism with inverse:
Vo € 0Qs, F1(x) = (da(x),paa(z)).
In particular, the signed distance function is differentiable on 0, and it holds:
Vo € 085, Vda(z) = n(psa(z)).

When  is at least of class C2, the above considerations allow to define natural extensions of the unit
normal vector n to dQ pointing outward €2, and of any tangential vector field 7 : 92 — R? to the whole
tubular neighborhood 9€)s via the formulas:

Vo € 9Q5, n(z) = n(paa(x)), and 7(x) = 7(paa(x)).

Eventually, let Q C R2 be a 2d bounded domain of class C2. Let us denote by 7 the unit tangential vector
field to 99, so that (7(z),n(x)) defines a local orthonormal frame of the plane at any point x € 9. For any
function f of class C2 on D, it holds

_f R K Of

(A-3) Al =55t o T T rda on’

on 0€Qs.

A.3. A version of the coarea formula
The following result was proved in [5] as an application of the coarea formula (see [36]).

Lemma A.1. Let D C R? and Q C D be a C? bounded domain. Then for any function o € L' (D), it holds:

d—1

(A1) [ etayas= [ ( Lo e 11

i=1

(1 +da(2)ki(y)) dHl(Z)) ds(y),

where dg is the signed distance function to 2, z denotes a point in the ray rayyq(y) == {x € D, paa(x) =y}
emerging from y € 02 and dH(z) is the line integration along that ray.
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