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ABSTRACT. This article revolves around shape and topology optimization, in the applicative context where
the objective and constraint functionals depend on the solution to a physical boundary value problem posed
on the optimized domain. We introduce a novel numerical framework based on modern concepts from
computational geometry, optimal transport and numerical analysis. Its pivotal feature is a representation
of the optimized shape by the cells of an adapted version of a Laguerre diagram. Although such objects
are originally described by a collection of seed points and weights, recent results from optimal transport
theory suggest a more intuitive parametrization in terms of the seed points and measures of the associated
cells. The discrete polygonal mesh of the shape induced by this diagram is a convenient support for the
deployment of the Virtual Element Method for the numerical solution of the boundary value problem
characterizing the physics at play and for the evaluation of the functionals of the domain involved in the
optimization problem. The sensitivities of the latter are derived next; at first, we calculate their derivatives
with respect to the positions of the vertices of the Laguerre diagram by shape calculus techniques; a suitable
adjoint methodology is then developed to express them in terms of the seed points and cell measures of the
diagram. The evolution of the shape through the optimization process is realized by first updating the design
variables according to these sensitivities and then reconstructing the diagram thanks to efficient algorithms
from computational geometry. Our shape and topology optimization strategy is versatile: it can be applied
to a whole gammut of physical situations (such as thermal and structural mechanics) and optimal design
settings (including single- and multi-phase problems). It is Lagrangian and body-fitted by essence, and it
thereby benefits from all the assets of an explicit, meshed representation of the shape at each stage of the
process. Yet, it naturally handles dramatic motions of the optimized shape, including topological changes,
in a very robust fashion. These features, among others, are illustrated by a series of 2d numerical examples.
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1. INTRODUCTION AND RELATED WORKS

Since the early implementations of optimal design, the identification of a means to represent the shape
Q C R? (d = 2 or 3 in practice) which is amenable to all the operations of the numerical resolution has been
a recurring issue — especially when physical applications are addressed, where the behavior of the optimized
shape is modeled by boundary value problems, such as the conductivity or the linear elasticity equations.
It is indeed notoriously difficult to reconcile accurate simulations of these boundary value problems with
a robust description of the evolution of 2 through the optimization process. The historical “Lagrangian”
approaches for shape optimization hinge on a (simplicial) mesh of 2 which is updated between the iterations
of the workflow; while this representation naturally offers a convenient support for mechanical computations
via the Finite Element Method, it makes it difficult to track the deformations of 2 in a robust way, especially
when they include topological changes [90, 105]. More recent solutions to carry out this thorny evolution
operation resort to implicit, Eulerian representations of the shape ). The most popular practice in this
category is certainly to use the level set method [3, 101, 116, 130]. The latter brings into play a fixed mesh T
of a large “hold-all” domain D: the optimized design 2 C D is encoded into a so-called “level set function”
¢ : D — R, discretized on T in practice, which is negative (resp. positive) inside Q (resp. inside D \ Q).
Arbitrary updates of 2 are accounted for via “simple” updates of ¢ — for instance, small deformations of the
boundary 92 translate into an advection or a Hamilton-Jacobi equation for ¢. Unfortunately, this flexibility
has a price: since no mesh of the shape (2 is available, physical boundary value problems posed on {2 have to
be replaced by approximate counterparts, posed on the total domain D, which are solved on the fixed mesh
T. This practice often leverages a fictitious domain method, such as the ersatz material approximation in
structural mechanics, see e.g. [3]; in any event, it results in an inaccurate numerical solution. The main
competing Eulerian strategy for optimal design, the so-called phase-field method, shares fairly similar spirit,
assets and drawbacks [22, 26, 126]. On the extreme side of this line of thinking, density-based topology
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optimization methods [17], such as the popular Solid Isotropic Material with Penalization (SIMP) method
in structural mechanics (see also [25] about artificial porosity methods in the context of fluid mechanics),
downright relax the optimal design problem in terms of a “blurred” version p of the characteristic function
of the optimized design, defined on (the mesh T of) D and taking values in the interval [0, 1]. Intuitively, p
encodes the “local density” of material: regions where p(x) = 1 (resp. p(x) = 0) are full (resp. devoid) of
material and the intermediate values p(x) € (0, 1) represent regions filled by a microscopic arrangement of
material and void in proportions p(x) and (1 — p(x)). The physical problem under scrutiny is approximated
and reformulated to accommodate such a description of the design, notably by endowing regions where p
takes intermediate values with fictitious material properties. Last but not least, and without entering into
details, let us eventually mention that several of the aforementioned approaches have been combined, see
e.g. [4, 5, 6] for a concurrent use of the level set method with simplicial remeshing algorithms, or [36] for a
quite sophisticated Lagrangian method using remeshing.

The present article introduces a novel framework for shape and topology optimization which is based on
concepts and techniques from computational geometry and optimal transport. This construction elaborates
on the previous work [83] of one of the authors, taking place in the context of computational fluid dynamics,
and on its recent applications [77, 96, 97] in the field of cosmology, see also [45] about related ideas. The
cornerstone of our strategy is a representation of the optimized shape 2 by the cells of a (modified version of a)
Laguerre diagram, a generalization of the well-known notion of Voronoi diagram in computational geometry

[14, 24]. Although the natural definition of such objects involves a collection s = {s1,...,sy} € RN of seed
points and associated weights ¥ = {11,...,1%n} € RY, we leverage recent results from optimal transport
theory to parametrize them by the seed points s and the measures v = {vy,...,vx} € RY of the associated

cells. In the present applications, the shape € is iteratively optimized with respect to an objective and
constraint functions J(€2) and G(2). Their evaluation and that of their derivatives, which in turn determine
the velocity field governing the evolution of Q through the process, raise the need to solve one or several
boundary value problems posed on 2; this is a major additional difficulty with respect to the aforementioned
works [83, 77, 96, 97], where heuristic simplifications made it possible to express the velocity field for € in
terms of geometric quantities of the diagram only. In order to solve these boundary value problems, we
take advantage of the tessellation of €2 into convex polytopes induced by its diagram representation; this
offers a convenient support for the use of the Virtual Element Method — a recent variant of the classical
Finite Element Method adapted to polygonal meshes, see e.g. [12]. The calculation of the sensitivities of the
optimization criteria J(€2) and G(£2) with respect to the seed points s and cell measures v of the diagram
is realized in two steps: we first apply shape calculus techniques to compute their sensitivities with respect
to the vertices of the diagram and we next employ a suitable adjoint method to reformulate them in terms
of s and v. A descent direction for the optimization problem is then inferred from this information, and
the parameters s and v of the Laguerre diagram for () are updated; the new diagram associated to the
resulting seed points and weights is generated, revealing the next iterate of the shape 2. This strategy is
Lagrangian by nature since the evolution of € is realized by tracking the motion of the defining seed points;
it consistently features an exact, body-fitted description of the shape €. In the meantime, it leaves the
room for a robust account of dramatic deformations between iterations, including topological changes: the
deformations of (the mesh of) Q are never tracked explicitly; rather, the shape is rediscovered after each
iteration, once the defining Laguerre diagram has been calculated anew.

As reflected by the previous discussion, one originality of our approach is that it leverages recent concepts
and techniques pertaining to quite different fields: shapes are represented via Laguerre diagrams, a notion
from computational geometry and optimal transport; the Virtual Element Method from numerical analysis
is used for the solution of the physical boundary value problems at play on polygonal meshes; eventually,
fine techniques from shape and topology optimization are used to orchestrate the optimal design process.

To the best of our knowledge, the present work is the first one using all these ingredients together even
though, admittedly some of them have already been combined in the literature. Voronoi-like diagrams,
polygonal meshes, and numerical methods dedicated to this type of structures have been considered in
the perspective of optimal design or more generally interface motion tracking, as we now briefly overview,
without exhaustivity. In [61], the cells of a Voronoi diagram are used to represent the many individual
entities of a granular medium. The collection is subjected to the viscous, elastic and contact forces between
cells, which are modeled by a finite-dimensional system of ordinary differential equations. The contributions
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[123, ] arise in the field of fluid dynamics; the 2d polygonal mesh induced by a Voronoi diagram is used
as computational support for the finite volume calculations involved in the simulation of the flow, notably
for the reconstruction of the fluxes at the interface between cells. Although this discretization is not fitted
with the surface of the fluid, the defining seed points evolve according to the flow velocity. A high-order
version of this strategy was proposed in [59], see also [51] for another contribution in this setting. Still in the
context of fluid mechanics, the article [45] associates a Laguerre diagram to a collection of fluid particles;
its weights are adjusted to take into account the compressibility or incompressibility of the fluid. A simple,
approximate numerical solver based on discrete differential operators allows to compute the velocity of the
fluid. This framework has been recently revisited in [108], where entropy-regularized transport plans are
used to ease the calculation of the Laguerre cell attached to each particle. It can be adapted to the case of
free surfaces, owing to a modified version of this entropy-regularized optimal transport formulation and of
the Sinkhorn algorithm used to calculate the transport plan. Voronoi diagrams appear more systematically
as the pivotal ingredient of the so-called Voronoi Implicit Interface Method introduced in [113, ], see
also [134] for a mathematical analysis in the context of multiphase motion driven by curvature. Briefly, a
partition of a fixed domain into multiple phases is represented via the Voronoi diagram generated by a set
of seed objects (and not mere seed points). The evolution of these phases is achieved by first calculating the
domains induced by the e-offset of the collection of edges (in 2d) or faces (in 3d) of the diagram, then by
realizing their evolution via the “classical” level set method. The updated collection of phases is retrieved as
the Voronoi diagram of the resulting objects. Beyond the field of computational physics, Voronoi diagrams
have inspired popular formats for shapes in applicative disciplines such as computer graphics, see e.g. the
article [2] where the motion of a shape is tracked by introducing a clipped Voronoi tessellation of a template
shape, whose cells are rigidly deformed to match a target.

Closer to the setting of the present article, the specific features of Voronoi diagrams have inspired var-
ious original representations of the shape in optimal design. To our knowledge, the first numerical model
connecting the notion of optimal transport to geometric optimization is the article [31] about reflector opti-
mization, see [43] for an elegant numerical implementation of this formulation. The recent contribution [53]
is dedicated to trusses, i.e. networks of bars. The considered structures are represented by the edges of a
Voronoi diagram contained in a fixed “hold-all” domain D C R%; when it comes to calculating their elastic
behavior, a density function p : D — [0, 1] is generated, featuring a continuous interpolation between the
value 1 inside the bars and that 0 in void. This function is parametrized by the seed points of the diagram,
and the optimal design problem is solved in terms of these variables. A quite similar strategy is used in the
article [80], dealing with the optimization of foams.

The use of a polygonal computational mesh of the shape Q or a larger hold-all domain D is not extraneous
to the field of shape and topology optimization, either. For instance, the contributions [127, 11, 34] rely on a
density topology optimization method, where the hold-all domain D is equipped with a fixed polygonal mesh
serving as the support for all the mechanical computations of the workflow, which are performed by means
of the Virtual Element Method. The added value of the use of the Virtual Element Method on a general
polygonal mesh with respect to the more classical practice of the Finite Element Method on a simplicial
mesh hinges on its reported superior stability properties. To the best of our knowledge, only a few recent
contributions leverage the greater flexibility of general polygonal meshes over simplicial meshes to propose
shape and topology optimization methods featuring a body-fitted discretization of the optimized shape. In
[94, 95], the authors rely on the level set method; a level set function ¢ : D — R for the shape  is defined
on a fixed hexahedral mesh of the computational domain D and at each iteration, the 0 isosurface of ¢ is
explicitly discretized in this mesh, thus revealing a polygonal mesh of the shape. Mechanical computations
are performed on this computational support for 2 thanks to a moving least-square approximation, which
allows to calculate the shape derivative of the minimized function of the domain. A similar strategy is used
in [57], where a polygonal mesh of the computational domain D is used and the level set function ¢ : D — R
for the shape € is represented as a discontinuous Finite Element function. Again, at each iteration of the
process, the 0 level set of ¢ for the shape Q is explicitly discretized in the mesh of D, which results in
a new, non conforming polygonal mesh of the latter, on which Finite Element analyses can be conducted
by a discontinuous Galerkin solver. The topological derivative of the minimized function of the domain is
calculated and the level set function ¢ is updated from this information. Let us eventually mention the
related, very recent work [56] where a very fine simplicial mesh of D is used to update the level set function,
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and a coarse polygonal mesh is generated when it comes to mechanical computations, whose elements are
agglomerations of the simplices of the fine mesh.

To conclude this brief overview of related works, let us point out that, from the conceptual viewpoint,
our shape and topology optimization framework shares similarities with that developed in [74, 20]. In there,
a decomposition of the computational domain D into K phases is described by a so-called minimization
diagram. The latter is attached to a collection {¢k}k:1,...,K of scalar functions ¢ : D — R, in such a way
that each phase k = 1, ..., K is made of those points x € D where ¢ (x) is minimum among ¢1(x), .. ., ¢r(x).
The motion of the boundary between each phase is accounted for by a quite similar mechanism as in the
context of the level set method. We also mention the recent contribution [21] about the reconstruction of a
potential in an inverse problem, which is piecewise constant with respect to the cells of a Voronoi diagram.

The shape and topology optimization paradigm introduced in this article is recent, and it is still at the stage
of inception. It does not have the level of maturity of well-established frameworks, such as the aforementioned
density-based and level set methods. In particular, its implementation and use are perhaps more delicate, as
its main numerical ingredients — the solution of semi-discrete optimal transport problems, the construction
of Laguerre diagrams, the solution of boundary-value problems by the Virtual Element Method — are not
yet available as efficient, open-source libraries. Yet, we believe that it is an original, elegant and promising
framework for shape and topology optimization, that offers unique advantages, notably a fully differentiable
representation of shapes with respect to design parameters, the ability to track arbitrarily large deformations
in a body-fitted Lagrangian setting... The present article focuses on the exposition of our shape and topology
optimization framework in two space dimensions, where its main ingredients can be conveniently described
with a minimum level of technicality and its efficiency can be appraised on benchmark examples from the
literature. There is no conceptual obstruction to the three-dimensional extension of this work, but only an
increase in the implementation burden. Indeed, the chief tools involved — notably, the calculation of Laguerre
diagrams and the Virtual Element Method — are already available in this situation. To emphasize this fact,
our presentation takes place in the general, d dimensional case whenever it is possible without jeopardizing
with clarity. On a different note, as we have already noted, our strategy leverages concepts and algorithms
pertaining to disciplines which seldom appear together in the literature: computational geometry, via the
handling of Laguerre diagrams, numerical analysis for the simulation of physical phenomena (and notably,
the Virtual Element Method), and optimal design for the notions of shape and topological derivatives, the
adjoint method, etc. In order to ensure a relatively self-contained presentation, we provide a reasonable
amount of background material about these ingredients, including proofs when they help intuition or when
they are not readily available in the precise context of interest. Our implementation essentially relies on
open-source libraries, and we aim to make it available in a short future, together with associated tutorials.
We believe that the methods introduced in this work will find useful applications beyond shape optimization,
e.g. in computational physics.

The remainder of this article is organized as follows. The next Section 2 sets the scene of the shape
optimization problems analyzed in this article. In particular, we introduce the main notation used throughout
and recall a few basic notions about shape optimization. Section 3 is devoted to the numerical representation
of our shapes in terms of the seed points and cell measures of a Laguerre diagram; the general shape
optimization workflow adopted in this context is then presented. The subsequent Sections 4 to 6 are more in-
depth presentations of the main operations involved therein. Section 4 deals with the geometric computations
attached to Laguerre diagrams involved in our framework, and notably their construction, cell regularization,
resampling, etc. Section 5 sketches the implementation of the Virtual Element Method for the solution of
the conductivity equation and the linear elasticity system. Eventually, Section 6 details the calculation of
the objective and constraint functionals featured in our shape optimization problem and their sensitivities
with respect to the parameters of our shape representation, namely the seed points and cell measures of the
representing diagram. A series of numerical examples is presented and discussed in Section 7 to showcase
the main features of our approaches. In Section 8, we draw a few conclusions about this strategy and we
outline natural perspectives for future work. The article ends with a series of appendices, devoted to the
proofs of some technical results which are not completely new, but are adaptations of existing results, or
known facts which are not easily found under the needed form in the literature. It also contains several
useful implementation details.



2. PRESENTATION OF THE SHAPE OPTIMIZATION PROBLEM

Our main purpose in this article is to optimize shapes, that is, bounded, Lipschitz domains © of R?, where
d = 2,3 in practice. We consider optimization problems of the general form:

(P) mg%n J(Q) st G(Q) =0,

where J(§2) is an objective criterion, and G(2) = (G1(),...,G,(Q)) is a collection of p scalar-valued
equality constraint functionals.
Elementary examples of shape functionals are the volume Vol(£2) and the perimeter Per(2), defined by:

(2.1) Vol(Q?) :/ dx, and Per(2) = ds.
Q X9)

More involved instances about J(€2) and G(£2) depend on the physical behavior of  via a so-called state
function ug, which is the solution to a boundary value problem posed on €.

After setting a few notations about calculus in Section 2.1, we describe in Section 2.2 the applicative
situations considered in the present article, namely those of conductive media and of elastic structures.
Eventually, in Section 2.3, we recall a few facts about differentiation with respect to the domain.

2.1. Notations

Throughout this article, vectors x in a Euclidean space RY appear in bold face, and their components are
denoted by x = (z1,...,2x). Moreover, we rely on the following conventions:

e For N > 1, the Euclidean space RY is equipped with its canonical basis {ei},_; n- The attached
Euclidean inner product is denoted by (-, -), and sometimes only with a -, and the norm is denoted
by ||. We also introduce the supremum norm:

[X|oo:= sup |z;], x€RN,
i=1,...,
e The open ball in RY with center x € RY and radius 7 > 0 is denoted by B(x,7).
e Let f: RY — R be a (smooth enough) scalar function and let x € RY; we denote by %(x) the

X
derivative of f at x, i.e. %(x) :RY — R is the linear mapping giving rise to the expansion:

fx+3X)=f(x)+ %(x)()’i)—l—o()’i), where O|(§) —0as X—0.

The gradient V f(x) € RY of f at x is the Riesz representative of this linear mapping, that is:

. o 0 ~
VX eRY, (Vf(x),%) = a—i(x)(x)
When needed, we shall explicitly indicate in the operator Vy the variables x involved in the derivative.
e Still considering a (smooth enough) scalar function f : RV — R, the Hessian matrix [sz(x)] of f

at x is the N x N matrix with entries:
(V2 f(x)]

e For M, N > 1, the derivative of a smooth enough vector-valued function ¥ = (¢1,...,%a) : RV —
RM is the linear mapping %(x) : RN — RM featured in the expansion

B(x + %) = Y(x) + gi’(x)(ﬁ) +0(R), where °|(AX|) S 0as R— 0.
X X
The M x N matrix Vap(x) associated to this derivative — sometimes also denoted by [V (x)] for
clarity — is that with entries:

O f

ij (')xi(‘)xj

(x), 4,j=1,...,N.

i . .
[qu(x)]”:aw(x)v Z:1,...,M,j:1,...,N.
Ly
As a result, the following relation holds true:
~ 0 ~ ~
e, R = [Ve)%
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where the right-hand side features the matrix-vector product between the M x N matrix [V (x)]
and the vector X € RY. Note the (classical and hopefully harmless) ambiguity of these notations in
the case M =1 where Vi(x) is a vector with size N and [V (x)] is the transpose 1 x N matrix.

More specific notations will be introduced when needed, later in the article.
2.2. Mathematical models for conductive media and elastic structures

In this section, we introduce the two physical applications of our shape optimization problems. We refer
to classical treaties about continuum mechanics such as [128] for further details, see also [(6] about linear
elasticity.

2.2.1. Optimal design of conductive media

Let the shape Q stand for an electric conductor in R? (d = 2 or 3). It is filled by a material with smooth
conductivity v € C=(R?), satisfying the following ellipticity condition:
J0<y<y<ox st. vx € RY, lgy(x)gﬁ.

The boundary 92 is maintained at fixed potential 0. Introducing a source f € C>(R?), the voltage potential
ug inside (2 is the unique solution in H{(£2) to the following boundary value problem:

. —div(yVug) = f in Q,
(Cond) { g = 0 on 90

The associated variational formulation reads:

(2.2) Search for ug € H}(Q) s.t. Vv € H}(Q), / YVug - Vo dx = / fvdx.
Q Q
In this context, a typical objective function measuring the performance of € is the compliance

(2.3) C(Q)z/Q’HVuQ\Q dXz/quQ dx,

which appraises the energy stored inside the shape €, or equivalently, the work done by the source. One

may also be interested in minimizing the first eigenvalue A} (resp. the k' eigenvalue )\g) of the operator

—div(yV-) on Q equipped with Dirichlet boundary conditions: A, is the smallest positive number A (resp.

the k'!' smallest positive number) for which there exists a non trivial function u € Hg(Q) satisfying
—div(yVu) = Ay in ©Q,

(2.4) { u=0 on 0f.

From the physical viewpoint, A\, accounts for the minimum energy of a potential u with unit squared

amplitude, as reflected by the classical Rayleigh quotient formula:

/’y|Vu|2 dx
(2.5) Ay = min e
eI, u? dx
Q

Remark 2.1. We shall also consider a two-phase variant of this setting, where the shape ) represents one
phase made of a material with conductivity v, € C*(RY) within a fized domain D made of a material with
different conductivity vo € C>®(R%). One then aims to optimize the repartition D = QU (D \ Q) of both
materials within D with respect to, e.g. the compliance of the total device D; see Section 7.3 for a numerical
example in this setting.

2.2.2. Optimization of the shape of elastic structures

In this section, @ C R stands for a mechanical structure, whose boundary is divided into three disjoint
pieces:

oN=Tp Ul'yUT.
In this decomposition,

e The shape Q is clamped on I'p;



e Surface loads g : 'y — R are applied on I'y;
e The region T is free of applied efforts.

In practice, I'p and I'y are often imposed by the context, so that only the free boundary T" is subject to
optimization. Introducing (smooth) body forces f : R? — R? representing e.g. gravity, the displacement ug
of Q belongs to the space
H ()% :={ue H(Q)?, u=0onTp}.
It is the unique solution in the latter to the linearized elasticity system:
—div(4e(ug)) =f in Q,
ugn = 0 on FD,
Ae(ug)n=g on Iy,
Ae(ug)n =0 onTI.

(Elas)

Here, e(u) := £(Vu+ Vu”) is the linearized strain tensor induced y a vector field u :  — R?. The material
properties of the elastic medium are encoded in the Hooke’s tensor A, which reads:

For all symmetric matrix & € R4 A€ = 2ué + (€)1,

where A > 0 and ¢ > 0 are the Lamé coefficients of the material. The boundary value problem (Elas)
rewrites, under variational form:

(2.6)  Search for ug € Hf ()% s.t. Vv € Hf ()%, / Ae(ug) :e(v) dx = / f-v dx—|—/ g-vds.
Q Q 'y

The shape optimization problem (P) under scrutiny in the present context of mechanical engineering may
for instance consist in minimizing the compliance J(2) = C(2) of the structure as a means to maximize its
rigidity,

(2.7) cQ):= /QAe(uQ) ce(ug) dx = /Qf ‘ug dx +/F g - uq ds,

under a volume constraint G(2) = Vol(Q2) — Vp, where Vp is a volume target.

Remark 2.2. For simplicity of the presentation, we have assumed that all the data of the models of the
previous and present sections (the domain ), the forces £, g, etc.) are smooth. This framework is by no
means the minimal one guaranteeing the well-posedness of these models, and the validity of our developments.

2.3. Shape optimization in a nutshell

The mathematical analysis and numerical resolution of a shape optimization problem of the form (P) hinges
on the sensitivities of the objective and constraint functions J(£2) and G(£2) with respect to the domain
— a notion which can be appraised in various ways. In this work, we mainly rely on the boundary variation
method of Hadamard, see for instance [9, 69, 91, ]. The latter is based on variations of a given shape
Q C R? of the form:

Qg == (Id+ 0)(Q), 8 € WH(RYRY), [|0]|y1.00 (ra gay < 1.
Loosely speaking, g is obtained by moving the points of ) according to the “small” vector field 6, see
Fig. 1.

One function F(Q) of the domain is called shape differentiable at a particular shape Q when the underlying
mapping 6 +— F(Qg), defined from a neighborhood of 0 in W1 (R4 R?) into R, is Fréchet differentiable
at 0. Its derivative 8 — F'(Q)(0) is called the shape derivative of F at  and it satisfies the following
expansion:

0(0) 6—0
[10]lv1.00 (Re RA)Y
Intuitively, a “small” perturbation of € following a “descent direction” 6, i.e. a deformation such that

F'(©)(0) < 0, for a short pseudo-time step 7 > 0 produces a shape Q,¢ with a “better” performance (i.e. a
lower value), as measured in terms of F:

F(Qe) ~ F(Q) + 7F (Q)(8) < F(9).
8

F(Qg) = F(Q) + F'(Q)(0) + 0(0), where 0.




FIGURE 1. Variation Qg of a shape Q) in the sense of Hadamard’s method.

Simple examples of shape derivatives are those of the volume and perimeter functionals defined in (2.1).
Under mild assumptions that we omit for brevity, these read:

(2.8) Vol'(Q)(8) = /Qdiv(Q) dx = /('m 0 -nds, and Per’(Q2)(0) = /Em k6@ -nds,

where k : Q2 — R is the mean curvature of 0.

The analysis of the “physical” functionals of interest in this article is more intricate, as they involve the
solution ug to a boundary value problem posed on €2, see e.g. (2.3) and (2.7). Nevertheless, the classical
adjoint method allows to calculate their shape derivatives in closed form, in terms of ug and possibly of an
adjoint state pq, solution to a boundary value problem similar to that for ug. Although it is non trivial,
this technical issue is well-known in the literature, and we do not enter into details, referring to e.g. [7, 81],
and also [106] for a comprehensive introduction.

Remark 2.3. The adjoint method will be deployed (and detailed) in Section 6.2 below to achieve another
purpose, that of converting a derivative with respect to the vertices of a Laguerre diagram into derivatives
with respect to its seed points and cell measures.

For further reference, let us note that the shape derivative of a generic shape functional F'(£2) has often
two different, albeit equivalent structures:

e A volume form
(2.9) F'(Q)(0) = / (tq -0+ Sq : V) dx,
Q

featuring an integral over the domain 2 of the deformation 8 and its derivative, and some vector-
and matrix-valued functions tq :— R? and Sq : 2 — R%*? depending on the function F ().
e A surface form

(2.10) F(Q)(6) = /m v 0 -nds,

involving a scalar field vg : 922 — R which depends on F(€2).

The surface expression (2.10) is often deemed more appealing: it indeed reflects the natural fact that the
shape derivative of a “regular enough” objective function depends only on the normal component of the
deformation 6 on 992, see for instance [19, 69] about the so-called Structure theorem for shape derivatives.
Besides, it easily lends itself to the identification of a descent direction for F(2), as letting @ = —vgn on 0N
straightforwardly ensures that F'(2)(0) < 0. However, the volume form (2.9) is usually more suitable for
mathematical analysis, see e.g. [71, 64].

Remark 2.4. The deformations 6 considered in the practice of the method of Hadamard are often restricted
to a subset of WH>°(RY RY), which is for instance made of vector fields with higher regularity, or vector
fields vanishing on a fized, non optimizable region of space.
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Remark 2.5. The notion of shape derivative is not the only means to understand differentiation with respect
to the domain. The alternative concept of topological derivative appraises the sensitivity of a function F ()
with respect to the nucleation of a “small” hole inside 2. It relies on variations of Q of the form:

Qg r = Q\ B(x,7), where x € Q and r < 1.

The function F(Y) is then said to have a topological derivative dr F(2)(x) at x € Q if the following expansion
holds:

F(Qer) = F(2) + rdn F@)() + o), where 200 220

We refer to [63, | for the seminal contributions about topological derivatives and to [10, 99] for recent
overviews.

3. DISCRETIZATION AND EVOLUTION OF SHAPES USING MODIFIED LAGUERRE DIAGRAMS

This section details the representation of shapes adopted in our framework. The first Section 3.1 introduces
basic notions about Laguerre diagrams, in their original version and in the modified version introduced in
[33]. In the next Section 3.2, we explain how such objects can be conveniently parametrized by the seed
points and the measures of their cells. Finally, Section 3.3 sketches our optimization strategy, whose most
critical operations are more extensively described in the next parts of the article.

3.1. Representation of shapes via Laguerre diagrams

Let D C R? be a fixed bounded and polygonal domain, with unit normal vector n : 9D — R?, containing all
the shapes of interest. We start with the classical definitions of Voronoi and Laguerre diagrams, the latter
being more general, weighted versions of the former; we refer to [14, 24] about these classical notions from
computational geometry.

Definition 3.1.

o Lets={s;}
is the following decomposition of D:

i=1,..N € RN be a collection of seed points. The Voronoi diagram Vor(s) induced by s

o N
(3.1) D = | J Vori(s),

i=1
where for i =1,...,N, the Voronoi cell Vor;(s) is defined by:
(3.2) Vor(s) :== {x € D, |x—s;> < [x—sj|?, Vj#i}.

o Lets = {si};_y  n € R™ be a collection of seed points and o = {1b;},_; € RN be a set of
associated weights. The (classical) Laguerre diagram Lag(s, ) attached to s and 1) is the following

decomposition of D:

,,,,,

N
(3:3) D =JLag(s. %),

i=1
where fori=1,...,N, the Laguerre cell Lag,(s, ) reads:
(3.4) Lag,(s, ) := {x €D, |x— si\Z - < |x— sj|2 — 1, Vj# z} .

The concept of Laguerre diagram paves the way to a way of representing a shape 2 C D, as a subset of
the cells of a diagram of the form (3.3) and (3.4), associated to suitably chosen seed points s and weights ):

K
(3.5) Q = | Lag,(s, %), where K < N,
=1

and the cells Lag; (s, ), i = K +1,..., N form a decomposition of the void phase D\ Q. In addition to this
option, we shall also rely on another point of view, introduced in [83], which leverages a slightly modified
version of the notion of Laguerre diagram.

10



Definition 3.2. Let Q C D be a shape; two sets s = {s;},_, n € R™ and ¢ = {1;},_, 5 € RN of
seed points and weights generate a (modified) Laguerre diagram V (s,) for Q if the following decomposition
holds:

..........

(3.6) Q= Vils, ),

-

Il
N

7

where each closed cell Vi(s, 1)) is obtained by intersection of the corresponding Laguerre cell Lag;(s, ) in
(3.4) with the ball centered at s; with radius 1/)1-1/2:

(3.7) Vi(s, ) = Lag;(s, ) N B(s;, 11/ ?).

Both types of decomposition (3.5) and (3.6) will be used in the present work to represent a shape 2 C
D. The analyses of their mathematical properties are very similar, and since “classical” diagrams of the
form (3.3) and (3.4) are more familiar in the literature (although not in the present shape and topology
optimization context), we essentially focus our presentation on the modified diagrams of Definition 3.2,
pointing out the differences with their classical counterparts when relevant.

The next statement draws the main geometric features of the representation (3.6) and sets related no-
tations used throughout the sequel, see Fig. 2. For simplicity, it is only provided in the case of two space
dimensions. Its elementary proof is completely similar to that of the corresponding statement for “classical”
Laguerre diagrams (3.3), about which we refer to e.g. [14], and it is omitted for brevity.

Definition 3.3. Let d =2, and let Q C D be a shape defined via the diagram (3.6) associated to seed points
s = {Si}izl,...,N and weights 9 = {wi}izl,...,N‘ The following facts hold true:

(i) The cells Vi(s,p) in (3.7) are closed, bounded and convex subsets of R2.
11) The intersection Vi(s, 1) N V;i(s,v) between two different cells © # j is either empty, or a point or a
J
(closed) straight segment e;; orthogonal to s;s;.
111) When the intersection V;(s,v¥)NV;(s, 1) is a segment with positive length, V;(s, 1)) is called a neighbor
J J
of Vi(s, ). The index set of the neighbors of the it cell is denoted by N; C {1,...,i —1,i+1,...,N}.
(iv) We denote by € C {1,...,NY* the set of neighboring pairs of cells in the diagram (3.6), that is, (i, ) € €
if j € N; (and so i € Nj).
(v) For eachi=1,...,N, the boundary OV;(s,v) can be decomposed as:

oVi(s, ) = Ueij UC UL,
JEN;

where
o ForjeN;, e;:=0Vi(s,¢) NIV;(s,v) is a line segment;
e C; =00N3IV(s,v) is a (possibly empty) collection of circular arcs;
e L; =0DNAVi(s,v) is a (possibly empty) collection of line segments.
(vi) The endpoints of the (straight or curvilinear) pieces of this representation are called the vertices of the

diagram (3.6). We denote by q:={q;},_, /€ R2M the collection of these M wvertices.

Remark 3.1. Although the seed points of a Voronoi diagram obuviously belong to the interior of their re-
spective cells, the defining seed points of a Laguerre diagram may lie far outside; actually, they may even lie
outside the computational domain D although, for implementation stability purposes, we shall impose that
they remain inside the latter, see Section 6.3.

To illustrate this point, let us consider a collection of seed points s = {s;},_; y € RIN . Let h be

an arbitrary vector in R?; we introduce the collection of seed points s = {s; + h},_, y resulting from a

.....

common translation of s1,...,sy by h and the weight vector 'J given by Ji =2s;-h,i=1,...,N. Then,
11



FIGURE 2. Representation (3.6) of the shape Q C D as the modified Laguerre diagram (3.6)
associated to the seed points s = {s1,...,sn} and weights ¥ = {t1,...,¥N}.

for any index i =1,..., N and any point x € D, a simple calculation reveals that:
x € Lag;(8,¢)) & |x—h—s;2=2s; - h < [x—h—s;2~2s;-h Vj#i
& |x—s;*>~2h-(x—s;)+ |h]*-2s;-h < |x—s;*~2h- (x—s;)+ |h|*~2s; -h Vj#i
o Ix-sP< xos VA
< x € Vor;(s).

In other terms, the Voronoi tessellation Vor(s) of D, whose seed points s1,...,sn belong to the interior of
their respective cells, has the same cells as the Laguerre diagram Lag(s, ¥) whose seed points lie arbitrarily
far away.

Remark 3.2. Although, strictly speaking, a decomposition of the form (3.6) is not a classical Laguerre
diagram, it can be understood as the diagram associated to the collection of “seed objects” sU{sg} and weights
P U {¢o}, where the additional object sg is the whole domain D and 1y = 0, see [383]. A straightforward
adaptation of the Definition 3.1 of a Laguerre diagram to allow seed objects (and not just seed points) shows
indeed that the cells of this new diagram are exactly those Vi(s, ) in (3.7) fori =1,..., N, with the following
additional “void cell”, associated to sg:

(3.8) Vo(s,p):=={x€D, Vi=1,...,N, 0<|x—s;>—1}.
Hence, up to a small abuse of terminology, we shall refer to (3.6) as a (modified) Laguerre diagram for Q.

An insightful geometric viewpoint about classical and modified Laguerre diagrams (3.3) and (3.4) and (3.6)
and (3.7) is to consider them as minimization diagrams of a family of functions, as we now briefly explain
in the case d = 2 for simplicity, see Fig. 3 for an illustration. The Voronoi diagram Vor(s) of a set of seed
points s € R?Y is generated by the 3d paraboloids given by the graphs of the functions x  p;(x) = |[x—s;|?,
in the sense that:

For each i =1,...,N, Vor;(s) = {x €Dst. i€ argminpj(x)} ,
j=1,...,N
12



FIGURE 3. (a) Two-dimensional Voronoi diagrams (and “classical” Laguerre diagrams) can
be described by collections of three-dimensional paraboloids with axes aligned with the third
coordinate vector; (d) The 2d diagram is obtained by “seeing this collection from below”; (b)
Modified Laguerre diagrams are obtained by inserting the 3d lower half-space in the diagram,
and (d) The intersections between the paraboloids and this half-space create circular arcs at
the boundaries of the modified cells; (c) The weights v; of a (classical or modified) Laguerre
diagram correspond to shifts of the parabolas along the vertical azis; (f) This results in a
change of the area of the cells.

i.e. Vor;(s) is the set of points x € D where p;(x) is minimal among p;1(x),...,pn(x). The “classical”
Laguerre diagram Lag(s,) involving weights 9 € RY is obtained by “shifting” each of the aforemen-
tioned 3d paraboloids by the corresponding weight ¢; in the negative es direction. Eventually, a corre-
sponding representation of the modified diagram V(s,)) is obtained by adding the function py(x) = 0
to the minimization diagram, i.e. by intersecting each of the 3d paraboloids with the lower half-space
{x = (21,79,73) € R? s.t. 23 < 0}.

3.2. Parametrization of the diagram representation via the seed points and cell measures

The effect of the weights 1 on the shapes of the cells V;(s, 1) as encoded in (3.7) is implicit and difficult to
handle. Tt turns out that the decomposition (3.6) of € can be equivalently characterized by the seed points
s € R and the vector

vi={vitiy. v ERY, wi=Vi(s,9)
gathering the measures of the cells. This is handful for a variety of purposes:

e In structure mechanics, shape and topology optimization problems often feature a constraint on the
volume Vol(£2), which is particularly easy to impose when a clear control of the measures of the
individual cells of V (s, ) is available, see Remark 6.5.

e A parametrization of V (s, 1)) in terms of the measures of its cells paves the way to a simple adaptation
strategy of the local size of the diagram, see e.g. [135] about this topic.
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e As we shall see in Section 4, our construction algorithm for V (s, %) may fail when it contains empty
cells. The identification and prevention of this feature are delicate from the datum of the weight
vector b, but natural when V (s, 1)) is parametrized in terms of the cell measures v. In this spirit,
this control also allows to prevent low volume, low quality elements.

e Such a control is handful in applications beyond optimal design; for instance, in fluid mechanics,
retaining cells with constant measures is a natural means to account for the incompressibility of the
fluid, see [83].

This section discusses this convenient alternative viewpoint which will be used throughout the following.
It relies on optimal transport; for the convenience of the reader, we recall a few useful facts about this theory,
referring to [75, 79, 104, 112, 129] for more exhaustive treatments.

Let X stand for the compact set D. For x,y € X, we denote by c(x,y) = |x — y|? the quadratic ground
cost on X, which intuitively represents the cost of moving one unit of mass from the position x to y. When
w and v are positive measures on X with equal mass u(X) = v(X), the Monge formulation of the optimal
transport problem of i onto v consists in the search for a mapping T : X — X realizing the transfer of the
mass of p onto v at minimal cost, that is:

(OT-M) min {/ c(x,T(x)) du(x), T: X — X is (u,v)-measurable with Tup = V} ,
X

where Tl p is the push-forward of the measure p by T, i.e.
For all v-measurable subset B C X, Tyu(B) = u(T~(B)).

Unfortunately, the problem (OT-M) is often ill-posed; for instance, an admissible mapping 7" in (OT-M) may
easily fail to exist. One therefore usually considers instead the so-called Kantorovich relaxation of (OT-M):

(OT-K) min {/ c(x,y) dm(x,y), mis a positive measure on X X X s.t. m = p, my = z/} .
XxX

Here, 1 and 75 denote the first and second marginals of the measure m on X x X:
For all 71, mo-measurable subsets A C X, BC X, m(A)=7(Ax X) and m(B) = (X x B).

In (OT-K), the minimization is realized over positive measures m on X x X (also called transport plans
or couplings) with marginals ¢ and v. Intuitively, when A and B are p- and v- measurable subsets of X,
m(A x B) is the “quantity of mass” transferred from A to B. The problem (OT-K) is often better behaved
than (OT-M) from the mathematical viewpoint; for instance, it is immediate to see that it is convex.

Let us specialize this abstract setting to our purpose. Let s = {s;},_; 5 € RN be a collection of seed
points, and let ¥ = {Q/Ji}i:lw n be a weight vector. According to Remark 3.2 we let ¢ := 0 be the weight

for the seed object sg = D. Likewise, when v = {1;},_, 5 is a collection of volume targets such that

N
Vi=1,...,N, v; >0, and Zl/i§|D|,
i=0

we denote by vy := |D| — vazl v; the volume of the corresponding “void phase” Vj(s, ) in (3.8). We then

aim to apply the aforementioned optimal transport theory to the situation where p := 1 pdx is the restriction
to X of the d-dimensional Lebesgue measure and

N
(3.9) vi= Z v;l0s, + VoﬁﬂD dx
i=1
is the discrete measure induced by the objects {s;},_;  y U{so}. In this perspective, we shall often invoke
the following assumptions about s and 1 to rule out very degenerate situations as far as the diagram V (s, 1)
is concerned:
(G1)
All the cells V;(s, 1)) have positive Lebesgue measure, i = 0,1,..., N (in particular, they are non empty).

(G2) No three distinct seed points s;, s;, s are aligned.
14



(G3) For each vertex q at the intersection between 2 neighboring cells Vi(s,v), Vj(s, ), 4,5 =1,..., N,
and the void phase Vo(s, %), q, s; and s; are not aligned.

(G4) Each vertex q is at the intersection of at most 3 distinct cells
VZ(S7¢)’ ‘/J(S7¢))Vk(s7¢)7 i7j7k:O717"'7N'

(G5) The boundary 9D of the computational domain is smooth at each vertex q lying on dD.

Such a point is moreover at the intersection of at most 2 distinct cells Vi (s, ), Vj(s, %), i, =0,...,N.

(G6) For each vertex q at the intersection of 0D and 2 distinct cells Vi(s, ), V;(s,9), i,j =1,..., N,
the line 0V;(s, ) N OV;(s, 1) is not orthogonal to the unit normal vector n(q) to 0D.

(G7) For each vertex q at the intersection between 9D, one cell V;(s, ) and the void Vj(s, ),

the line gs; is not orthogonal to n(q).

The desired description of shapes €2 in terms of the seed points s and cell measures v of an associated
diagram (3.6) is enabled by the following result. Its proof, which is an adaptation of those of Theorems 37
and 40 in [88], is postponed to Appendix C.

Theorem 3.1. Let D C R? be a bounded, Lipschitz domain and X := D. Lets = {s;}
set of seed points in D, and let v = {v;}

i=1.. N € RN pe g

N : i o
i—1,..n € RY be a vector of associated cell measures, satisfying:

N
(3.10) Vi=1,...,N, »>0, and » v;<|D|
=1

The following statements hold true:
(i) There exists a unique weight vector ¥* = ¥*(s,v) € RY such that:

(3.11) Vi=1,...,N, |Vi(s,¥")| =vs, and so |Vy(s,v¥™)| = vp.
(ii) The vector ¥*(s,v) is one solution to the mazimization problem

3.12 K(s,v, 1),

(3.12) mnax (s,v,9)

where the so-called Kantorovich functional K : RV x RY x Rf}f — R is defined by:

N N
(3.13) K(s,v,4) = Z/ (% = sif2 = i) dx + 3 viein.
i—1 Y Vi(s,) i=1
(iii) Assuming that the genericity conditions (G1) to (G7) hold true, this solution is unique. Moreover, K
is smooth on an open neighborhood of (s,v,¥*(s,v)) in RN x RY x Rg, and ¥*(s,v) is the unique
solution to the equation:

(3.14) F(s,v,9*(s,v)) =0, where F: R x RY x Rg — RY is defined by F(s,v, ) := V4 K(s,v,).

(tv) There exists a unique optimal transport mapping Ty between the measures (1 and v in the Monge
formulation (OT-M), which is given by:

s; if xeVi(s,¥*(s,v)), i=1,...,N,

(3.15) Fora.e. x€ X, Ty(x)= { < otherwise.

Remark 3.3. The uniqueness statement (iii) in the above theorem actually holds true under weaker assump-
tions than the collection (G1) to (G7). It only requires that the mapping ¥ — K(s,v, 1) be differentiable, i.e.
loosely speaking that the area |V;i(s,v)| of each cell be differentiable with respect to v, while (G1) to (GT7) im-
ply that all the individual vertices of the cells of V (s, 1)) are differentiable with respect to v, see Remark B.1
below about this point.
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Remark 3.4. The situation where Zfil v; = | D| corresponds to the “classical” setting where the cell Vo (s, 1)
is empty and the diagram V (s, ) coincides with the Laguerre diagram Lag(s, ). Then, there still exists
a collection of weights v fulfilling the conclusions of Theorem 3.1, but the latter is only unique up to the
addition of a common factor to all the weights v;, i =1,..., N [88].

Remark 3.5. Our representation (3.6) of shapes and their deformations echoes to the framework of “lin-
earized optimal transport”, recently proposed in [18, 87, |. Briefly, the latter advocates to parametrize
measures v on X by the unique optimal transport mapping between a fixed reference measure p on X and v,
i.e. the solution to (OT-M). By comparison, our parametrization (3.6) of shapes @ C D boils down to con-
sidering the particular class (3.15) of optimal transport mapping between the uniform measure p = ﬁ]lp dx

on X and measures v of the form (3.9).
3.3. General sketch of the Laguerre diagram-based shape and topology optimization method

This section outlines our algorithmic strategy for the resolution of a generic shape and topology optimization
problem of the form (P), in which the objective and constraint functionals J(2) and G(€2) depend on the
optimized shape 2 via the solution ug to a boundary value problem posed on €2, as in the examples of
Section 2.2. The method is summarized in Algorithm 1; its main steps are illustrated on Fig. 4 and they are
more thoroughly described in the next sections of the article.

Algorithm 1 Laguerre diagram based shape and topology optimization algorithm for (P).

Input: Initial shape Q° characterized via (3.6) and (3.7) by the datum of:

e The collection of seed points s = {s(l)7 .. ,S?V};
e The vector 10 := {Vlo, ey V?V} gathering the measures of the cells.
for n =0, ..., until convergence do

(1)  Calculate the unique weight vector 1™ € RY such that:
Vie1,... N, |Vi(s" "=

(Optionally) Modify this diagram by resampling and Lloyd regularization.
Construct a polygonal mesh 7™ for Q" from the diagram V(s™,4").
Calculate the solutions ugn, por to the state and adjoint equations on the mesh 7.
Calculate a descent direction (h™,v™) for the problem (P), that is:
e A collection h" = {h?}i:L...,N € RN of vectors attached to the seed points s™;

e An update vector 2" € RY for the measures.

DN

N

A~ N S
ot w
NN

(6) Update the seed points and measure vectors s” and v™ as:

SZL-H =s; +7"h, and v = 4 o,

77
where 7" > 0 and p™ > 0 are suitable descent steps.
end for
return Seed points s™ and measures v™ representing the optimized shape Q" via (3.6) and (3.7).

At each iteration n = 0,.. ., we label with an " superscript the actual instances of the various objects at
stake. The shape Q" C D is consistently described by the seed points s™ € RV and the vector v € RN of
the cell measures of a diagram V(s™, ¥™) of the form (3.6) and (3.7). The iteration starts with the calculation
of the unique weight vector 1™ € R¥ such that the measure of each cell V;(s™, ™) equals v;, see Section 4.1.
The diagram associated to these data is computed, as described in Section 4.1. A number of post-processing
operations are conducted on the latter, such as regularization, resampling, etc., see Sections 4.2 and 4.3.
Note that these operations may alter the number N of seed points — a detail which is omitted in the present
sketch for simplicity. A polygonal mesh 7™ of Q™ is then constructed from this diagram, see again Section 4.
Then, the solution ug~ to the mechanical system of interest (and that po» to the adjoint system) is calculated
on the mesh 7™; this task relies on the Virtuel Element Method, and its treatment is described in Section 5.
The derivatives of the objective and constraint functions J(§2) and G(2) are evaluated, at first with respect
to the vertices q" of the polygonal mesh 7™ — see Section 6.1 — then with respect to the seed points and
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FIGURE 4. Illustration of the main steps of Algorithm 1; (a) At the beginning of each
iteration, the weight vector ¥™ is computed, and the diagram V (s™, ™) for Q™ is constructed
(the seed points are depicted in red); (b) The state equation for ugn is solved by the Virtual
Element Method on the polygonal mesh T™ of Q" induced by V(s™,¢™); (c) A descent
direction is calculated as a vector field h™ for the seed points and an update v™ for the cell
measures; (d) The seed points s"t1 of the new diagram for Q"' are obtained by moving
those in s™ along h™; the cell measures v" "1 are obtained likewise; (e) The new weight
vector Y"1 and the diagram V (s"1, 4"t for Q" are computed.

cell measures s™ and v™ defining the representation (3.6) of Q" see Section 6.2. A descent direction for
the considered optimization problem is inferred thanks to a constrained optimization algorithm under the
form of update vectors for seeds and cell measures, see Sections 6.3 and 6.4. This procedure is iterated until
convergence.

4. GEOMETRIC COMPUTATIONS ON {2

This section provides a few details about the non trivial operations from algorithmic geometry involved in

Algorithm 1. In Section 4.1, we discuss the calculation of the unique weight vector ¥*(s,v) supplied by

Theorem 3.1, guaranteeing that the diagram V(s,4*(s,v)) complies with the measure constraints (3.11);
17



we notably describe the computation of this diagram. In Section 4.2, we present a variant of the well-known
Lloyd’s algorithm aimed at improving the aspect of the cells of the diagram V(s, 1)), in the perspective of
realizing accurate mechanical computations. Eventually, in Section 4.3, we sketch simple numerical recipes
to adjust the local density of cells and remove “small” components disconnected from the main structure in
the course of the iterative process.

4.1. Calculation of the diagram V(s,v) associated to seed points s and cell measures v

Throughout this section, s € RV and v € RY are collections of seed points and weights satisfying the
assumptions of Theorem 3.1; notably, they satisfy (G1) to (G7). We describe the calculation of the unique
weight vector 1*(s,v) guaranteeing that each cell i = 1,..., N of the modified diagram V (s, ¥*(s,r)) has
measure v;, together with the practical construction of this diagram. Our strategy is based on Theorem 3.1,
whereby 1*(s,v) € RY is characterized as the unique solution to the non linear equation (3.14), that we
rewrite below for convenience:

(4.1) F(s,v,¢"(s,v)) =0, where F(s,v,¢) := V. K(s,v, ).

This feature paves the way to a Newton-Raphson algorithm [73], based on the differentiability of F(s,v,-),
and thus on the second order differentiability of the Kantorovich functional K (s, v, ) with respect to weights
1, which hold true since s and v are generic in the sense of (G1) to (G7).

This numerical strategy is sketched in Algorithm 2 and it is illustrated in Fig. 5. Briefly, the algorithm
starts with a suitable initial guess 9. At each iteration n = 0, ..., whose corresponding objects are labelled
with an " superscript, we first construct the diagram V (s, ™). The entries of the gradient VK (s, v, 9¥") €
RY and Hessian matrix [VZ)K (s,v,9")] € RV*N of the Kantorovich functional are then calculated from
this geometric support. The update step p™ € RY for the weight vector is then obtained by the solution of
the following Newton linear system with size V:

(42) [VU’F(Sa v, 1»[’”)] pn = _F(57 v, '(/Jn)

Eventually, a descent parameter o™ > 0 is chosen to update the weight vector 1™ into the next iterate 9™ *1.
We provide a little more details about the main steps of this process in the next subsections.

Algorithm 2 Computation of the diagram V (s, 1)) associated to given seed points s and cell measures v

Inputs:
e Fixed collection s = {sy,...,sn} of seed points.
e Fixed collection v = {v1,...,vn} of cell measures.
e Initial weight vector 9° = {¢,..., 4%} such that for all i = 1,..., N, V;(s, %) # 0.
e Tolerance parameter enewt about the fulfillment of (4.1).

for n =0, ..., until convergence do
(1 Compute the Laguerre diagram V (s, ")
2)  Calculate the gradient F(s,v, ") = V4, K(s,v,9™) of the functional K(s,v,-) at ¥™.
if |F(s,v,9¥")|0c< ENews then exit loop
Calculate the N x N Hessian matrix [V4F(s,v,¢")] = [prK(s,l/,'(/J")] of K(s,v,-) at ¥".
Calculate the solution p” € RY to the linear system (4.2).
Select a suitable descent parameter a” > 0.
Update the weight vector as: 9"t = 4™ + o"p™.

w
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end for

return Diagram V(s, ) satistying |V;(s,¢™)|=v;, for all i = 1,..., N, up to precision eNewt.

4.1.1. Initialization

According to Theorem 3.1, the initial weight vector 4" must be such that all the cells V;(s,4"),i = 0,1,..., N
(i.e. including the “void” phase Vy(s,1°) given by (3.8)) are non empty. In particular, this property is meant
to ensure that the Kantorovich mapping K (s, v, -) is differentiable at 1°, see Remark 3.3.
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FIGURE 5. Three different Newton iterations in the calculation of the modified diagram
V(s,) in Section 4.1. The weight vector 1) is initialized with a value ¥° ensuring that
none of the cells Vi(s,9°) is empty, and it is iteratively updated by Newton iterations. This
procedure appraises contacts between neighboring cells, and at convergence, Y™ is such that
the measure of each cell |Vi(s,¥™)| corresponds to the prescribed value v;, up to the precision
parameter € Newt-

One sufficient condition for this to hold is to select a common positive value ¢ > 0 for all the 9,
i=1,...,N. Indeed, the classical Laguerre diagram Lag(s, 1) then coincides with the Voronoi diagram
Vor(s) associated to the seed points s, where each cell Vor;(s) contains at least its associated seed point s;.

In turn, each modified cell V;(s, ") = Lag,(s, v°) N B(s;, 1/11-1/2) is non empty, ¢ = 1,..., N, and since the
common value 1) is arbitrary, it is easy to guarantee that Vy(s, %) is also non empty. In practice, we choose
Y0 = {1,1,...,1} as initial weight vector.

If all the target measures v; are equal to a common value 7, a simple heuristic suggests an initialization
procedure with “better” practical behavior. Intuitively, if a seed point s; lies “sufficiently far away” from all

the other seeds s;, j # ¢, then the classical Laguerre cell Lag;(s, ¥) contains the ball B(si,wil/g); thus the

modified cell V;(s, ) coincides with this ball. Going further, it is easy to show that if the seed points s; are
“well separated” from one another in the sense that:

1 1
, . 3.\ 3 3.\ 3
(4.3) Is; —sil> /2 442 in2d, and Js; —sif> (o= )+ (22) " in3d,
T s 47 47
)

then the optimal transport problem (3.14

(4.4) O { 5
(57)

and the balls B(s;, wil / 2) are disjoint from one another.
In general, the data s and v do not satisfy the separation property (4.3), and the cells of the diagram
V(s, 1) “interact” through their common boundaries, see Fig. 5. Then, several iterations of Algorithm 2
19
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are needed to achieve convergence (typically 5 to 10), but in practice, the heuristic initialization (4.4) saves
a couple of Newton iterations.
Last but not least, when the target measures v; are different, the choice (4.4) still proves quite efficient
. — 1 N
when used with the average value 7 := 5 > ;" v;.

4.1.2. Computation of Laguerre diagrams

This section briefly describes the construction of the modified diagram V (s, 1)) associated to given seed
points s € R and weights 1» € R"V. We consider the 2d case d = 2 for simplicity, and refer to [33] and the
bibliography therein for further details, including the treatment of the 3d case. The task under scrutiny is
decomposed into two steps.

Step 1: We compute the classical Laguerre diagram Lag(s, 1) associated to s and 1.

Several algorithms are available to achieve this task, whose outcome is illustrated on Fig. 6 (a). In
the present article, we rely on the iterative insertion algorithm of Bowyer and Watson proposed in [28,
132], see also [58] — a strategy originally intended to construct Voronoi diagrams (or their dual, Delaunay
triangulations), which can handle more general Laguerre diagrams up to simple adaptations, see [14].

The Bowyer-Watson algorithm proceeds by iterative insertion of the seed points si,...,sy. Each stage
n = 1,..., N of the process starts with the datum of the Laguerre diagram Lag(’s\”*l,'@”’l) associated
to the subcollections 8"~ ! := {s1,...,s,_1} and 12”_1 = {¥1,...,¥n_1} of seed points and weights, with
an obvious adaptation of this setting in the case n = 1. This diagram is stored under the dual form of a
so-called regular triangulation 7"~! of D, see Fig. 6 (b): the vertices of 7"~! are exactly sy,...,s,_1 and
its triangles are those connecting the 3-uples of seed points {s;,s;,sg} C s"~! (with disjoint indices i, j, k)
whose associated cells share a common vertex q. Working with this dual structure is convenient since all
dual cells (i.e. the triangles of 7"~1) have the same number of vertices, whereas storing directly the Laguerre
cells of Lag(/s””’l,@”*l) would require a more complicated data structure, since the latter have different
numbers of vertices.

FIGURE 6. Computation of the modified Laguerre diagram V(s,4) in Section 4.1.2: (a)
“Classical” Laguerre diagram Lag(s,); (b) Associated dual regular triangulation used to
store Lag(s, ) internally; (¢) Modified diagram V(s,v) obtained from Lag(s, ) after
clipping each cell Lag;(s, ) by the ball with center s; and radius \/;.

The algorithm then inserts the seed s,, into Lag(s"~1, 9"~1), see Fig. 7. To achieve this, one first identifies
the vertices q of Lag(s"~1,4" 1) that are in conflict with the presence of s,,, in the sense that they cannot

exist in the updated diagram Lag(s", 15") because they lie inside the Laguerre cell Lag,, (8", '(Z") of the new
seed point s, in the latter. Such a conflicting vertex q, defined by the intersection of the three Laguerre
cells attached to the seeds s;, sj, sy, is characterized by the following relation:

(4.5) |d —sn|*> — ¥n < Riji, where Ry, == |a—s;)° — ¢ = |a — 85> — ¢ = [q — s|* — ¢y

The equalities featured in (4.5) yield a linear system characterizing the coordinates of q, see also Appendix A.
By solving the latter with the classical Cramer’s formulas, substituting the resulting values into the above
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FIGURE 7. Iterative construction of the classical Laguerre diagram Lag(s,p) with the

Bowyer-Watson algorithm in Section /.1.2; (a) Insertion of a new seed s, (in red) into

the diagram Lag(/sV"*l,ﬂJ\”*l) under construction; (b) Some of the vertices of the current

diagram (in red) cannot exist in the new diagram because they lie inside the Laguerre cell of

the new seed s,; (¢) The cavity formed by the associated dual triangles (in red) is removed

and the vertices of the new Laguerre cell are dual to triangles connecting the new seed to
those at the border of the cavity (in green).

condition and symmetrizing the determinant by row manipulations, (4.5) rewrites:
2 2
Si1  Si2  Sii1 T Sio— Wi

2 2
sia Sja S+ 82y —
(46) C(Sivsj7sk’Sna¢i,¢jv¢ka¢n) = ! ! ot 72 ’ > 0.

2 2
Ska Sk2  Sp1tSpa— Yk

—_ = =

2 2
Sn,1 Sn2 Spi + Sn2 — ,d)"

One then constructs the cavity C"~!, defined as the collection of the dual triangles in 7"~! associated to
the vertices in conflict with s,,, see the red triangles in Fig. 7 (b). With a small abuse of notations, we use
the same notation for this collection of triangles and the closed subset of D formed by their reunion. Tt
can be shown that C"~! is a connected set containing s,,. Hence the identification of C*~! starts by finding
one triangle T € 7"~! containing s,,, and then proceeds by propagation through the neighbors of 7" while
they are in conflict with s,, in the sense that (4.6) holds, see Fig. 7 (b). Finally, the triangles in the cavity
C"~! are removed from the dual triangulation 77!, and the new triangles dual to the vertices of the new
Laguerre cell Lag,, (s, 12") are constructed. Each of them connects s,, with an edge of the boundary of C" 1,
see Fig. 7 (c). This procedure is iterated until all the seed points in s have been inserted.

The Bowyer-Watson algorithm crucially hinges on geometric predicates, that is, procedures taking combi-
natorial decisions based on the fulfillment of inequalities between the coordinates of some geometric objects.
Notably, the conflict test (4.6) is based on a predicate; moreover, the aforementioned search for a dual
triangle in C"~! containing the inserted seed point s, requires another predicate, measuring the relative

21



orientation of three points. The implementation of both predicates requires a particular attention, in order
to overcome the lack of precision of standard computer arithmetics. They amount to evaluate the sign of a
polynomial function evaluated at the coordinates of the seed points s; and weights ;. Such a quantity can
be exactly computed at a reasonable computational cost thanks to a combination of different techniques, see
[117, 76] and references therein.

The above Bowyer-Watson procedure also rests on the assumption that the seed points s and the weights
t are in a generic configuration (see again Theorem 3.1 and Remark 3.3). In practice, this assumption
guarantees that the determinant in the characterization (4.6) of the dual triangles in the cavity C"~! does
not vanish — a situation where s,, would lie on the boundary of this cavity, making the procedure invalid.
However, “pathologic” configurations where this determinant vanishes happen in practice, and they require a
specific treatment. For instance, if ¢ = 0 (and then Lag(s, 1) is the Voronoi diagram Vor(s)), the predicate
(4.6) evaluates whether the added seed point s,, lies inside the disk circumscribed to the triangle with vertices
Si, Sj, Si; the determinant in (4.6) then equals zero if the four seed points s;,s;, sk, s, are cocyclic. In this
case, two triangulations of the cavity C"~! based on s, are possible, and one would need to consistently
choose among them.

One possibility to treat situations where the determinant C(s;, s;, sk, Sn, ¥i, ¥;, ¥k, ¥ ) vanishes is to evade
from singular configurations thanks to the symbolic perturbation approach [52]: we conceptually perturb
each weight 1); as v¥; + €', where ¢ < 1 is a very small parameter, and we consider the expansion of the
associated determinant in terms of the powers of ¢:

2 2 i
Si1 Siz2  Sj1tSip— Y —¢€'

1
) 2 2 a2
, , 2 Sj1tSsjo—¢i—¢l 1
(47) C(Si7sj7skasla¢i+€za¢j +€]7wk+5ka¢n+€n): 2J ; k
Sk Sk2  Skq Tt Sko — P — € 1
1

2 2 n
Sn,1  Sn2 Spa + Sn2 — wn —€

| osj 0 sie 1 | sin si2 1
= C(SivsjaskvslvwiaZ/Jja'l;/}ka'djn) —¢ Skl Sk,2 1|+¢€ Sk,1 Sk,2 1
Sp,1 Sn,2 1 Sn,1  Sn,2 1
si1 Si2 1 si1 Si2 1
— €k Sj71 Sj72 1 + En Sj71 5j,2 1 s
Sp1 Sp2 1 Sk Sk2 1

where the second equality follows from the multilinearity of the determinant. In the last expression of the
above right-hand side, the factor of ¢” does not vanish since according to (G2) the seed points s;,s;,si
are not aligned; hence, using the sign of the leading term in the above expansion in powers of ¢ results in
a modified predicate which never returns 0 and takes consistent combinatorial decisions in the presence of
degeneracies.

Step 2: Computation of V (s, 1) by truncation of Lag(s, ).

For each i = 1,..., N, the i*" cell V;(s,4) of the modified diagram V(s,)) is obtained by computing
the intersection between its classical counterpart Lag;(s, 1)) with the ball centered at s; with radius v/4;, as
depicted in Fig. 6 (c). According to Definition 3.3, the boundary of V;(s,) is composed of line segments
— some of them pertaining to the boundary of the computational domain D, possibly bearing particular
references inherited from the latter — and, occasionally, circular arcs, see Figs. 2 and 5.

As we shall see more precisely in the next Section 5, the mechanical computations involved in the evaluation
of the shape functionals of our optimization problem (P) rely on a discretization of  made of convex
polytopes. The latter is constructed via the procedure described in [78]: a number ng,, is chosen, and each
circular arc is discretized into a polygonal line made of 7, line segments and (n,. + 1) vertices. The
calculation of the positions of these vertices from the datum of the seed points s is detailed in Appendix A.
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4.1.3. Computation of the gradient and of the Hessian matriz of the Kantorovich functional

In Steps 2 and 4 of Algorithm 2, the diagram V (s, ¥™) is used to evaluate the entries of the gradient
F(s,v,¢") = V4 K(s,v,4") and of the Hessian matrix V,F(s, v, ¢¥™) = prK(s, v, ™) of the Kantorovich
functional K (s,v,-) at ¢™.

These components depend on the measures of the cells |V;(s,¥™)| of the diagram V(s,4™) and on the
lengths of their edges e;;. Their expressions have been calculated in e.g. [73, 79]; for the sake of completeness,
they are recalled in Appendix B, where an intuitive proof is provided under simplifying assumptions.

4.1.4. Solution mechanism for the linear systems

The calculation of the Newton step p™ in Step 5 of Algorithm 2 is based on the solution of the following
linear system with size N x N:

(4.8) [VyF(s,v,9") p" = —F(s,v,9").

When two-dimensional applications are concerned, featuring a relatively small number N of seed points (say,
N < 10°), direct methods such as Gaussian elimination or LDL” factorization are available.

Larger configurations raise the need to use an iterative solver, that takes advantage of the sparse nature
of the matrix involved in (4.8), see again its expression in Appendix B. The Conjugate Gradient algorithm
[70] combined with the simple Jacobi preconditionner (which involves division by the diagonal coeflicients)
is an efficient candidate in this perspective.

When very large problems are considered (where the number N of seed points exceeds 10%), yet another
strategy is handful. The latter is based on the fact that the linear system (4.8) corresponds to the discretiza-
tion of a Poisson equation with P; finite elements. This calls for a multigrid method, that can solve such
a Poisson system in linear time. In our case, the mesh characterizing this discretization is irregular and
we recommend the use of an algebraic multigrid method [50]. Roughly speaking, such a multi-grid method
creates a hierarchy of operators by merging nodes in the graph that corresponds to the non-zero entries of
the sparse matrix. This technique made it possible to solve 3d problems featuring up to 10® points in our
previous works [77, 84].

4.1.5. Stopping criterion

The components of the gradient F(s,v,9") = V4K (s,v,9™) of the Kantorovich functional express the
difference between the target cell measures v; and the measures |V;(s,9™)| of the cells of the actual version
V(s,9") of the diagram. Hence, the supremum norm of this gradient appraises the largest error on the
fulfillment of the cell measure constraint. This geometric interpretation of F(s,v, ™) suggests a natural
convergence criterion for Algorithm 2: the Newton procedure is terminated as soon as the largest measure
error is smaller than 1 % of the smallest measure prescription, i.e. when the following inequality is satisfied:

i=1

|F(s,v,%") |00 < ENewt, Where eNewt = 0.01 ( minN I/i) .

3oy

4.1.6. Determination of the descent parameter

The selection of a suitable descent parameter o™ for the update of the weight vector 1 in Step 6 of Algorithm 2
deserves a particular attention. Indeed, the invertibility of the Hessian matrix F(s, v, 9™) of the Kantorovich
functional involved in the linear system (4.8) for the Newton step p™ crucially requires that none of the cells
Vi(s,4™) is empty, n = 0,..., N, see again the expressions in Appendix B. Hence, the choice of o™ must
guarantee that no cell V;(s, " *!) in the updated diagram V (s, " !) is empty.

To ensure this property, we rely on the Kitagawa-Mérigot-Thibert strategy, described in Algorithm 3 and
analyzed in [73]: starting from the Newton step a™° = 1, the descent parameter is halved until the magnitude
of the gradient F(s, v, ") has sufficiently decreased while the size of the smallest cell in V (s, 9" *1) is larger
than a certain threshold v,;,; in practice, we take:

1 . . .
(4.9) Vmin = 5 Win (i_or,rﬂ.r.l.w |Vi(s, 0)], i:OI,IR.I.l.,N ui) )

Using the so-computed descent parameter, the convergence of the Newton algorithm Algorithm 2 is proven,
see [73] for the details.
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Algorithm 3 Determination of a suitable descent parameter for the update of the weight vector

Input: The current Newton iterate n in Algorithm 2, characterized by the datum of:

The collection of seed points s = {s1,...,8n5};

e The current weight vector ¥™;

e The current Newton step vector p';

e The initial guess about the descent parameter a™% = 1.

for k =0, ..., until convergence do
n,k .
(1) i min [Vi(@" + 0™ p")] > v and [F(s, v, 9" + 0" bpr)|< (1 450)[F(s,v,9")] exit
loop

(2)  Update the descent parameter as: a™* 1 = ™k /2.
(3)  Compute the new diagram V (s, " 4 a™**1p")
end for

return Descent parameter a” := o™,

4.2. Smoothing of a diagram by a variant of Lloyd’s algorithm

As we shall describe more extensively in Section 5, the polygonal mesh induced by the diagram V (s, )
representing the shape €2 in our optimal design Algorithm 1 is used, in particular, as the numerical support
for the solution of boundary value problems posed on €2, by means of the Virtual Element Method. The
accuracy of the latter, like that of any Galerkin-based solution strategy, is tightly related to the “quality”
of this polygonal mesh; intuitively, this notion appraises how close its polygons are from being regular
[122, ]. Unfortunately, Algorithm 1 does not offer any guarantee about the quality of the cells of the
diagrams V (s", ™) at play, and it is necessary to periodically stop the process, say every 3, 4 iterations, to
improve their quality.

One possibility to achieve this goal borrows from the famous Lloyd’s algorithm for Voronoi diagrams [32].
Roughly speaking, the latter produces a “well-shaped” centroidal Voronoi tessellation (i.e. where the seed
point of each cell coincides with its centroid) from an arbitrary initial diagram Vor(s); it proceeds within a
series of iterations, by replacing the seed point s; of each cell i = 1,..., N by the centroid c; of the latter,
and then computing the new diagram Vor(c). Often, a relaxed version of this procedure is used, whereby
each seed point s; is moved towards c; for a short pseudo-time step « € (0,1).

In our strategy, we rely on a natural extension of this procedure to the present context of Laguerre
diagrams in which the measure of each cell is imposed. This was recently proposed in [44, 45, ], see also
[27]; it is sketched in Algorithm 4.

Algorithm 4 Smoothing of a diagram with constrained cell measures by a variant of Lloyd’s algorithm

Inputs:
e Diagram V(s% 9°) induced by:
- An initial collection of seed points s® € RY;

- A given vector v € RY of cell measures;
- The unique weight vector ¥° € RY such that each cell V;(s", %) has measure v;.
e Relaxation parameter « € (0, 1).
for n =0, ..., until convergence do
(1)  Calculate the collection " := {c}'},_, y of the centroids ¢’ € R? of the cells V;(s™, ™).
(2)  Update the seed points as: s"*! = (1 — a)s™ + ac™.
(3)  Calculate the weight vector "+ guaranteeing that |V;(s"*1, 4" H1)|=v; fori=1,...,N.
(4)  Compute the new diagram V(s"1 ypntl).
end for
return Diagram V(s", ") where each cell V;(s™,1™) is “well-shaped” and has measure v;
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4.3. Additional operations on diagrams

In this section, we outline two geometric operations on diagrams of the form (3.6) and (3.7) that significantly
improve the efficiency of the shape optimization Algorithm 2.

4.3.1. Resampling of a diagram

As will be exemplified in the numerical examples of Section 7, the optimization of the shape Q™ generally
entails significant changes in its volume through the iterations n = 0, ... of the process; it is often relevant
to dynamically adjust the number N of cells of the defining diagram V(s™, ™) according to these changes.
To achieve this, we periodically carry out a simple resampling procedure, at the end of every one iteration
over, say, 3 or 4 of Algorithm 1: a desired average value 7 for the measures of the cells of the diagram of the
shape Q" is given, and we infer the suitable number N™ of cells in the latter via the following relation:

N Vol(2")

%
We then add or delete seed points from the collection s™ to attain this number, according to the following
rules:

e Seed points s; are added inside the regions of Q" lying far from the boundary of Q™ (so that this
entity is unchanged in the process), where the local cell measures are largest. The measures v; of
the corresponding added cells are set to 7, and the (larger) measures of the neighboring cells are
decreased so that the volume of 2" is unaltered by this operation.

e The deleted seed points s; lie far from 90", and they correspond to cells V;(s™, ") with “small”
measures. Their mass is redistributed to the neighboring cells, so that Vol(2") is unchanged in the
process.

4.3.2. Elimination of material “islands” disconnected from the main structure

As described in Section 4.1.2, some of the edges of the cell in the diagrams V (s™, 9™) produced by Algorithm 1
may bear particular labels, inherited from the boundary 0D of the computational domain. These notably
serve to identify the regions of Q" bearing particular boundary conditions in the physical problem at play.
For instance, in the settings of Sections 2.2.1 and 2.2.2, they characterize the regions I'p and I'y supporting
homogeneous Dirichlet and inhomogeneous Neumann boundary conditions. In practice, it may be desirable
to remove the components of 2" that are not connected to any cell bearing such a label. For instance, in
the situation of Section 2.2.2, the regions of Q™ that are not connected to I'p cause the problem (Elas) to be
ill-posed, since the elastic displacement ug~ is only characterized by this problem up to a rigid-body motion
inside each such material “islands”.

The elimination of these regions is realized thanks to a simple algorithmic procedure, based on the
connectivity of V(s™ 9™). We start by storing into a pile all the indices ¢ € {1,..., N} belonging to cells
having one edge bearing the desired label. We then travel the cells of the diagram by propagating through
the neighbors of the elements in the pile, and we thus obtain all the indices of the connected component of
O™ attached to the label at stake. We eventually discard all the cells (i.e. the associated seed points) in
V (s, 1) that have not been visited in this process.

5. MECHANICAL COMPUTATIONS ON ) VIA THE VIRTUAL ELEMENT METHOD

In this section, we describe — in 2d for simplicity — the resolution of physical boundary value problems of the
form (Cond) and (Elas) on a polygonal mesh 7 of the shape Q. Different numerical methods are available
to achieve this goal. Although they are slightly unusual in the physical contexts at stake in this article, let
us notably mention finite volume methods — see [33] for the treatment of heat conduction problems, or [72]
for linear elasticity —, discontinuous Galerkin methods [32], or the recent Network Element Method [38, 39].

In the present work, we rely on the Virtual Element Method, which is an elegant adaptation of the
well-known Finite Element Method to the solution of boundary value problems on arbitrary polygonal
meshes. Although fairly recent, this method has aroused much enthusiasm within the academic and industrial
communities; it lends itself to rigorous analysis in a spirit relatively similar to that of the Finite Element
Method. This admittedly comes at the expense of a relatively higher level of implementation complexity,
especially in three space dimensions, partly due to the necessity of coping with general polygonal meshes.
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We refer to e.g. [12, 15, 40, 60, | for extensive presentations of the Virtual Element Method, to [18, 86]
for comparisons with the Finite Element Method on model problems, and to [12] for a recent open-source
implementation.

After setting notations in Section 5.1, we present this method in Section 5.2 in the context of the 2d
conductivity equation (Cond), where its salient features can be exposed in a relatively non technical manner.
This presentation is not intended to be minimal; rather, it prepares the ground for the treatment of the
linear elasticity system which is discussed next in Section 5.3. Practical implementation details are deferred
to Appendix D.

5.1. Notations

Throughout this section, 2 is a two-dimensional shape equipped with a polygonal mesh 7. The latter is
composed of N (closed) elements E;, i = 1,...,N, and M vertices, denoted by q;, j = 1,..., M. Each
polygon E € T is characterized by its n¥ vertices, which form a subset {qf}jzl WE of {q; }j:1 s these

E

are numbered in a counterclockwise fashion and we set g := qu and q,p_ | = q?, see Fig. 8 (a). We also

introduce the following notation:

e The diameter of E is denoted by k¥ :=sup, ,cplz —yl.

e Fori=1,...,n% — 1, e; is the edge with endpoints q” and qﬂl; ey = e,r stands for the edge
between qu and qF.

e Fori=0,...,n", we denote by ne, the unit normal vector to e;, pointing outward FE.

e For i = 1,...,n" we denote by &; the edge between qF ; and qﬁ_l, and by ng, the unit normal

vector to &;, oriented so that (ng, ne,;) > 0 for j € {7 —1,7}. A simple calculation shows that
(51) |ei—1‘n6171 + |ei|nei = ‘éi|néi'

e For any continuous function v : £ — R, we denote by

E
1
v=—5> vag)

j=1

the average of v over the vertices of F; the same notation is used when v is replaced by a vector field
or a tensor field on E.

e Accordingly, qF = (¢F,¢F) is the average position of the vertices of E, i.e.
— 1
(5.2) a? = — ) qF;

note that g differs from the centroid of E.
e For any integrable function v : E — R, we denote the average of v over E by

1
o) = /E o(x) dx;

the same notation is used when v is replaced by a vector field or a tensor field on E.

5.2. The Virtual Element Method for the 2d conductivity equation

This section deals with the implementation of the Virtual Element Method for the solution of the conductivity
equation equipped with homogeneous Dirichlet boundary conditions:

—div(yVu) = f in Q,
(Cond) { u=20 on 012,

where the sought function v € HJ () is denoted without reference to the (fixed) domain € in this section,
the right-hand side f € L?(Q) stands for a source term, and the conductivity v is assumed to be a positive
constant. Our presentation relies on the pedagogic article [125], see also [15]. We provide a general overview
of the method in Section 5.2.1 before focusing on the definition of the local space of discrete functions in
Section 5.2.2.
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FIGURE 8. (a) One polygonal element E € T; (b) Graph of the basis function (1, attached
to vertexr q¥ (see Section 5.2.2).

5.2.1. General presentation of the method

Like the Finite Element Method (see e.g. [37]), the Virtual Element Method leverages the variational
formulation (2.2) of (Cond), which reads:

(5.3) Search for u € V sit. Yo € V,  a(u,v) = £(v).

Here, the functional space V is Hg(£2), and we have posed:
(5.4) Yu,v eV, a(u,v) = fy/ Vu-Vuvdx and £(v) = / fvdx.
Q Q

The discretization of (5.3) relies on a finite-dimensional subspace Wy of V; the numerical approximation
ur € Wy of u is sought as the solution to the problem:

(5.5) Search for ur € Wr s.t. Yo € W, a(ur,v) = £(v).
The space Wy is defined by:
(5.6) Wr ={ueC(Q) and ulp € W(E) foral E€ T},

where for each element E € T, W(E) is a local space of functions on E whose definition is the topic of
the next Section 5.2.2. For the moment, let us solely mention that the dimension of Wy coincides with
the number M of vertices in the mesh 7, and that the values of functions u € Wy at the vertices qj,
j=1,..., M are the degrees of freedom of the discretization. We introduce a basis {¢y},_, 5 of Wr as
follows: for k =1,..., M, the function ¢y € Wy is attached to the vertex qj in the sense that:

1 ifk =1,

(5.7) Vi=1,...,M, ¢p(q) ={ 0 otherwise.

By writing the decomposition us = Zf\il uy; of the sought function wy on this basis, and using v = ¢y,
as test function in (5.5) for k = 1,..., M, the problem (5.3) and (5.4) boils down to the following M x M
linear system:

(5.8) K7Ur = Fr,

where Ur := (uy,...,up) € RM, and the entries of the stiffness matrix K+ € RM*M and force vector
Fr € RM are given by:

(59) K’T,kl = a‘(gpla @k)) and FT,k? = g(@k)) kal = 1a ey M.
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The integrals defining these quantities are sums of contributions from each element E € T i.e.

(5.10) alpr, oK) = Z a® (1, 01), where a”(u,v) := 'y/ Vu - Vv dx, and
BeT E

Fr = Z (% (1), where £ (v) ::/ fvdx.
E

EeT

Hence, the assembly of (5.8) is realized by calculating the local, element-wise contributions a®(¢;, ¢i),
0% (1) to the entries K7 g of the global stiffness matrix and Fr . of the global force vector, respectively.
These computations are discussed in the next Section 5.2.2 and Appendix D.

5.2.2. The local space W(E) attached to an element E € T

Throughout this section, F is a given polygon in T; we define W(E) as the space of functions u : E — R
satisfying the following properties:

e The restriction ule : € — R of u to any edge e of F is affine;
e The differential operator of (Cond) cancels u, i.e. —div(yVu) = —yAu =0in E.

Obviously, the functions u € W(E) are uniquely determined by their values at the vertices qu of B, j =
1,...,n"; in particular, W(E) has dimension n® and it contains the space P(FE) of affine functions on E:

P(E) :={u(x) =a+(b,x), a €R, beR*}.

We then define a basis {¢; }
such that:

G.) caf)={ o S

i=1,.. ne Of W(E) as follows: for i = 1,...,n¥, ¢; is the unique function in W(E)

0 otherwise.
Observe that the dependency of the functions (; on the actual element E' is omitted for notational simplicity.

Remark 5.1.

o Several definitions of W(E) are actually possible, all of them leading to discrete functions u € Wy
whose degrees of freedom are their values at the vertices of T. In fact, a careful selection of W(E)
may significantly ease the numerical implementation, see for instance Appendiz D.3 for an alternative
definition of the behavior of functions u € W(E) inside E which lends itself to an easier evaluation
of integrals of the form fE wv dz, u,v € W(E), or the appendiz in [00] for another definition which
18 better adapted to the evaluation of quadrature formulas in the 3d elasticity setting.

o Migher-order versions of W(E), featuring higher degree polynomials, could also be considered, leading
to higher-order approximations uy of u.

With these notations, the global basis functions ¢y defined in (5.7) can be expressed in terms of the local
functions (;; more precisely:

i if there exists i € {1,...,n"} st. qF = qu,

Vk=1,....M, E€T, 90’“|E_{ 0 otherwise.

As a result, the computation of the entries of the stiffness matrix K7 and force vector F in (5.10) boils
down to that of the local building blocks

(5.12) K :=a"((,¢) and FP :=07((;), i,j=1,...,n".

Unfortunately, no explicit expression of the (; is available to realize these computations; the key idea of
the Virtual Element Method is to take advantage of the definition of W(E) to approximate them with a
computation which uses the sole property (5.11). To achieve this, let us introduce:

o The subspace Wg(E) C P(E) of constant functions on E:

Wr(E) :=span{m;}, where m;(x) = 1.
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e The subspace W (E) C P(E) of functions with zero mean value over the vertices of E:
We(E) :={ueP(E), u=0}.
It is spanned by the functions
ma(x) = 21 — ¢F, and ms(x) = 25 — ¢&,
where we recall the notation g for the average of the vertices of E, see (5.2).
It is easily seen that P(E) is the direct sum of Wg(FE) and W¢ (E):
P(E) = Wr(E) @ Wo(E).

We next introduce projection operators g and m¢ onto Wg(E) and We(FE), respectively: for any (smooth
enough) function v : E — R, mrv € Wg(E) and wcv € W (FE) are respectively defined by:

Trv(x) =T, and mov(x) = (Vo) - (x — qF).
With these notations, the following relations are easily verified:
Ve € We(E), mre=0, moec=cand Vr € Wg(E), mcr =0, wrr =r.
We finally define the projection mp : W(E) — P(E) onto affine functions by:
(5.13) TpU = TV + TRY.
The following lemma draws elementary, albeit crucial properties of these objects.

Lemma 5.1. The following facts hold true:

(i) The operators mr and wc are the “orthogonal projections” from W(E) onto Wg(E) and Wea(E),
respectively, in the sense of the bilinear form a®(-,-):

Vr € Wg(E), c € We(E), ve W(E), a®(r,v) =0 and a®(c,v — mcv) = 0.
(ii) The following decomposition of a®(-,-) holds true:
(5.14) Yu,v € W(E),  a(u,v) = o (mou, 7ov) + af (u — mpu, v — Tpo).

Proof. (i) The first relation is obvious since functions in Wg(FE) are constant on E. The second one arises
from the fact that the gradient Ve of any function ¢ € W¢(F) is constant over E:

a¥(c,v —mov) =yVe- (/E(Vv — V(mew)) dx) =+Ve- (|E|<VU) — \E|<VU>) =0.

(i) A straightforward calculation based on the identities in (z) yields:
af(u,v) = df(mru+mou+ (u— mpv), TRV + TOV + (v — TPV))
af (mou+ (u — mpv), mov + (v — TPV))
= dP(mou, mov) + af (u — Tpv,v — TPV).

O

Let us now note that (5.14) gives rise to a decomposition of the local stiffness matrix K € R"”xn” in
(5.12) into two terms:
KE = pF 4 gF
Here, the matrices P? and S¥ ¢ R™"*n” are defined by:
Vi,j=1,...,n", Pl =d"(rcG,mc) and S5 = a® (G — mpli, ¢ — mp¢5).

The entries of the matrix P can be calculated exactly; indeed, the projection Tcu of a function u € W(E)
has coefficients over the basis {ma}a:1,2,3 that can be calculated solely from the values of u at the vertices
of F, see Appendix D.1 about this fact.
On the other hand, the second term a”(u — wpu,v — wpw) in the right-hand side of (5.14) (associated
to S¥) appraises the behavior of a”(-,-) on those functions in W(E) that are not affine. It is not easily
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computed, and it is therefore replaced by another bilinear form 3% (and matrix S SE ) which can be calculated
just from the values of u and v at the vertices of E (see Appendix D.1 about this calculation):

nE

u — wpu,v — mpv), where 3F (w, z) :== o Zw(qf)z(qf),
i=1

55

and o is a constant which is chosen so that 5% scale as a” upon refinement of the mesh 77; in this simple
case, we take of = 1.
This replacement gives rise to the modified bilinear form a(-,-) given by:

Yu,v € W(E), @ (u,v) = a®(reu, mev) + 3% (u — mpu, v — mpov).

It guarantees the so-called polynomial consistency of a” with a” (or “patch test” in engineering): a”(u,v)
and a®(u,v) coincide when at least one of the functions u or v belongs to P(E). Indeed,
vp € P(E), ve W(E), a®(p,v) = a"(mep,mev)
= a"(mep,v),
= a®(p,v).
This method can be proved to be convergent, see [40]. Intuitively, it behaves at least as well as if only linear

polynomials were the only basis functions on each element.

Remark 5.2. The strategy illustrated in this section can be adapted to the solution of eigenvalue problems
of the form (2.4), see [62]. The main additional operation required to achieve this purpose is the assembly of
the mass matriz, which is described in Appendiz D.3.

5.3. Resolution of the linear elasticity system with the Virtual Element Method

In this section, whose presentation is based on [18, (0], we briefly describe how the strategy presented
in the previous Section 5.2 can by adapted to deal with the solution of the 2d linear elasticity system.
To emphasize the similarities between the treatments of both situations, we use the same notations for
corresponding quantities when no confusion is possible.

Let us recall the setting of Section 2.2.2: the boundary of the shape 2 is decomposed into three disjoint
regions I'p, I'y, T, where I'p is a clamping area, I'y is the support of external loads g : I'y — R? and T’
is effort-free. Assuming the presence of body forces f : @ — R2, the elastic displacement u : 2 — R? is the
unique solution in H%D (2)? to the boundary value problem:

—div(4e(u)) =f in Q,

(Elas) u=0 on I'p,
o Ae(un=g on 'y,
Ae(ujn=0 on I

The associated variational formulation reads, see (2.6):

~

Search for u € V s.t. Vv € V, a(u,v) = {(v), where V = H}_(Q)?,

a(u,v) /Ae ce(v)dx, and {(v) = /f-vdx+/ g-vds.
Q I'n

As described in Section 5.2.1, the cornerstone of the development of the Virtual Element Method lies in
the definition of the local space of discrete functions W(E) and the assembly of the local stiffness matrix

KE € R2"x2n" attached to a given polygon E in 7. The local space W(E) reads:
W(E) = {u : E — R?, uis affine on each edge of F and — div(Ae(u)) = O}.

Again, an element u € W(FE) is uniquely determined by its values at the vertices qf ,i=1,...,nF of E and
W(E) has dimension 2n¥. Besides, W(E) contains the space P(E) of affine functions, given by:

E):= {u(x) =—a+Bx, acR? Be RQXQ}.
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Let us introduce the natural basis {¢;} oz Of W(E), defined by, for i =1,...,n":

Jj=1,..

< (1) ), and Czi—l(q;;) = < 8 ) for j # i;

<?>, andCQi(qf)z(g) fOI‘j;éZ

In a similar state of mind as in Section 5.2, among the elements in P(E), we shall distinguish the rigid-body
motions u € Wg(F), whose strain e(u) equals 0, and the fields u € W¢(FE) with constant strain e(u);
precisely:

e The subspace Wr(E) C P(E) of rigid-body motions is defined by

Wr(E) := {a+ M(x —qP), acR?, MeR>?, MT = fM} :

(5.15) CQi—l(qiE)

(5.16) Caila)’)

it is spanned by the three vector fields:

(5.17) r(x) = < ; > ra(x) = < ; ) and r3(x) — ( ‘;fz_‘qff) )

e The subspace W (E) C P(E) of vector fields with constant strain is defined by
Wel(E) = {S(x —aP), s e R¥?, s = 5};

it is spanned by the three vector fields:

(5.18) cr(x) = < 5616? >, ca(x) = ( ngqf) and c;(x) = ( ij_;]? )

Again, it is easily verified that P(FE) is the direct sum of Wr(E) and We(E):
P(E) = Wgr(E) ® We(E).
We next define the projections g and m¢ from W(E) onto Wr(E) and W (E), respectively.
e For any (smooth enough) vector field u: E — R?, mgu € Wg(E) is defined by:

mru(x) = u + (w(u)) ( _zQ—_c;]Eg) > , X€E;

2 \ dz1 Oxo
e For any (smooth enough) vector field u : E — R?, mcu € We(E) is defined by:

meu(x) = (e(w)(x - g).

The following relations are then easily verified:

where w(u) := 3 (% - %) is (half) the scalar curl of u.

Vr € Wg(E), mer =0, mgr =1, and Vc € W (E), mrec =0, mcc =c.
From these data, we define the projection operator wp onto affine functions in P(FE) by:
(5.19) TpU = ToU + TRU.

The next lemma is the counterpart of Lemma 5.1 in the present linear elasticity setting; its very similar
proof is omitted for brevity.

Lemma 5.2. The following facts hold true:

(i) The operators mr and wo are the “orthogonal projections” from W(E) onto Wg(E) and We(E),
respectively, in the sense of the bilinear form a®(-,-):

Vr € Wg(E), c € We(E), ve W(E), a”(r,v)=0 and a®(c,v —ncv) = 0.
(ii) The following decomposition of a®(-,-) holds:

(5.20) Vu,v € W(E), df(u,v)=ad"(rcu,ncv) +a?(u — mpu, v — mpv).
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Let us now discuss the calculation of the local stiffness matrix
KP e R KE —a(¢i,¢), dvj=1,...,20".
Like in Section 5.2.2, (5.20) induces a convenient decomposition K% into two blocks:
KE — pE L gE  pE gE c g2n”x2n”
) ’ N
Here,
e The first term in the right-hand side of (5.20) gives rise to the matrix PZ € R27"x20" defined by:

Vivj:]-v'“aQnEv -RL?:QE(WCC’LaWCCj)v

which roughly speaking corresponds to the block of K¥ over P(E). The entries of P¥ can be
calculated exactly, since the coefficients of the projection mcu of a vector field u € W(E) in the
basis {€a},_; 53 can be calculated from the values of u at the vertices of E, see Appendix D.2.

e The second term in the right-hand side of (5.20) appraises the behavior of the bilinear form a®(-,-)
over those functions in W(FE) that are not affine. Again, this second block is replaced by a suitable
quantity which can be calculated just from the values of u and v at the vertices of E.

As the result of these considerations, we replaced the local bilinear form a®(-,-) with
n
a?(u,v) = d¥ (mcu, mov) 4+ 5% (u — mpu, v — 1pv), where 5% (u,v) = of Z u(q;) - v(aq;),
i=1
and the coefficient o depends on the element E so that 5 scale as a” upon refinement of the mesh 7.
The implementation details of this methodology are presented in Appendix D.2.

6. SENSITIVITY OF A SHAPE FUNCTIONAL WITH RESPECT TO SEED POINTS AND VOLUME FRACTIONS

In this section, we return to our main purpose of solving the shape and topology optimization problem
(P) ngn J(Q) st. G(Q) =0,

where J(Q) and G(€2) depend on Q via the solution ug to a boundary value problem such as (Cond) or
(Elas). We describe how the shape derivative of a general objective function J(§2) (or similarly, that of a
general constraint function G(£2)) can be expressed in terms of the defining variables of a diagram V (s, 1))
representing  in the sense that (3.6) holds. In this perspective, in Section 6.1, we first deal with the
discretization of J(£2) into a function J(q) of the vertices q € R of the diagram, and we expose how
the theoretical expression of the shape derivative J'(£2)(0) allows to calculate the gradient Vq.J(q) of this
discrete function. As we have mentioned, J(q) (resp. G(g)) in turn induces a function .J (s, v) (resp. G(s,v))
of the seed points s € R4 and cell measures v € RY of the diagram V (s, ). This gives rise to our discrete
shape and topology optimization problem:

(P-disc) (rniI;J(S,V) s.t. G(s,v) =0.

We explain in Section 6.2 how the sensitivities VsJ(s,v) and V, J(s,v) of J(Q) with respect to the param-
eters (s,v) of the diagram for Q can be inferred from the gradient VqJ(q). In Section 6.3, we recall the
Hilbertian trick, which allows among other things to smooth these sensitivities in a consistent manner. This
procedure is also a key algorithmic component of the constrained optimization algorithm used to tackle (P),
that we finally describe in Section 6.4.

Notation. In this section, the shape Q C R? is described by a modified diagram V (s, ) of the form (3.6)
and (3.7). We consider a generic function J(€2) of 2, standing for either the objective or a constraint in
(P). To simplify the presentation and without loss of generality, we shall sometimes assume that the space
dimension d equals 2, and that J(€2) is of the form

(6.1) (@) = / j(ug) dx,

where j : R — R is a smooth function, satisfying adequate growth conditions, and uq is the solution to the
conductivity equation (Cond). As we have hinted at, J(€2) induces several discrete versions, one depending
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on the vertices q of the diagram, that we shall denote by J(q) with a small abuse of notation, and in turn,

another function J(s, ), depending on the seed points s and the cell measures v.

6.1. Discretization and differentiation of J(2) in terms of the vertices of a diagram for 2

In this section, we discuss the discretization of the shape functional J(£2) as a function J(q) of the vertices
q € R*™ of the diagram V (s, 1)) representing Q as (3.6) and the calculation of the gradient V4J(q).

As we have mentioned, in our applications, J(£2) depends on 2 via the solution ug to a boundary value
problem posed on €, see e.g. (6.1). The latter is solved along the lines of Section 5 by applying the Virtual
Element Method on the polygonal mesh 7 resulting from the discretization of the diagram V(s, 1)), see
Section 4. The discrete solution is a function of the vertices q of the mesh 7, and it gives rise in turn to a
discrete objective function J(q) once the formula (6.1) is discretized by suitable quadrature formulas. In the
present work, we rely on very basic expressions, which are exemplified in the forthcoming discussion. More
elaborate rules are available in the context of general polygonal elements [35, ]; for brevity, we do not
emphasize on this classical, albeit technical issue.

The calculation of the gradient V4J(q) is a slightly more delicate issue. It falls under the “discretize-then-
optimize” setting, in which the derivatives of the discrete quantities of interest are used [105]; several methods
can be used to achieve this goal. One convenient practice relies on automatic differentiation, see e.g. [90] for
an introduction in the shape optimization context. In a nutshell, the gradient of the mapping q — J(q) can
be calculated concurrently with its evaluation by leveraging adequate data structures and by implementing
all the constituent operations of the evaluation pipeline (including the assembly and inversion of the stiffness
matrix involved in calculations by the Virtual Element Method) together with their derivatives. This elegant
framework is unfortunately very stringent, and it is not always compatible with realistic applications where
the mechanical solver is used in a black-box fashion.

When automatic differentiation of J(q) is not available, the computation of V4J(q) can be realized “by
hand”. In fact, the derivatives of the aforementioned building blocks of the evaluation of q — J(q) can be
calculated explicitly, in principle. Even though this strategy could be adopted in our context, it is still very
intrusive as it requires a complete knowledge of the mechanical solver, notably.

For this reason, we consider yet another option, borrowing from the “optimize-then-discretize” paradigm
in optimal design, which mainly relies on the continuous formula for the shape derivative J'(£2)(6). More
precisely, we leverage an elegant remark from [19]: the sensitivity %(q)(hi) of J(q) to a perturbation of
the i*? vertex q; in the direction h; € R% can be approximated by evaluating (a discretization of) the volume
form of the continuous shape derivative 8 — J'(Q2)(0) with the particular deformation field 8 = ;h;, where
©; is the unique function in the discrete space Wy given by (5.6) taking the value 1 at vertex i and 0
elsewhere, see (5.7):

oJ
0q;

1 ifi=j,
0 otherwise.

(@)(h;) = J'(2)(¢ih;), where p; € Wy is defined by: ¢;(q;) = {

In a nutshell, this practice is legitimated by the fact that the theoretical formula for the volume form of
J'(£2)(0) can be obtained by the exact same adjoint-based trail as that for the discrete derivative g—i(q)(hi).
We refer to e.g. [65] and §2.9 in [67] for related discussions about the (non) commutation of discretization
and differentiation in optimal design.

In order to describe this possibility more precisely, let us assume that the shape derivative J'(Q)(0) is
available under the following volume form (2.9):

J(Q)(8) = /Q(tQ -0 + Sq : V) dx, for some tq : Q — R% and Sq : Q — R¥*?,

and let us suppose for a moment that the fields to and Sq are given approximate, discrete counterparts t
and S7 that are constant in restriction to each element F € T

(6.2) T (2)(0) ~ Ji(6) == /Q (t7-0+ Sy :V0) dx.
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The gradient of J(q) with respect to the coordinates of the i*" vertex of the mesh is then approximated as:

J7(07)
Vg, J(a) = )
Jr(67)
where for k=1,...,d, Hf € ng— is the unique vector-valued discrete function such that:
(6.3) 0F(q;) = ey, if i = j and 0 otherwise.

The aforementioned approximations of tg, Sq by t7 and S can be realized in various ways. For instance
one could use the simple formulas:

E E

1
to(q)), and Sr|p= 5 Sa(af),

J

3
3

1
tr|e= wE :

J

Il
_
Il
_

where we have used the notations of Section 5.1.
When Sg involves the gradient of the state function ug, say for instance S = vVug ® Vug, one could
also make the approximation:

nE

1
S7lp= 15V (Tpu) @ V(mpu), where 1 = — 3" 1(a),
j=1

and 7p is the projector over first-order polynomial functions in P(E), defined in (5.19).
In any event, the integrals featured in the quantities J%—(Hf) can be naturally decomposed as sums of
integrals running over the elements F of the mesh 7

Tr(0F) = 3 (trlets(0f) + S7ls: Su(6F)),
EeT

where the vectors tz(0F) and matrices Sg(0F) are defined by:
t(6F) = / 0¥ dx and of the matrices Sp(0F) = / voF dx.
E E

These basic ingredients can be calculated or approximated in explicit terms of the physical characteristics
of the element E. For instance, in the case where the space dimension d equals 2, we approximate tz(6})
and t(62) as:

1 1 1 0
tp(0}) ~ nE|E|( 0 ) and tp(07) ~ nE|E|< 1 )

As far as the matrices Sg(6}), Sg(62) are concerned, similar integrations by parts to those used in Appen-
dix D.1 yield:

Sp(6)) = 1( [€51(ne; )1 |€j\((r)l<=fj)2 > and Sp(62) — 1 ( |€j|(0 0 )

2 0 2 ng )1 |€j|(ng;)2

Remark 6.1. In principle, the continuous shape derivative J'(2)(0) depends only on the values of the
deformation @ on the boundary 052, see Section 2.8 about this general feature. On the contrary, it is not
exactly true that the approximation Jé—(@f) in (6.2) vanishes when the deformation 0F is associated to an
internal vertex q;. This is a manifestation of the lack of commutation between the operations of discretization
and differentiation in optimal design, see again [65] and §2.9 in [67]. However, we expect (and indeed verify)
that if the approzimation (6.2) is “good enough”, the entries of VqJ(q) attached to internal vertices should
be “very small” when compared to those related to boundary vertices. For this reason, it is enough to compute
the quantities J’T(Bf) for the indices j = 1,..., M of the boundary vertices of Q). Such issues, related to the
processing and use of the volume form of the shape derivative J'(2)(0) are by now fairly well documented in
the literature, see e.g. [54, 64, 71].
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6.2. Calculation of the derivative of a functional with respect to the positions of the seeds and
the cell measures

We have seen in Section 6.1 how a general function of the domain J(€) can be discretized into a function
J(q) depending on the positions q € R of the vertices of the mesh 7, and how to calculate the gradient
VgqJ(a). In turn, q depends on the seed points s and the weights 1) of the diagram V (s, ¢) of Q, and, again,
on the seed points s and the cell measures v, which are the design variables of our discrete version of the
shape and topology optimization problem (P), as explained in Section 3.3. This raises the need to express
the derivative of a general function J(q) of the vertices q of the diagram V (s, %) in terms of s and v.

To formulate this issue rigorously, let us write the relation between the seeds points s € RN, the weights
1 € RY and the vertices q of the diagram V(s, 1)) under the abstract form:

(6.4) q=Q(s,¥"(s,v)),

where Q : RV x R} — R produces the collection of vertices of the mesh 7 induced by V(s, %), and,
as in Section 3.2, ¥*(s,v) is the unique weight vector such that each cell V;(s,¥*(s,v)) has measure v;,
i=1,...,N. We then wish to calculate the derivatives of the functional J RIN x RY — R defined by:
(6.5) J(s,v) := J(Q(s, *(s,v)).

This is the purpose of the next result.

Proposition 6.1. Let J : R — R be a differentiable function. Then the composite function J RN x
RY — R in (6.5) is differentiable almost everywhere, and its derivatives read:

(6.6) Voi(s,v) = [VaQ(s, 9" (5,0))| VaI(@) + [VeF(s,v,9%(s,)] pls,»),
and
(6.7) V,J(s,v) = —p(s,v).

Here, the function F : RV x RY x Rg — RY s the derivative Vo K(s,v, ), see (3.14); the adjoint vector
p(s,v) € RY is defined as the solution to the N x N system:
T T
(68) V¢F(S7 v, w*(sa V)) p(57 V) = - V¢Q(57 ’lb*(s, V)>:| VqJ((l)
In these formulas,
o The gradient VqJ(q) is a vector in RIM " whose expression is assumed to be known.
o The matrices [VsQ(s,v¥*(s,v))] and [V Q(s, ¥*(s,v))] have respective sizes dM x dN and dM x N;
their explicit expressions (in 2d) are the subject of Appendiz A.
o The matriz [V4F(s,v, 9" (s, V)" has size N x N, and its calculation (in 2d) is provided in Appen-
diz B.

Proof. At first, Proposition A.l below states that the mapping Q is differentiable at any point (s,%) €
RN x RN satisfying the assumptions of Theorem 3.1. These points form an open subset of R*N x RN whose
complement has null Lebesgue measure. Moreover, for any such point (s,7) € R¥ x RY we have seen that
Y*(s,v) is the unique solution to the equation (3.14). By the implicit function theorem and the regularity
of F expressed in Theorem 3.1, it follows that 4* is differentiable at such a point (s, v), and by composition,
J is differentiable at a.e. point (s,v) in R x R,

Let us now prove (6.6). At any point (s, ) where J is differentiable, the chain rule shows that:

e R, L) = 5@ (e v nm + e s (G Gm) ).

where we have set q := Q(s,¥*(s,v)). This rewrites, in terms of gradients and matrices:

(6.9) Vad(s.0) = ([VaQsw 0] + [Vavrs.0)] [VpQis. v (.0)] ) Vad(a).

All the terms are explicit in this formula, except for the matrix [Vs1p*(s,v)]. The calculation of the latter is
difficult, since the function s — 1*(s,v) is only known implicitly, through the relation (3.14). To overcome
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this difficulty, we use the classical adjoint technique for the differentiation of a quantity depending on the

solution to a parametrized implicit equation, see again [81, ]. Differentiation with respect to s in (3.14)
yields:
(6.10) [VeF (s, 0,97 (5,0))] + [Ty F (s 0,97 (5,)] [Vow™(s,0)] =0,

N xXdN matrix N XN matrix N xXdN matrix

We then introduce the adjoint state p(s,v) € R, defined as the solution to the N x N linear system:

|:V¢F(S,I/71/J*(S,V))} Tp(s,u) =— [VwQ(s,w*(s,u))}TVJq(q).

Injecting this identity into (6.9), we obtain:
~ T T T
VoJ(s,v) = [VeQ(s,9"(5,v)| VaJ(a) = [Vet'(s,0)] [VuF(s,v,97(s,))] pls,v).

Eventually, using (6.10) to transform the last expression in the above right-hand side, we obtain:

~ T T
VoJ(s,v) = |VeQs. %" (5.)] Vad(@)+ |VsF(s,7(s,v)] pls,v).
which is the desired formula.

Let us then consider the second formula (6.7). Again, a simple use of the chain rule yields:

Vi) = V.(JQew )

(6.11) T T
= [Vl,'zp*(s?u)} {V,pQ(S,’l,b*(S,V))] Vq(a),

where q := Q(s,%*(s,v)). As in the proof of (6.6), we rely on the adjoint method to eliminate the difficult
term [V, 4*(s,v)]” from this expression. Recalling the defining system (6.8) for p(s,v) € RN, we obtain

immediately:
~ . T . T
Vs v) = =V (s v)| [VeFs e s )] plsv)
—p(S, V)7
which is the desired expression. O

Remark 6.2. When the optimized shape Q is only one phase within a large computational domain D and
is represented as a subcollection of the cells of a “true” Laguerre diagram Lag(s,v) of D, of the form (3.3)
and (3.4), similar considerations show that formula (6.7) reads instead:

- 1 &
Vo (s,v) = — (p(s,u) W Zpi(s,l/)> )

Remark 6.3. The geometric calculations needed in the present section for the expressions of the matrices
[VSF(S,V,w)}, [V¢F(s,u,¢)], [VSQ(S,I/,w)} and {Vin(s,u,d))} are provided in Appendices A and B.
They need only be implemented once and for all. In particular, this implementation is independent of the
particular objective function.

6.3. The Hilbertian method

We have described in the previous Sections 6.1 and 6.2 how to calculate the sensitivities VsJ(s,v) and
V,,j(s, v) of a function J, depending on the domain Q2 via the seeds s € RV and the cell measures v € RY
of a diagram V(s, ) of the form (3.6). Unfortunately, a direct use of these derivatives in the solution of
our discrete shape and topology optimization problem (P-disc) often proves awkward in practice: on the one
hand, they may show very irregular variations in space (i.e. they may have very different components along
the indices ¢ = 1,..., N of neighboring cells), thus causing numerical instabilities. On the other hand, in
multiple applications, it is desirable to handle sensitivities that take into account certain requirements, for
instance that some of their components associated to cells located in non optimizable regions of space should
vanish. In this section, we explain how the so-called Hilbertian method allows to achieve both purposes with
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rigorous guarantees that the resulting modified sensitivities retain descent properties. The application in
shape optimization of this classical procedure in the context of gradient flows is exposed in e.g. [7, 30, 46, 90].

6.3.1. The general strategy

Let us describe the use of the Hilbertian method in the illustrative perspective of regularizing the gradient

VsJ(s,v) of a discrete objective function J(s,v) at a given point (s,v) € R x RV,

To this end, let us recall that Vg.J(s, ) is obtained by identifying the derivative h — %‘57(& v)(h) with

RdN

an element in the space via the following relation:

Vh € RV, %‘i(& v)(h) = <vsj(s, V),h> .
The main idea of the Hilbertian method is to introduce a subspace V of the space of seed points,
equipped with an inner product as(+,-) different from the canonical one (-, -}, and to search for the gradient

h; € V of J(-,v) with respect to this inner product. In other terms, we solve the following variational
problem:

RdN

(6.12) Search for hy € Vs.t. forallh eV, ag(hy,h) = Z—i(s,y)(h).

Depending on the nature of the space V' and its inner product as(,-), the gradient h; may for instance be
more regular than its counterpart Vsj (s, v) associated to the canonical inner product, some of its components
may vanish, etc.

Our choices of V' and as(+,-) in the present context rely on the smoothing effect of the discrete Laplace
operator acting on mass—spring networks, see for instance [111] or [92] for reviews about the role of such
discrete Laplace operators in the field of computer graphics. We take V' = R% and search for the regularized

gradient of j(, v) at s as the solution h; := {hy;} N € RN to the following minimization problem:

i=1,...,
Oé2 ) 1 N ) N _
(6.13) min_ B(h), where B(h) = 5 > |h by +§;\hi| —Z<VSiJ(s,u),hi>,

AN
heR (i,J)EE i=1
F>i

where « is a user-defined parameter encoding a regularization length scale. Intuitively, the solution h; to

(6.13) is a version of VgJ(s, V) whose spatial variations are averaged over a region with radius «. The strictly
convex optimization problem (6.13) has a unique solution, which is characterized by the following first-order
optimality condition:

For i=1,...,N, o® > (h;—h;)+h; =V, J(s,v).
JEN;
This rewrites as a 2N x 2N matrix system:
(a?As +1)h = VeJ(s,v),
where the matrix Ag € R2V*2N ig given by the entries:
HN; if j =1,

(6~14) As,2(i71)+1,2(j71)+1 = As,2(i71)+2,2(j71)+2 = -1 ifjeN;, and
0 otherwise,

As2(i-1)+1,2(-1)+2 = As2(i-1)+2,26-1)+1 =0, 4,5=1,...,N.

The inner product as(-,-) on V = R associated to this strategy is:

(6.15) Vh,h? €V, ag(h',h?) = <(a2AS +1)h1,h2>.
Remark 6.4. A similar strategy can be applied to impose smooth spatial variations of the gradient V,, j(s, V)

of J with respect to the measures of cells. One then relies on the choice V.= RN, equipped with the inner
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product:

#Ni ifj =1,
(6.16) a, (v, v?) = <A,,1/1,V2>, where Ay ;j = -1 ifjeN;,
0 otherwise,

6.3.2. Imposing that seeds stay inside the computational domain

The Hilbertian method naturally allows to enforce certain constraints on the regularized sensitivity h; of J
with respect to the seed points s in (6.12). For instance h; can be imposed to have null components over
the indices i inside a given subset I C {1,..., N} of the seed points by simply taking the following Hilbert
space V in (6.12):

Vi={h=(hy,...,hy) eR™ st. hy=0foriel}.

This is useful for a variety of purposes, for instance to impose that certain cells should be altered as little
as possible in the course of the optimization process, see e.g. the examples of Sections 7.3 to 7.6 where
this operation is applied to the seed points and measures of cells bearing the Dirichlet or inhomogeneous
Neumann boundary conditions of the elasticity problem at stake.

In this section, we exemplify how the seed points s of the diagram V(s, ) featured in Algorithm 1 can
be constrained to stay inside the computational domain D during the optimization process thanks to this
practice, see also Remark 3.1 about this point.

Let (s,v) € R™ x R be a given stage of the process of Algorithm 1, and let ¥ = 1*(s,v). To simplify
the presentation, we assume that the seed points of the diagram V (s, ) are numbered in such a way that
the first B < N ones are those adjacent to the external boundary 0D. For notational simplicity and without
loss of generality, we also assume that for each ¢ = 1,..., B at most one edge of each cell V;(s, ) belongs
to the external boundary 0D, and we denote by n; the unit normal vector to this edge, pointing outward
D. We then search for a gradient h of J at (s,v) with the property that, for each index ¢ = 1,..., B, the
normal component h; - n; of the displacement h; should vanish:

(6.17) Vi=1,...,B, h;-n;=0.

One possibility to enforce this requirement is to proceed by exact penalization, i.e. to take V = R4 and
replace the inner product (6.15) with:

B
1
1 h2) — 2 1 2 bl L.n;)(h? - n;
as(0',b%) = ((a”A, + DR, B?) + = Y (b} -n)(h -n),

i=1

where Ag € R2V*2NV ig the matrix defined in (6.14) and ¢ is a “sufficiently small” parameter.
Another strategy consists in setting:

V= {h eERW, h; my=0fori=1,.. .,B} , with the inner product (6.15).

The identification problem (6.12) for the gradient h; amounts to solving the optimization problem (6.13)
under the additional constraint (6.17). This is again a convex optimization problem, whose first-order
optimality conditions read:

a® 3 (h; —h;) + h; + A, Ve, J(s) fori=1,...,B,
X e RB jeévi
€ s.t. a Z (h; —h;) + b,
JEN;
hl"l'li = 0 fOriil,...,B.

Vs, J(s) fori=B+1,...,N,

The search for the pair (h, \) € R?Y x R? rewrites as the following (2N + B) x (2N + B) matrix system:

a?As +1 ‘ L h Vs (s)

| o A 0
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where the matrix L € R2V*5 is defined by:

‘ o "1 lfj = ia
Lai-1)+15 = { 0  otherwise, and

) o an'72 lf]:Z, ) . .
Laii—1)42,: = { 0 otherwise, nig fori=1,...,N, j=1,...,B.

6.4. Exploitation of these derivatives with a constrained optimization algorithm

In this section, we describe how the derivatives of the objective and constraint functions J(2), G(2) with
respect to the seeds s and measures v calculated in the previous Sections 6.1 to 6.3 are exploited to solve
our discrete constrained optimization problem:

(P-disc) %nu; J(s,v) s.t. G(s,v) =0.
s,V

This task relies on a constrained optimization algorithm developed in one of our previous works [55] which is
sketched briefly in Section 6.4.1. We then describe its application to our particular context in Section 6.4.2.

6.4.1. The null-space optimization algorithm in a nutshell

Let V be a Hilbert space, equipped with the inner product a(-,-). We consider an optimization problem of
the form:

(6.18) ;Lrél‘l/l J(h) s.t. G(h) =0,

where J : V' — R is a smooth objective function and G : V' — R? accounts for a collection of p smooth
equality constraints. We denote by 07, 0g, € V, i =1,...,p the gradients of J and G; at a particular given
value h of the optimized variable, that is:
veeV, J'(h)(C) =a(0,,¢), and Gi(h)(¢) = a(b,, ).
Let h € V stand for an arbitrary stage of the solution process for (6.18). We search for an update of h of
the form h 4+ Até, where At > 0 is a suitable descent step, and the direction & € V' is of the form:

(6.19) §=—(asé&5 +acéa).

The two contributions £; and &z € V are orthogonal, and they are characterized by the following require-
ments:

e The null-space step £ is the best descent direction for J(h) which leaves the values of the constraint
functional G(h) unaltered at first order. Formally, £; is the projection of the gradient 6; of J(h)

onto the null space Ker(G’(h)) = span {fq,, ..., F)GP}L of the constraints. It is of the form

P
(6.20) =07+ Z Ajfc, for some X € RP.
j=1
The requirement that a(¢;,0g,) = 0 for j = 1,...,p shows that the vector A € RP is the solution to
the following p x p system:
(6.21) SXA =b, where S € RP*? and b € R? are given by the entries:
Sij = a(eci,ecj), and bi = —a(GJ, QGZ,).

e The range space step £ aims to decrease the violation of constraints. It belongs to Ker(G'(h))* =
span{0q,},_, p» and so it can be expressed as

P
(6.22) ¢a = Zﬁjegj, for some coefficient vector 8 € RP.
j=1
The components 3;, i = 1,...,p are determined by imposing the following decrease in the value of

G in the course of one iteration:

G(h + Ate) = (1 — Atag)G(h),
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which we approximate by
G'(h)(&e) = G(h).
This requirement is discretized as:

(6.23)  SB =c, where S € RP*P is the matrix (6.21) and ¢ € R? has entries ¢; = G;(h), i =1,...,p.

As far as the choice of the descent step At is concerned, we rely on a merit function: the update h + At
of h should result in a decrease in the value of the function

M(h) = ay (J(h) A G(h)) + %GS*G(h) -G(h),

whose negative gradient is £ by construction.

This null-space optimization algorithm proceeds by iterations of the form (6.19), which decrease the value
of the objective function J(h) while gradually enforcing the constraints G(h) = 0, until a local minimum
of the problem (6.18) is attained. We refer to the article [55] for more quantitative convergence guarantees
regarding this strategy.

6.4.2. Application to the context of interest

Let us now apply the general optimization strategy of Section 6.4.1 to our discrete shape and topology
optimization problem (P-disc). Since the optimized variables s € RV and v € RY are of very independent
natures, we treat optimization with respect to each of them separately, via an alternating descent strategy:

e When it comes to updating the seed points s, we apply the Hilbertian method of Section 6.4.1 with the
space V = R and the inner product as(, -) defined in (6.15). The gradients 8, 0c,s,7 = 1,...,p,
are calculated by solving the identification problem (6.12) from the derivatives of s — J(s, ) and
S é(s,u) supplied by Proposition 6.1. The coefficients Ay € RP and G5 € RP involved in the
expressions (6.20) and (6.22) of the steps €75 and £ ¢ are then easily calculated from these data,
see (6.21) and (6.23), and the resulting descent direction & € RV for the seed points s reads:

p p
& = _aJ,séJ,s - aG,S&G,& where £J,s = oJ,s - Z)\s,ioGi,s and £G,s = Zﬁs,iQGi,Sa

i=1 =1

with the weights a ;s and ag s for the relative contributions of the null space and range space steps
to the descent direction.

e When it comes to updating the vector v, we use the space V = RY and the inner product a,(-,-) in
(6.16). Similar considerations yield the following descent direction &, € R¥ for the measures v:

p p
£I/ = _aJ,VﬁJ,V - aG,VEG,V7 where EJ,V = 0],1/ - Z )\u,ieGi,u and SG,V = Zﬁl’,’ieGi,V7
i=1 =1

where again Ay, B, € R? are calculated via (6.21) and (6.23), and a ;. and ¢, are suitable weights.

Moreover, as suggested in [55], instead of considering fixed weights c s, ag s for the contributions of the
null space and range space steps, we consistently select these coefficients as:
_ AJ7shav o AG’,shav
s = and ags =
|€J,s|oo ‘€G,s|oo

where Ajg, and Ag s € [0,1] are fixed parameters controlling the decrease rates of the objective function
and the violation of the constraint, and h,, is the typical distance between two neighboring seed points. This
allows to bound the maximum displacement of a seed induced by the update & in this step by (A s+Ag s)hay
Likewise, we take

_ AJ,uVav

B |€J,U|OO7

AG,VVav

and aew = |£V,u|oo ’

Qv
where Aj,, Ag € [0,1] and V,y is the average volume of cells. Doing so ensures that the maximum change
in a local volume fraction induced in the update of v by &, is (Aju + Ag,v)Vay-
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Remark 6.5. In the optimization problems featured in the examples of the next Section 7, only p = 1
equality constraint is imposed, which is related to the volume of the shape Q as: G(2) = Vol(Q) — Vr. In our
framework, this constraint can be accounted for by imposing that the measure of each cell be consistently equal
to a given fraction of the target volume Vi throughout the iterations of the process. By doing so (P-disc) is
reduced to an unconstrained optimization problem over the sole seed points s, see the examples in Sections 7.1
and 7.2. On the contrary, the treatment of the volume constraint with the help of the above strategy, which
solely concerns the sum of all individual cell measures, leaves more freedom in the evolution of the optimized
design, see Sections 7.3 to 7.6. In such a situation, the foregoing formulas conveniently simplify into:

1
0(;75 = O, and 0(;7,, = c RN7
1

so that the optimization with respect to the seed points s is unconstrained, and the coefficients featured in the
above scheme (6.20), (6.22) and (6.23) read

1 1 /—
S = au(eG,meG,u) =N, A= Nau(aJ,ua BG,V) and 8 = N <V01(57 V) - VT)'

Note that if the volume constraint is satisfied at the current stage (s,v) of the optimization process, then
¢a = 0. In particular, if the vector v of cell measures satisfies Zf\;l v; = Vi, the update (6.19) of the null-
space optimization algorithm for (6.18) coincides (up to a positive coefficient) with that of the unconstrained
gradient algorithm for the minimization of j(, V).

7. NUMERICAL EXAMPLES

In this section, we present various 2d numerical examples to illustrate the main features of our shape
optimization Algorithm 1. After starting in Section 7.1 with a “simple” geometric optimization problem, we
revisit in Section 7.2 the classical subject of optimization of the eigenvalues of the Laplace operator with our
new framework. We then turn to more concrete physical applications in the contexts of thermal devices in
Section 7.3 and of mechanical structures in Sections 7.4 to 7.6.

7.1. Optimization of the perimeter of shapes

Our first example deals with a well-known shape optimization problem, featuring only geometric functionals
of the domain, i.e. no physical boundary value problem is involved. We minimize the perimeter of the shape
Q C R? under an equality constraint on its volume:

(7.1) m&n Per(2) s.t. Vol(Q) = Vr,

where Per(£2) and Vol(§2) are defined by (2.1) and Vr is a volume target.

Among the numerous motivations for (7.1), let us mention that the flow induced by its solution from an
initial shape QO is the well-known mean curvature flow, which proceeds by steadily blurring its sharp features
(i.e. its bumps and creases with high mean curvature) while preserving its total volume, see e.g. [85] about
the latter.

From the mathematical viewpoint, such problems have been extensively considered in the literature, see
e.g. [102, 107]. In particular, according to the famous isoperimetric inequality, the unique global minimizers
to (7.1) are 2d disks with radius /Vr /7.

Remark 7.1. In this example, the discrete versions Vol(q) and Per(q) of the volume and perimeter Vol(£2)
and Per(Q2) of the shape Q as well as their derivatives can be explicitly calculated from the polygonal mesh
T induced by the diagram V (s, ) representing Q. Indeed, simple calculations show that:

Vol(a) = Y|,
EeT
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where the measure of an element E with vertices qF , ..., q¥ can be calculated by the following formula, where

we use the notations of Section 5.1:
1~
= 5 > leslms, - ol
=1

Taking derivatives, then summing over the elements E € T, an elementary calculation shows that the gradient
of the volume functional equals:

Llejlne, if q; is a vertex on the boundary 09
= 21=7177€; J
Va,; Vol(a) { 0 otherwise.

Likewise, assuming for notational simplicity that the vertices q; are enumerated in such a way that the border
0% is discretized by the ny, < M first vertices qu,...,Qn, = do of the collection q and the associated line
segments q;_1q;, j = 1,...,np, one has

ny
Per(q) = Z ajdj+1]s
j=1

and so
9;—dj-1 9 —dj+1 e
ifi7=1,...,n
Vg, Per(q) = laj—a;j—1] laj—aj+1] i ’ 2 1%
q; 0

otherwise.

We apply the “free boundary” version of our shape and topology optimization Algorithm 1 to the solution
of this problem. The initial shape Q° is represented by a diagram V(s%, ") made of a random collection of
N =500 cells with equal measures 7 := Vp/N. In this example, for simplicity, we impose that throughout
the optimization process, the cells V;(s™,1™), ¢« = 1,..., N, satisfy this measure constraint, so that our
optimization procedure becomes constraint free, as noted in Remark 6.5. A few snapshots of the solution
process are depicted on Fig. 9. As expected, the optimized shape is close to a disk. Remarkably, the shape
undergoes drastic topological changes during the process: our algorithm is able to detect that the only
means to decrease the total perimeter of the shape €2 by moving the defining seed points s without altering
the measures v of the cells is to aggregate the cells. The complexity of the evolution process, induced by
the choice of an initial shape so different from the expected disk, explains the a priori surprisingly large
number of iterations (200) needed to achieve convergence. Note that this operation — and the underlying
shape sensitivity of the objective functional — is completely different from that of a more classical boundary
variation algorithm as in e.g. [8, 6, ], whereby each individual cell would shrink, regardless of the others,
without capturing this collective behavior. This trend of our algorithm to favor transport of cells over
independent adjustments of their measures is a general consequence of the parametrization of shapes in
terms of the seed points and cell measures of a defining diagram; this feature is reflected in the formulas of
Remark 6.5, where the gradient Oy, of the volume functional Vol(€2) has identical components for all cells.
We shall retrieve this trend in the mechanical example of Section 7.4.

7.2. Optimization of the eigenvalues of the Dirichlet Laplace operator

Our first example involving boundary value problems concerns the minimization of some of the eigenvalues
of the Laplace operator equipped with Dirichlet boundary conditions. We consider the problem:

(7.2) min A st Vol(Q) = Vi,

where we recall from Section 2.2.1 that )\g ) is the k™ lowest real number for which there exists a non trivial
function u € H}(Q) such that

—Au = /\gzk)u, with the normalization / ud dz = 1.
Q

These eigenvalues arise in multiple applications, such as acoustics (where they are related to the properties
of sound propagation), thermal conduction (where they encode the dissipation rate of a peak of temperature
over time), and structure mechanics (where they represent the vibration modes of a thin membrane), to
name a few. Spectral shape optimization problems, of the form (7.2), have been extensively studied in the
literature, from both theoretical [16, 93, 68] and numerical [13, 103] viewpoints.
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FIGURE 9. A few intermediate shapes Q™ produced in the course of the solution of the
perimeter minimization problem (7.1) in Section 7.1. The cells V;(s™,9™) of the diagram,
1=1,...,N, are represented with different colors to help vizualization.

We address the numerical solution of the problem (7.2) thanks to the “free boundary” strategy described
in Section 3.3. The shape () is described by a diagram V (s, ) attached to collections s and v of N seed
points and weights, respectively. As in the previous Section 7.1, the measures of the cells are consistently set
to the common value 7 := V /N, so that the solution of (7.2) boils down to the unconstrained minimization
of ,\g“ ) with respect to the positions s of the seed points, see again Remark 6.5. On a different note, the

sensitivity of the discrete version of )\g€ ) with respect to the vertices q of V (s, %) is calculated by automatic
differentiation before being interpreted in terms of the positions s of the seed points, see Sections 6.1 and 6.2.

In this context, we conduct two numerical experiments. At first, we address the minimization of the first
Dirichlet eigenvalue, i.e. k=1 in (7.2). It is well-known since the seminal conjecture of Lord Rayleigh [109]
that disks with radius y/Vr /7 are the unique minimizers of (7.2), see [29] for a rigorous proof of the associated
Faber-Krahn inequality. The initial shape Q° is depicted in Fig. 10. It is discretized with N = 1000 cells
with equal measures 7 = Vp/N. We apply 200 iterations of our optimization Algorithm 1 to solve this
problem; a few intermediate shapes are depicted on Figs. 10 and 11, and the associated convergence history
is reported in Fig. 13 (a); as expected, the optimized shape is a disk. Note that disconnected structures
naturally appear during the optimization process. While they are harmless to the resolution, we explicitly
enforce the connectedness of the shape at each iteration by removing and randomly resampling the cells that
are disconnected from the main region.

We next turn to a more challenging problem of the form (7.2), featuring the 5** Dirichlet eigenvalue, i.e.
k=51n (7.2). The fifth eigenmode is indeed suspected to be the lowest order eigenvalue that is minimized
by a shape which is neither a disk, nor a reunion of disks. Moreover, it is expected that, at the optimum, this
eigenvalue is multiple, leading to a non differentiable behavior of this function of the domain. Starting from
an initial shape Q° made of N = 1000 cells with equal measures, we apply 1000 iterations of our shape and
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=20 (i)

F1GURE 10. Intermediate shapes Q" produced in the course of the minimization of the first
eigenvalue of the Dirichlet Laplace operator in Section 7.2.

topology optimization Algorithm 1 to the solution of this problem. A few intermediate shapes Q" arising
in the course of the process are depicted on Fig. 12, and the associated convergence history is reported
in Fig. 13 (b). The resulting optimized shape is qualitatively very similar to the candidate for minimizer
evidenced in [103].

7.3. Shape optimization in two-phase conductivity

From this section on, we deal with shape optimization problems which are more directly related to mechanical
applications. We first consider the setting of the conductivity equation presented in Section 2.2.1, and notably
its two-phase version, evoked in Remark 2.1.

The situation under scrutiny is that depicted in Fig. 14 (a): inside a fixed computational domain D with
size 1 x 1, the shape £ C D accounts for one phase 1 := Q occupied by a material with high conductivity
v1 = 10, the complementary phase Qg := D \ﬁ being filled by a material with low conductivity g = 1. The
temperature ug within D is set to 0 on a region I'p C 0D located at the left-hand side of D, while the
remaining part I'y := 0D \ T'p is insulated from the outside. Assuming the presence of a constant source
f =1 within D, ug is the solution to the following two-phase conductivity problem:

—div(yqVuq) = f in D,

(7.3) ug =0 onI'p, where vq(x) = { m ft;efw?slé
fm‘?—rf’ =0 on I'y, Yo '

We aim to minimize the mean temperature T'(€2) within D, i.e. we solve:

(7.4) nin T(Q) s.t. Vol(Q) = Vrp,
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iterations of the minimization process of the first Dirichlet eigenvalue in Section 7.2.

where Vr is a volume target, and we have defined:

1

In this context, the shape (2 is represented via a classical Laguerre diagram Lag(s, ¢) of D: complementary
subcollections of cells of the latter account for Q and D \ 2, in the sense that (3.5) holds true. Moreover,
contrary to our practice in the previous Sections 7.1 and 7.2, we rely on the non intrusive approach of
Section 6.1 to calculate the derivative of T'(£2) with respect to the seed points and weights of the representing
diagram. In this perspective, we recall in the following proposition the expression of the shape derivative of
T(€2); since the result is fairly classical in the literature, we omit the proof for brevity, see e.g. [7].
Proposition 7.1. The functional T(Y) is shape differentiable at any shape Q C D, and its derivatives reads
for any deformation field @ vanishing on T'p:

1
T'(Q)(0) = —/ div(Q)ug dx + / Yo (divll — VO — V8T )Vugq - Vpg dx — / div(f0)pq dx,
Vol(D) Jp D D
where the adjoint state pq is the unique H(D) solution to the boundary value problem:
—div(yvaVpa) = —#(D) in D,
po=0 on I'p,
7935'% =0 on Iy.

Remark 7.2. Since in our context the source f is identically equal to 1, we immediately see that the adjoint
state pa equals po = —\#(D)ug. This self-adjoint property of the problem (7.4) conveniently allows to avoid
the solution of an extra boundary value problem at each stage of the optimization process.
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FIGURE 12. Intermediate shapes arising in the course of the minimization of the 5 Dirich-
let eigenvalue /\S ) in Section 7. 2; the colors refer to the values of an associated eigenfunction.
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FIGURE 13. (a) Evolution of the first eigenvalue )\8) of the shape in the course of the first
experiment of Section 7.2; (b) Evolution of the fifth eigenvalue in the course of the second
experiment.
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We perform 200 iterations of our shape and topology optimization Algorithm 1 to solve this problem.
On average, the considered diagrams contain about 3,500 cells, and the total computation takes about 45
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FIGURE 14. Settings of the physical numerical examples of Section 7: (a) The heat diffuser
test case of Section 7.3; (b) The elastic cantilever example of Section 7.4; (c) The optimal
bridge example of Section 7.5; (d) The self-sustaining bridge of Section 7.6.

min on a regular Macbook Pro laptop with 2 GHz Quad-Core Intel Core i5 and 16 Gb of memory. A few
snapshots of the optimization path are presented in Fig. 15, and the associated convergence histories are
reported in Fig. 16. Again, the shape undergoes dramatic deformations in the course of the process, while
being consistently equipped with an explicit discretization, which is updated in a Lagrangian manner.

7.4. Optimization of the shape of an elastic cantilever beam

The examples in this section take place in the physical context of mechanical structures presented in Sec-
tion 2.2.2. The considered shapes (2 are enclosed in a fixed computational box D with size 2 x 1; they are
fixed on the left-hand side I'p of the boundary 9D, and surface loads g : 'y — R? are applied on a region
'y at the right-hand side of 9D. The remaining region I' := 92\ (I'p UT ) is the only one which is subject
to optimization, see Fig. 14 (b). Omitting body forces for simplicity, the displacement ug :  — R? of the
shape is the solution to the linear elasticity system:
—div(4e(ug)) =0 in £,
ug =0 onI'p,
Ae(ugn=g on I'y,
Ae(ug)n =20 onI'.

In this situation, we consider the following shape optimization problem:

(7.6) Inin C(9) s.t. Vol(Q) = Vp,

where C'(2) is the compliance (2.7) of 2 and the volume target Vr is set to 0.7.
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FIGURE 15. A few intermediate design Q™ in the solution of the two-phase conductivity
optimization problem of Section 7.5.
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FIGURE 16. Ewvolution of the objective T'(Q) and constraint G(2) = Vol(Q2) — Vi during the
solution of the two-phase conductivity optimization problem of Section 7.3.

To address this problem, we consider both shape optimization strategies presented in Section 3.2. In a
first experiment, we rely on the “free boundary” approach: the shape is discretized as a diagram V (s, 1),
see Definition 3.2. The N = 3000 cells of this diagram are consistently endowed with the same measure
Vol(2)/N. At each stage of the optimization process, the derivative of the objective function C(Q) with
respect to the vertices q of this diagram is calculated via automatic differentiation, and the sensitivity of
this function with respect to the seed points s of the diagram is inferred along the lines of Section 6.1, while
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the cell measures v are kept fixed. Concurrently, we periodically decrease the measures of all cells by a fixed
amount until the desired volume constraint Vp is attained. The optimized design and a few intermediate
shapes resulting from this procedure are depicted in Fig. 17. Remarkably, the topology of the shape changes
dramatically in the course of the evolution, while no topological derivative is involved in the process. Holes
spontaneously appear in mechanically relevant locations inside the structure, pretty much in the same manner
as the drastic topological changes occurring in the example of Section 7.1 were nevertheless relevant from
the optimization viewpoint. This observation confirms that the notion of sensitivity with respect to the
domain associated to our representation of shapes via diagrams of the form V(s, %) contains a much richer
amount of information when compared to more classical boundary variation algorithms. One drawback of
this approach is the difficulty to control the connectedness of the shape when optimizing the volume of the
cells by means of the strategy of Section 6.2, which is why the heuristic volume update strategy outlined
above is preferred to the use of the formulas for derivative with respect to volume fractions.

FIGURE 17. Various iterates in the solution of the cantilever optimization problem of Sec-
tion 7.4 using a discretization of shapes by modified diagrams (3.6) and (3.7).

We conduct a second experiment in the same physical context, where we rely on the two-phase diagram
approach for the representation of the shape Q: the total computational domain D is equipped with a
classical Laguerre diagram Lag(s, 1)), and the shape  is defined as a subcollection of the cells of this
diagram, see Definition 3.1 and (3.5). In this setting, we follow the “optimize-then-discretize” approach
of Section 6.1 to calculate the sensitivity of C'(£2) with respect to the vertices q of the diagram (although
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automatic differentiation could be used as in the previous examples), before expressing this information
in terms of the seed points s and cell measures v of the diagram, along the lines of Section 6.2. This
practice relies on the continuous formula for the shape derivative of C'(£2). This result is fairly classical in
the literature (again, see e.g. [7]) and we limit ourselves with the statement of the result.

Proposition 7.2. The shape derivative of the compliance C(Q) reads, for any vector field 6 vanishing on
TpUTy:

c@o-- [

div(0)Ae(ug) : e(ug) dx + 4u/(VuQV0) ce(ug) dx + 2)\/ tr(VugVe)div(ug) dx.
Q Q Q

Note that the compliance C(2) has the convenient property to make the adjoint state pgy equal to the
state function ugq (up to a sign).

We apply our optimization Algorithm 1 to the solution of this problem. Actually, acknowledging that the
retained discretization of shapes causes the boundary to be a little rough, we add a very small penalization
to the objective function C'(2) of the problem by the perimeter functional Per(€2). The featured Laguerre
diagrams contain on average 7000 cells, and the computation proceeds in 200 iterations, for a total time
of about 80 min. A few iterates of the optimization process are depicted on Fig. 18, and the associated
convergence histories are represented on Fig. 19. The optimization path is much smoother in this second
experiment as in the former one, which can be explained by the fact that variations of the measures of the
cells do not incur non differentiability of the objective function so easily as in the “free boundary” context.
Indeed, holes cannot emerge naturally inside the bulk structure; this leaves much less room for one of the
conditions (G1) to (G7) for the differentiability of the vertices of the diagram with respect to seed points
and cell measures to become violated. However, one drawback of this approach is admittedly that the total
computational domain D has to be equipped with a diagram, thus resulting in an increase in computational
burden, especially in the perspective of the 3d extension of this work.

The above experiments suggest a few comments about the relative merits of preferring classical Laguerre
diagrams Lag(s, 1) over their modified versions V (s, ) to represent the shape €. On the one hand, the
classical representation Lag(s, 1) is natural when  accounts for one phase within a larger domain D, whose
complement is also involved in the physical problem at stake, as in the previous Section 7.3. As we have just
seen, the parametrization Lag(s, 1) of 2 also proves useful when it is the only phase involved, as it leads
to a smoother optimization path. Moreover, even in such situations where  is the only phase at play, a
discretization of its complement could be handful, e.g. to account for constraints about the distance between
different members of the shape, as discussed in [89]. On the other hand, the classical Laguerre diagram
Lag(s, ) representation of {2 comes at the price of fewer possibilities for topological changes as holes cannot
emerge inside the bulk of the structure unless a specific operator is used to this end, see the next Section 7.5
about the use of topological derivatives. Moreover, the computational burden is increased since the total
domain D has to be discretized by Laguerre cells.

7.5. Optimization of the shape of a bridge by combination of shape and topological derivatives

This section deals with the optimization of another type of linearly elastic structures, namely a two-
dimensional bridge. The considered shapes €2 are enclosed in a box D with size 2 x 1.5; they are clamped
on a region I'p around their lower-left corner, and the vertical displacement is prevented on another region
I's around their lower-right corner. A unit vertical load g = (0, —1) is applied on a region I'y at the middle
of their lower side, see Fig. 14 (c).

In this example, we again minimize the compliance of the structure under a volume constraint, i.e. (7.6)
is solved, with the volume target V; = 0.7. We rely on a discretization of the shape €2 by two-phase
Laguerre diagrams of D, see Definition 3.1 and (3.5), and we calculate the sensitivity of the compliance
C(9) with respect to the defining parameters s and v of the diagram by means of the “optimize-then-
discretize” approach presented in Section 6.1. We also add another ingredient with respect to the workflow
of the previous section: we periodically use the topological derivative to try and drill a tiny hole inside §2 in
an optimal way, see Remark 2.5. In this perspective, let us recall the following result about the topological
derivative of the compliance functional in two space dimensions, see [63, 99].
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FIGURE 18. Various iterates in the solution of the cantilever optimization problem of Sec-
tion 7.4 via a discretization of shapes using two-phase Laguerre diagrams of the computa-
tional domain D.

Theorem 7.1. Let d = 2, and let Q C R? be a bounded, Lipschitz domain. The elastic compliance C(£2)
defined in (2.7) has a topological derivative at every point x € §, which reads:

(A +2u)

dpde(uq) : e(ug) + (A — p)tr(Ae(ug))tr(e(ug)) ) (x).

Starting from an initial shape Q° with trivial topology, see Fig. 20, we apply 200 iterations of our shape
and topology optimization Algorithm 1, augmented with the aforementioned use of topological derivatives.
More precisely, once every 10 iterations, the quantity dzC() is calculated inside each cell defining the
current shape, and a fixed fraction (2.5%) of the volume Vol(Q2) is removed by relabelling the cells where
drC(Q) has the most negative values as exterior cells. On average, the considered Laguerre diagrams contain
about 7000 cells, and the total computation takes about 80 min. A few intermediate shapes arising during
the resolution are depicted in Fig. 20, and the convergence history is provided in Fig. 21. Although the initial
shape has a very poor topology, the shape develops very non trivial features in the course of the optimization
process, thanks to the use of topological derivatives. The final, optimized design is very reminiscent of those
obtained in the same context in e.g. [41].
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Evolution of the objective and volume of the shape
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FIGURE 19. Ewvolution of the objective (mechanical compliance) and volume during the so-
lution of the cantilever optimization problem of Section 7.J.

FIGURE 20. Various iterates in the solution of the bridge optimization problem of Sec-
tion 7.5.

7.6. Minimization of the stress within a bridge structure

Our last numerical example deals with the minimization of the stress within a two-dimensional self-sustaining
bridge, which is depicted in Fig. 14 (d): the shapes are contained in a square-shaped box D with size 1 x 1;
they are clamped on their bottom side I'p, and a uniform vertical load g = (0, —1) is applied on their upper
side 'y, which stands for the deck of the structure. Omitting body forces, the displacement ug : Q — R? of
the structure is characterized by the boundary value problem (7.5).

In this setting, we aim to minimize an integral quantity of the stress within the structure, i.e. we solve:

(7.7 ngn S(Q) s.t. Vol(2) = V.
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Evolution of the objective and volume of the shape
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FIGURE 21. Ewolution of the objective (mechanical compliance) and volume during the so-
lution of the bridge optimization problem of Section 7.5.

In this formulation, the stress function S() is defined by:

S(Q) = /Q||O'(UQ)H2 dx, where o(ug) := Ae(ugq),

and the volume target Vr is set to 0.8.

We address the solution of (7.7) with the two-phase Laguerre diagram discretization presented in Sec-
tion 3.1 and used in the previous examples Sections 7.4 and 7.5. Here again, the sensitivities of the objective
function with respect to the seed points s and cell measures v defining the diagrams at stake are calculated
by the optimize-then-discretize approach presented in Section 6.1. From the implementation viewpoint, the
main difference between this example and those addressed in the previous Sections 7.4 and 7.5 is that the
optimization problem is no longer self-adjoint, i.e. the shape derivative of S(£2) involves an adjoint state pg
which is not easily related to ug, as revealed by the following result, about which we refer again to e.g. [7].

Proposition 7.3. The function S(Q) is shape differentiable at any smooth enough shape §2, and its derivative
reads, for any vector field @ vanishing on I'p UT'y:

(7.8) S'(Q)(0) = A div(0)Ae(ug) : e(pq) dx — 2“/9 ((VUQVO) ce(pa) + (VpaVe) : €(UQ)> dx

— /\/ (tr(VuQVO)diV(pQ) + tr(VpQVB)div(uQ)> dx,
Q
where the adjoint state pq is the solution to the following variational problem:

Search for po € Hf (Q)? s.t. Vv € H}_(Q), / Ae(pg) s e(v)dx = —2/ Ae(ug) : Ae(v) dx.
Q Q

We apply 250 iterations of our shape and topology optimization Algorithm 1 to solve the problem (7.7).
The average number N of cells of the considered Laguerre diagrams is 8000, and the total computation takes
about 3 hours. We note that the calculation of the adjoint state pg requires the solution to the boundary
value problem (7.8) for pg at each iteration of the process, in addition to that of (7.5), which explains
the significant increase in computational burden observed in this case. A few snapshots of the optimization
process are reported on Fig. 22. Again, the shape dramatically changes topology in the course of the solution
process.

8. CONCLUSIONS AND PERSPECTIVES

In this article, we have presented a novel numerical framework for optimal design, inspired by modern

concepts from fields so diverse as optimal transport, computational geometry, and shape and topology

optimization. The key feature of our method is a consistent body-fitted representation of the shape, in terms

of a (modified version of a) Laguerre diagram. The latter is parametrized in terms of the seed points and
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FIGURE 22. Various iterates in the solution of the stress minimization problem within a
self-sustaining bridge of Section 7.6.

the measures of its cells, as permitted by deep results from optimal transport theory. The evolution of the
shape through the iterations of the process is driven by the shape gradients of the objective and constraint
functionals, which are suitably expressed in terms of these defining variables of Laguerre diagrams. Our
numerical strategy is Lagrangian in nature, since the evolution of the shape is tracked via the motion of
the seed points and weights of the diagram. However, dramatic updates can be accounted for in a robust
fashion, including topological changes, since the diagram is never deformed itself — it is rediscovered from the
updated seed points and cell measures. This framework can generally handle complex physical situations,
featuring multiple phases, and we hope that it can serve to other applications. Remarkably, it features a
description of a wide variety of shapes by a relatively small number of parameters, which pleads in favor of
the use of such representation in connection with reduced basis methods, or of the use of neural networks for
a parametrization of shapes by such a diagram, and the realization of its optimization with machine learning
techniques.
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For the sake of simplicity, we have focused our presentation and numerical illustrations on the case of two
space dimensions, although the underlying theory holds true in 3d, and the critical numerical ingredients of
the method (notably, the computation of Laguerre diagrams) are already available in this context. In future
work, we ambition to adapt this numerical methodology to this theoretically similar, albeit numerically much
more involved (and much richer) 3d context.

On the longer term, and from a more theoretical viewpoint, it would be fascinating to appraise more
rigorously the new type of shape evolution featured by this method. Indeed, the examples of Sections 7.1
and 7.4 have demonstrated how different the induced notion of sensitivity with respect to the design is
from more “classical” concepts such as shape and topological derivatives: we suspect that these issues are
somehow related to the idea of linearized optimal transport, see Remark 3.5.
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APPENDIX A. CALCULATION AND DIFFERENTIATION OF THE COORDINATES OF THE VERTICES OF A
DIAGRAM WITH RESPECT TO ITS SEED POINTS AND WEIGHTS

In this appendix, we detail the calculation of the positions of the vertices q = {qj}j:17III7M € RIM of
the diagram V(s,) in (3.6) from the datum of its seed points s and weights 1. We also investigate the
calculation of their derivatives with respect to s and 1), which is a central ingredient in the procedure of
Section 6.2 for expressing differentiation of functions with respect to the positions q of the vertices of the
diagram in terms of the generating seed points s and weights 7). These formulas are admittedly not new,
but their rigorous exposition and establishment are not so easily found in the literature. Our presentation
focuses on the case d = 2, but similar analyses could be conducted in three space dimensions.

Let us start with the following general result.

Proposition A.1. Lets € RN and 9 € RY be sets of seed points and weights satisfying the genericity
assumptions (G1) to (G7) and letq ={q;},_, € RIM denote the vertices of the diagram V(s,). Then
fors € R¥W and 'zZ € RY small enough, the perturbed diagram V(s +8,1 + 1;) has the same neighbour
relations as V(s, ).

Moreover, there exists a mapping m : RNV foX — Whee (R RY) which is differentiable in a neighborhood
of (0,0) such that:

Vi=1,.. N, m@E$)(Vis,9)) = Vils +5,% + D),
and
The vertices of the diagram V(s+8,1¢ + 127\) are exactly the points m(S, &)(qj), j=1,...,M.

Proof. At first, we prove that ¢ # j € {1,..., N} are the indices of neighbor cells in the diagram V (s, )
if and only if the cells ¢ and j are neighbors in V(s + 8,4 + 15) for small enough perturbations § € R
and Q,Z € RY. For simplicity, we only deal with the case where the edge e;; between the cells V;(s, ) and
Vi(s,%) in V (s, 1) lies entirely in the open set D, the treatment of the situation where it intersects 0.D
being similar.

To achieve our purpose, let us first observe that V;(s, ) and V;(s, ¥) are neighbors in the diagram V (s, 1)
if and only if the following property holds true:

x = 81— = x — 8,2,
dx € D s.t. { ||x — si||2—¢i < |‘x — si}Q—wi, for each k ¢ {i,5}.

In turn, this is equivalent to the positivity of the optimal value

max{ min {\x - sk|2—1/)k — (|x - Si|2_1/}i>} ,xeD, |x— Si|2—¢i =|x - Sj|2—¢j} .

x  (kg{id}
We now invoke the continuity of the optimal value of a constrained optimization program with respect to
perturbations of its parameters, see e.g. Prop. 4.4 in [23], whose assumptions are satisfied in the present
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case. Hence, if the cells indexed by i # j are neighbors in the diagram V (s, 1)), then they are also neighbors
in the diagram V(s + 8,9 + {b\) for small enough s € R4, {5 € RY. Note that a similar argument shows
that if V(s, ) satisfies (G1) to (G7), then so does V(s + 3, + 9).

Conversely, let us now prove that there exists ¢ > 0 such that, for any perturbations s € R, '[ﬁ € RN
with [8|+|%|< e, the diagram V(s + 8, + {b\)) cannot have neighbor cells that are not already neighbors
in V(s,4). To achieve this, we proceed by contradiction, assuming that there exist sequences 8" € RV,
'IZ" € RV converging to 0 and index sequences i" # j" € {1,...,N} such that the cells with indices ",
j™ are neighbors in V(s +8", % + 1,2") but not in V(s,). Actually, since the number N of seed points is
finite, we may extract a subsequence (still labeled by ™) along which these indices 4, j are independent of
n. Let then a” and b™ denote the vertices of the edge between the cells ¢ and j in V(s +8", % + 'zZ”), and
let k™1™ ¢ {i,j} denote the (distinct) indices such that a™ (resp. b™) is at the intersection between the
cells 7, j and k™ (resp. I™) in V(s +8™, ¢ + 1,5”) Up to extraction of another subsequence, we may assume
that these indices do not depend on n, and we denote them by k£ # [. We may also assume that a™ and
b™ converge to limiting positions a* and b*, respectively. Both points belong to the boundaries 9V;(s, 1)
and OV;(s, ). Since Vi(s, ) and V;(s, v) are not neighbors in V (s, ), one must then have a* = b* and
this single vertex is at the intersection between the four cells Vi(s, ), V;(s,¥), Vi(s, %) and V|(s, ). This
contradicts Assumption (G2), and the statement that ¢ and j are not neighbors in V(s, ) is absurd.

At this point, we have proved that for § € R4V, 4 € RN small enough, the perturbed diagram V(s+58, ¢+
1;) has the same neighbor relations as V (s, ). Now, each cell V;(s+38, v + 12;) is a closed, convex subset of
D whose non degenerate edges are completely characterized by their endpoints. The calculations below show
that all the vertices of this diagram behave as differentiable functions in a neighborhood of (s, ). We may
then define m(s, QZ) as an affine function in restriction to every edge of the cells V;(s, 1), and then extend
the latter into D as a whole by barycentric coordinates extension. This induces a W>°(R¢, R?) mapping
m(s, ’l,//J\) which is a differentiable of the variables (s, 1)) in the neighborhood of (0,0) € R4 x RY. O

We provide the missing ingredients of the above proof by showing that the vertices of the diagram V (s, 1))
are smooth functions of the seed points s and weights 1 when they are slight perturbations of reference values
satisfying (G1) to (G7). Meanwhile, we provide explicit characterizations of their derivatives, which are useful
in particular in the numerical implementation of the methods presented in Section 6. We proceed in the
case d = 2 for simplicity, but a similar analysis could be conducted when d = 3, up to an increased level of
tediousness. We distinguish between several types of vertices, which are illustrated on Fig. 23.

Case 1: Vertices at the intersection of three cells. Let q € R? be the vertex at the intersection between
three given cells Vi(s, ), V;(s, ) and Vi (s, v), for some distinct indices 4, j, k € {1,..., N}. This vertex is
characterized by the following relations:

la=sil?> =¥ = la—s;> =~

lg —si]> — ¢ lg — skl® — ¥,

which rewrites:

(a,se —si) = 5(Iskl® = |sil®> — (Vr — ).
Invoking Assumptions (G2) and (G3), this system uniquely determines q as a smooth function of s;, s;,
s, and 5, ¥, ¥, a dependence which is not made explicit for notational simplicity. Taking derivatives in
the previous system then leads to the following 2 x 2 linear systems for the sensitivities [V, q] € R?*2 and

QGR%
Sj—Si _(a=si sj—si \ 99 _
(%—&)WSH](q—si)’and<8k—sz‘)8¢i( )

O
which are invertible on account of Assumption (G2). Similar expressions hold true for the derivatives [Vsj q] ,

dq B
[Vs,q] and 871, 871'

Case 2: Vertices at the intersection of two cells and void. Let now q € R? be one vertex at the intersection
between the cells Vi(s, ), Vj(s,%) (i # j) and the void phase Vi(s, ). Then, q satisfies the following
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{ (a,sj —si) = 5(Isj|* —[sil* = (¢ — 1))
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FIGURE 23. Different categories of vertices in a diagram V (s,): (a) Case of a vertex q at
the intersection between 3 cells; (b) Case of a vertex between 2 cells and the void phase; (c)
Case of a vertex resulting from the discretization of an exterior circle; (d) Case of a vertex
at the intersection between 2 cells and the boundary 0D of the computational domain D; (e)
Case of a vertex at the intersection between one cell, the void phase, and 0D.

system of equations:
(@85 —si) = 5(Isi1> = Isi” = (5 — 1))
‘q — 85 |2 - 1/)1
Note that there may be several such vertices, and so the above system may accordingly have multiple
solutions. Assumption (G3) and the implicit function theorem together imply that q behaves as a smooth

function of s;, s;, 1¥; and 9; — actually, any solution to this system induces a smooth branch of solutions for
small perturbations of these parameters. Taking derivatives, it follows:

Sj —S8i _ (. 9—si Sj —8i 6q:
( — )[vsiq] (q_si ) and ( e )awi (

These systems are invertible on account of Assumption (G3). Again, similar expressions hold for the deriva-
tives [Vsj q] and (,%‘}j.

N[ N[

Case 3: Vertices corresponding to the discretization of a circular arc. Consider a circular arc pertaining to
the boundary of the cell V;(s, ), and let q,., 7 = 0, ..., nar be the vertices corresponding to its discretization,
enumerated counterclockwise, see Section 4. Let o € (0,27) be the angle from s;qq to s;qn,,., which is a
smooth function of s;, qp and q,,,., and, in turn, as revealed by the previous item, a smooth function of the
seed points s and weights 1. More precisely, it holds:

S; S; S; S;
COS (v — < 10 7 zqnarc > 7 sing = det ( + 0 7 ana,.c ) 7
|sido| " [siQn,.. siqo| " [SiQn,..
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whence we infer a € (0, 27) via the formula

o = 2acot (Ha) — r— atan (H) .

sin « sin «
Then, let us introduce the vector b = s;qg := (—(si2 — qo.2), $i1 — 0,1), Where ut := (—ug,u;) denotes the
90° counterclockwise rotate of a vector u = (uy,uq) € R2. Each vertex q, (r=1,...,n4¢—1) is determined

by the following relation:

siq, = cos(t,a)s;qp + sin(t,a)b, where ¢, = —
narc
The differentiability of q, and the closed form expressions of its derivatives with respect to s and v are
straightforward consequences of this formula.

Since the cells of the diagram V (s, 1)) are restricted to the bounded computational domain D C R?, two
additional situations should be considered, which are depicted on Fig. 23 (e) (f). To address them, it is
convenient to introduce a level set function ¢ : R? — R for D, that is

p(x) <0 ifxeD,
Vx € R?, #(x) =0 ifx€aD,
¢(x) >0 otherwise.

Then, the unit normal vector n(x) to 9D pointing outward D is given by n(x) = ‘giga

see e.g. [100, ] about general features of such a level set representation of domains.

for ds a.e. x € 9D,

Case 2b: Vertices corresponding to the intersection between two cells and 0D. Let q € R? be one vertex at
the intersection between the cells V;(s, ), V;(s, 1) and 0D. Then the following system of equations holds:

{ la—si|*—; = |q—s;[*—;
¢(a) = 0.

As in the previous items, the combination of Assumptions (G5) and (G6) with the implicit function theorem
shows that this q behaves as a smooth function of the parameters s and 1 when the latter are slightly
perturbed from reference values satisfying (G1) to (G7). In the meantime, taking derivatives in the above
equations yields immediately the following systems:

() i = (%) a0 (S5 ) o= (5 ):

which are invertible on account of (G5) and (G6). Similar relations allow to characterize the derivatives

[Vs,q] and 6‘91/1.

Case 3b: Vertices at the intersection between one exterior circle and 8D. Let q € R? be one vertex lying at
the intersection between the cell V;(s, %) (i = 1,..., N), the void phase Vy(s, ) and dD. Then,

{|q—Si|2—1/Ji =0
#(a) = 0,

Using (G1) to (G7) and the implicit function theorem, we see that this system characterizes a smooth
function of s and 1. In the meantime, taking derivatives into these equations, we obtain the following

invertible systems:
a-—si _(a=si a-si \%a _ (3
( (@) )Ws’i‘“‘( 0 )’a“d ( n(Q) )awf((J)'

APPENDIX B. SECOND ORDER DERIVATIVES OF THE KANTOROVICH FUNCTIONAL WITH RESPECT TO
SEEDS AND WEIGHTS

Let s € R, 4 € RN be generic seed points and weights, in the sense that (G1) to (G7) hold true. Let
also v = {v1,...,vn} be a vector of prescribed measures. Restricting to the case of two space dimensions
58



d = 2 for simplicity, this section details the calculation of the partial derivatives of the derivative F :
RgN X Rfy X Rf/\j — RN of the Kantorovich functional introduced in Theorem 3.1:

Fs.v) = (v-Viswl)

Let us recall that this result is useful for a variety of purposes in our framework: on the one hand, it is the
key ingredient of the Newton-Raphson algorithm implemented for the resolution of (3.11), see Section 4.1.
On the other hand, it is needed in the procedure of Section 6 for expressing the derivative of a quantity with
respect to the vertices q of the diagram in terms of the defining seed points s and weights 1. Again, the
results of this appendix are not completely new, see e.g. [14, 88, 98] where fairly similar calculations are
conducted in a formal fashion. The calculation of the derivatives of F with respect to the weights 1 is also
achieved in [38], and in [47] in a more general context. Here, we present an elementary mixture of arguments
used in the aforementioned references.

Let us introduce a few additional notations, which are illustrated on Fig. 24:

e For any index ¢ = 1,..., N and any neighbor j € N; of i, we recall that e;; is the line segment
Vi(s, )N Vj(s, 1)), and we denote by m;; the midpoint of e;;.

e Fori=1,...,N, we denote by C; », r =1,...,n.,; the circular arcs composing the boundary of the
cell V;(s, 1/}) the value n.; = 0 indicates that the cell is not on the boundary of the associated shape
Q. We also let C; : Uf;l Cir

e Fori=1,...,N and r = 1,...,n.,;, the endpoints of the circular arc C; , are denoted by q?yr, ql{r
when the latter is oriented counterclockwise, and 6; , € (0,27) is its angular aperture.

e Fori=1,..., N, we denote by n; the unit normal vector field to OV (s, ¥), pointing outward V;(s, ).
This latter is given for ds-almost every point x € 9V (s, 1) by the following expressions:

X5 ifx e(;.

[x—s;]

225 if x € e;; for some j € N,
n(x) =

The result of interest in this appendix is the following.

Proposition B.1. Let s = {s;},_; y € RN and ¢ = Witici N € RN be sets of seed points and
weights satisfying the genericity Assumptions (G1) to (G7). Then, for alli = 1,...,N, the function F is
differentiable at (s,v,). It holds, fori=1,...,N:

Me,i
e o €
Ve Fils,v, ) = ol 3 (el ) and for £V Fls) = 5L,
JEN; |SJ - SZ r=1 |SJ - si‘

where ut 1= (—ug,u1) is the 90° counterclockwise rotate of a vector u = (u1,us) € R?. Besides,
OF, eyl ) & OF, 1 eyl
s,v,1) = — 0;.r, and forj#i (s,v,9) = = J

8’1/12( 2 j§ | j_szl ; v 81113 ) 2\sj—sl|

Proof. Judging from the definition (3.14) of the function F(s,v,-), the proof boils down to the calculation
of the derivatives of the measures

Ai(&d") = |V;(S,’l/))|, Z:LaN
with respect to the seed points s € R and weights ¢ € RY of the diagram V(s,). The main idea
builds on the conclusion of Proposition A.1, whereby their exists ¢ > 0 such that for any perturbation
(8,%) € RN x R} with [8|+|¢|< ¢, the diagram V(s + 8,4 + 1) is obtained from the reference diagram
V (s, 1) by application of a “smooth” deformation

Id + m(8, %), where m(8, ) € WH>(R? R?).

The derivative of (8, ’l,//J\) — Ai(s+58,¢+ w) thus results from the combination of the chain rule with the
formula (2.8) for the derivative of the volume of a domain with respect to arbitrary perturbations of its
boundary.
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(2]

FIGURE 24. Deformation of (a) An interior cell; (b) A cell containing at least one circular
arc in the diagram V (s,), induced by a small perturbation of the corresponding seed point,
as considered in Appendiz B.

We first apply this strategy to calculate the derivative of A;(s, 1)) with respect to s;, for a given index
i=1,...,N. For any vector h € R? let s(h) := (sy,...,8;_1,8; + h,s;11,...,8x) be the collection of seed
points resulting from a translation h of the i*" element of s. As we have recalled, when |h|< ¢, the cell
Vi(s(h), ) is of the form

(B.1) Vi(s(h), %) = (1d + m(h)) (Vi(s, ),

for a certain differentiable mapping B(0,¢) > h — m(h) € W1 >°(R? R?). The combination of the chain
rule with formula (2.8) yields:

(B.ngi N
/@%,d,) <8h(0)(h)(x)7“i(x)> ds(x) |
> <‘9ar;‘<o><h><x>,ni<x>> ds(x) +z / <8£(o>(h)(x>,ni(x)> ds(x),

(s,9)(h)

8si
JEN,; Y €ii

and we now proceed to glean information about the derivative R? 5 h +— 22(0)(h) € W1>°(R2, R?).
Let j € N, and x be an arbitrary point on the edge e;;. For any perturbation h € B(0,¢), the point
m(h)(x) belongs to the intersection of the cells V;(s(h), ) and V;(s(h), ), which implies that:

x +m(h)(x) —s; — h[*~¢; = [x + m(h)(x) — s> ~1);.
A simple calculation then yields:
2(m(h)(x),8; — ;) = 2(x —s;, h) + [x — ;> —|x = si>—(¢); — 9;) + o(h),
and so:

0 0) () x) 85 1) = (x s ).
<ah >

As a result, we have proved the expression

om X —S;
B. v i —(0)(h ,n, )=(———h).
®3) xee (GrOmEm) - (X2 n)
Let now x be a point on one of the circular arcs C; ., r = 1,...,n.;. Again, the definition of C;, readily

implies that, for any perturbation vector |h|< €, we have:

x + m(h)(x) —s; — h[’=¢;.
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Hence, we obtain
1 1
(m(h)(x),x —s;) = (x —s;,h) — §‘X —si|*+ 51/11 + o(h),

and so:

(B.4) Vx €C; <88];1(0)(h)(x),ni(x)> = <H h>.

|X—Si|’

Eventually, combining (B.2) with (B.3) and (B.4), we obtain:

Z/ X7 4s(x),h ) + Z/ X7 5% 4s(x),h
jeM eij Sj_si‘ r=1 Ci,»,- X_Si|

ei‘| Ne,i
= <Z |S_JS_(mij—si),h>+<Z(q?,r—si)L—(q%)T—si)l,h>,
5 %

JEN; r=1

0A;
8Si

(s, %) (h)

where the second line follows from an elementary calculation. This yields the desired formula.

Let us now apply the same strategy to calculate the derivative of A;(s, ) with respect to the weight 1;.
A perturbation of ; of the form 1; + h for |h|< € incurs a deformation of the i*" cell of the diagram of the
form:

Vi(s, w0 + hey) = (1d + m(n) (Vi(s, %) ).

for some differentiable mapping B(0,¢) > h + m(h) € W1>°(R? R?). Again, the combination of (2.8) with
the chain rule yields:

(B.5)
0A; B aim - "
D (s,9)(h) = /am(s,¢)<8h (0)(h)(x), n;( )> ds(x)
om Ne,i om
- ]gl\:h €ij <8h(0)(h)(X)’nz(X)> dS(X) i ;/Ci,r <ah’(0)(h)(X)7nl(X)> dS(x)’

and we now aim to characterize the derivative R > h — 22(0)(h) € WH>(R?,R?).
To this end, let us first consider an index j € N, and let x € e;; be given. For any h € B(0,¢), it holds:

x + m(h)(x) — ;> — b — h = [x + m(h)(x) —s;|* — ¥,
and so

(m()(x), 85 — 80) = & +x— s5f* — e = sif? — (85 — ) + ().

We then obtain the following formula involving the derivative of the mapping m:

weey (RO -5 )= 5.

which rewrites:

(B:6) e ey (GROMmE)) = 5t
Let us now consider a point x located on one of the circular arcs C; ., r = 1,...,n.,;. It holds, for all
h € B(0,¢):
x +m(h)(x) —si|* = i + h,
and so:
B.7) (GrOmme) = 5t =



Eventually, combining (B.5) with (B.6) and (B.7), we arrive at:

0A; _ R 1/2 (x

5o, (s 0)0) = <J€ZA;/ 2|S],Sz| > <Z/ )’h>
ey > <9 >

(2 k) (3500

which yields the desired formula.

The expressions of the partial derivatives of the mapping (s, 1) — A;(s, ) with respect to the position
s; and weight 1; of a neighboring index j € N; are obtained in a completely similar fashion, and we omit
the details for brevity. The proof of Proposition B.1 is therefore complete. O

Remark B.1. The differentiability of the mapping ¥ — K(s,v, 1) — which essentially involves the areas
|Vi(s, )| of the cells of the diagram V(s,v) — holds true under weaker assumptions than the collection
(G1) to (GT), which implies the differentiability of all the individual vertices of the diagram, see for instance
[47, 88]. To keep the presentation elementary and self-contained, we limit ourselves with the presented results,
which are sufficient for our purpose.

Corollary B.1. Lets € R™ and 1p € RN be collections of seed points and weights satisfying (G1) to (G7).
Then, [VF(s,v, )] is a negative definite N x N matriz, which is therefore invertible.

Proof. The above assumptions imply in particular that the diagram V (s, 1) contains no empty cell, so that
the weights 1); are positive for ¢ = 1,..., N (see Step 2 in the next Appendix C where the same argument
is used). Then, the matrix [V F(s,v, )] is strictly diagonal dominant, and by a classical argument, it is
invertible. Since its diagonal entries are negative, the claim follows. O

Remark B.2. In the case where the void phase Vi(s, ) is empty, [V4F(s,v,49)] has a one-dimensional
kernel, which reflects the fact that the collection of weights v realizing a given measure constraint for each
cell is unique up to addition of a common real number to all the ;.

APPENDIX C. PROOF OF THEOREM 3.1

The proof is decomposed into four steps.

Step 1: We prove that the function RN 3 1p — K(s,v,4) € R defined by (3.13) is concave, differentiable,
and we calculate its derivative.

For x € X, we denote for convenience sy = so(x) = x. For a given weight vector ¢ € RY, let us define the
measurable mappings I, : X — {0,..., N} and Ty, : X — X by:
I,(x) = arg min (|x — si|2 - 7,/17;), and Ty (x) = ST, (x)s
i=0,...,N

where we recall the convention 1)y = 0. Note that the points x € X where the above minimum is not uniquely
attained form a set of Lebesgue measure 0, so that I, and T are well-defined a.e. on X. This definition
immediately implies that, for any measurable mapping I : X — {0,..., N}, it holds:

x —s1,001° = V1, < X —s1(x)|* — Yr(x) for ae. x € X,

It follows that, for any weight vectors 1), € RV:

N
Kiswip) = [ (Ix=sim 00l = or,m) dx+ v
’L;l
< (x—s < (X)] — )dx+ V;0;
o / = st (9]~ 1) O Dt

N
Z/ |x—si|2—goi) dX+Zl/i§0i
(s,%) i=1

(Sava)+< (S,V,’l,b),(ﬂ*’l/)%
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where we recall that the components of F(s,v, 1) € RY are defined by:

(C.2) Fi(s,v,¢) =v;, — |Vi(s,¥)|, i=1,...,N.

Hence, the superdifferential 0y K (s, v, 1) of the mapping ¢ — K(s,v, ) at an arbitrary weight vector
1 € RY contains F(s,v,7) € RV, and it is in particular non empty. On the other hand, the inequality
(C.1) expresses K(s,v,-) as the minimum of a collection of affine functions:

K(s.v,¢) = min (K(s,,9) + (Fsv9).0-9)), ¢V,
€
This discussion shows that the mapping v +— K (s, v, ) is concave, and thus differentiable at a.e. 1 € RY;

besides, its gradient at any point ¢ where it is differentiable equals VK (s,v,¢) = F(s,v, ), see [110],
Th. 25.4.

The C! character of ¥ — K(s,v, ) follows from the same argument as in the proof of Th. 40 in [38].
At first, a simple application of the Lebesgue dominated convergence theorem shows that the mapping
1 — F(s,v, ) is continuous on RY. On the other hand, according to Th. 25.6 in [110] the superdifferential
Oy K (s,v,1) at any vector ¢ € RY reads:

OpK(s,v,¢) = {nh_>n(r>1O g", g" =VyuK(s,v,y"), ¢" 272, 4p and K (s, v, -) is differentiable at 1/J”} .

Now, the continuity of F(s, v, ) implies that, for any sequence ™ — 1) such that K(s,v, ) is differentiable
at ¥", the unique element F(s, v, ¢¥") = V4, K(s,v,¢") in 0y, K (s, v, ¥™) converges to F(s, v, ¥) as n — oo.
The superdifferential 9y K (s, v, 1) is thus reduced to a single point, and so K (s, v, -) is differentiable on RV,
with continuous derivative F(s,v,+). This completes the first step in the proof of Theorem 3.1; in passing,
we have proved that the maximizers 1» € RY in (3.12) are characterized by the equation

F(s,v,v) =0.

Step 2: We prove the existence of a weight vector ¥* satisfying (3.11).

To this end, we adapt the argument of the proof of Corollary 39 in [38]. This starts with a few remarks:
e Forany ¥ € RV and i = 1,..., N, the mapping R > ¢ ~ |V;(s, v + te;)| is non decreasing.
e For any 9 € RV and i,j =1,...,N, i # j, the mapping R > t — |V;(s, 4 + te;)| is non increasing.
o If the cell V;(s, 1)) is non empty, then the weight v; must satisfy ¢; > 0, since any point x € V;(s, ¢)
satisfies in particular |x — s;|2—; < 0.
In the same spirit, if V;(s, ) has positive Lebesgue measure, one has 1; > 0.
If the cell Vo(s, ) in (3.8) is non empty, it holds:

Vi=1,...,N, ; <diam(D)?.
Now, let v € RY be a vector satisfying (3.10), and let £ C RY be the set defined by

K = {¢ € RY sit. [Vi(s, )| < v; for all i = 1,...,N}.

According to the previous observations, for all 9 € K, it holds |Vo(s, 9)|> vo > 0, and so K C [0, diam(D)?]V.
Moreover, since the mapping F(s, v, ) is continuous, K is closed, and it is therefore compact. Let us then
consider one solution ¥* to the following maximization problem:

Pek

N
(C.3) max W), where W () = Zwl

Assume that there exists ¢ € {1,..., N} such that |V;(s,¥*)|< v;. Then by the continuity of F(s,v,-), there
exists ¢t > 0 such that |V;(s,¢¥* + te;)|< v;, and by the foregoing observations, one also has:
[Vi(s, 9" +te;)| < [Vj(s,9p")| < vy for j=1,...,N, j#i.
Hence, the vector (p* + te;) also belongs to K and W (v* + te;) > W (1)*), which contradicts the definition
of ©*. We have thus proved that any maximizer 1* in (C.3) satisfies the desired property:
[Vi(s,¥")|=v;, fori=1,..., N.
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Step 3: We prove the uniqueness of ¥* under the genericity assumptions (G1) to (G7).

We have seen in Corollary B.1 that under the assumptions (G1) to (G7), the mapping ¥ — F(s,v, ) is
differentiable at 1*, and that the derivative [V, F (s, v, 9*)] is an invertible N x N matrix.

Let us assume that there exists another weight vector ¢* satisfying (3.11). Then %* and ¢* are both
maximizers of the concave Kantorovich functional K(s,v,-), and so, for any ¢ € (0, 1), it holds:

F(s,v, (1 —t)yY* +tp") =F(s,v,¢*) = 0.
Rearranging the above equality, dividing both sides by ¢, then letting ¢ tend to 0, we obtain:
[VyF(s, v, 47)] (¢" —¢7) =0,
which proves that ©¥* = ¢*, as expected.
Step 4: We use duality to conclude that (3.15) is the optimal transport mapping between 1 and v.

Let us recall the well-known expression of the dual maximization problem attached to the Kantorovich
minimization problem (OT-K):

, , 1 al
(OT-D) max (/X min (C(X, y) - ¢(Y)) du(y) + YT /X Y(y)dy + ; Vﬂ/’z‘) :

PeC(X) yeX
see e.g. [112]. The weak duality phenomenon reads, in the present situation:
(C.4) max (OT-D) < min (OT-K).
Note that actually, strong duality holds, i.e. max (OT-D) = min (OT-K), see Th. 1.39 in [112]. We shall

not need this fact, which will actually turn out to be a by-product of our analysis.

Let 1» € RN be the weight vector supplied by the second step, guaranteeing the equality (3.11), and let
Ty be the mapping defined in (3.15); we recall from Step 2 that ¢; > 0 for all ¢ = 1,..., N and we retain
the convention ¥y = 0. By construction, (Toy)xp = v, so that (Id, To )4 is an admissible transport plan in
the problem (OT-K); hence:

min (OT-K) < /Xc(x, Ty (x)) dp(x).

On the other hand, let us define the (discontinuous) function {z)v : X - R by

e o ’(/J,L ifyZSi,izl,...7N,
yeX, ¥y)= { 1o = 0 otherwise.
It follows from the definition of Ty, that:
W X, elx Ty(x)) — D(Ty(x)) = min (c(xy) ~ ().

Integrating this identity, we obtain:

(C5) /X (o, Ty () () — 3 vt = /X min (c(x,y) - 9(¥)) du(x).

=1

We now approximate the discontinuous function ’zZ in the last term in the above right-hand side. To this
end, let us first introduce the step function y. defined for € > 0 small enough by

| ¢ if |y —si|l<eforsome i=1,...,N,
vy € X, XE(y)_{ 0 otherwise.

We also introduce one function (. € C(X) satisfying the properties:

C(y)=1v; if ly—si|<§for i=1,...,N,
0<C(y) < if § <|y—sj|<efor i=1,...,N,
0 otherwise,
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i.e. (. is a smoothed version of QZ, whose support is contained in a collection of balls of radius € around the
s;, 1 =1,..., N; the latter can easily be constructed thanks to mollifiers. Then, it holds:

. _ < i 3 < mi = .
min (c(x.y) = xe(v)) < min (c(x.y) = G(v)) < min (c(ey) = ()
On the other hand, the first term in the above left-hand side can be estimated as:
e (C(X,Y) - Xe(Y)) 2> min (0, _min (c(x, s; +h)— 1/%))

heB(0,¢)

= min (O, min (c(x h,s;) 1/)1)>
heB (o)

> min (O, ‘7r1nin (c(x, Si) — @ZJZ)> — Le

= mip (C(XJ) - ZZ(Y)) — Le,

where L is a Lipschitz constant for the cost ¢(x,y) = |x — y|? on X x X, and we have used the particular
difference structure of the latter when passing from the first to the second line. It follows that:

min (C(x,y) — J(Y)) < min (C(XJ) — Cs(y)) + Le,

and so, returning to (C.5):

ye

et Lot dutx) < [ min (ctxy) - ) du<x>+§;wi+m

IN

. 1 -
i (00~ e) w0 4y [ ety + 3 v 1
< max (OT-D) + Le.

Since ¢ is arbitrary, we may let € tend to 0 in the above inequality; recalling the weak duality inequality
(C.4), we have thus proved that Ty, is indeed an optimal transport mapping.

The uniqueness of such an optimal transport mapping is a classical fact in optimal transport theory, see
e.g. Th. 1.17 in [112]. This concludes the proof of Theorem 3.1.

APPENDIX D. IMPLEMENTATION DETAILS OF THE VIRTUAL ELEMENT METHOD

In this section, we describe the practical implementation of the Virtual Element Method for the solution of
the conductivity equation (Cond) and of the linear elasticity system (Elas).

D.1. The case of the conductivity equation

Slipping into the notation of Section 5.2 and closely following [125], we now provide a little details about the
computation of the entries of the local stiffness matrix K ¢ R *n” defined by
Vi,j=1,...,n, KI=a"((,¢),
where the discrete bilinear form a”(u,v) reads
Yu,v € W(E), a”(u,v) = o (rou, ncv) + 5% (u — mpu, v — mpv),
and the basis {(;} ne of W(E) is characterized by (5.11). As discussed in Section 5.2, this formula
induces a decomposition of K as the sum of two contributions:

K® = PP 4 8% where P := a®(1c¢, mc¢;) and SE = 37(¢; — mpGi, § — 7p¢).

i=1,...

The cornerstone of the calculation of both matrices is therefore the calculation of the matrix I € R3%""
of the projection operator 7p onto affine functions, expressed in the bases {(;},_; ,= of W(FE) and

{ma}tazi oz of P(E), ie. the i*h column of II gathers the entries of Tp(; in the basis m,:

3
mp(i(x) = Zﬂaima(x), i=1,....,n", xecE.
a=1

65



By using the following characterization of mp,

1

WPCi = 6 = n7E and CLE(T(pCi,ma) = aE(Civm(x)a o = 2a37

we obtain the identity:
(D.1) GIIl = B,
where
e The matrix G € R3*3 is defined by:
611 =1 and élg = 613 =0,
as well as:

éa’g = / Vmg - Vmgdx for a = 2,3 and 8 =1,2,3.
E
e The matrix B € R3*"" is given by:

By andBaiz/VQ-Vmadeori:L...,nEanda:2,3.
E

nk’

The entries of B can be calculated in closed form by using the facts that Vm,, is constant on E and
that the basis functions (; are affine on each edge of F. Indeed, Green’s formula implies that, for
a=23:

1
B, = (/ \/¢ dx) -Vme = ( ¢n df) -Vmg = =|€;|ng, - Vm,.
E OE 2

Hence, the system (D.1) features the explicit matrix G and right-hand side B, and it can be solved for
the matrix II. The practical implementation is further simplified thanks to the introduction of the matrix
D e RV"x3 corresponding to the expression of the polynomials m, a = 1,2,3 in the basis {¢;}
W(E), that is:

i=1,...nE of

’ILE
Ma(x) =Y DinGi(x), x€ E.
i=1
The coefficients of this matrix read, by definition of the (;:

Do = moc(CIiE)a

and so

Dy =1,, Digzqfl—q{37 and Dig,:qﬁ—qf fori=1,...,n".

The definitions of the matrices G , B and D yield the following relation:
G = BD.

Indeed, elementary calculations lead to:

’ILE nE

Gi=1= ZBan, Gig=0= ZBuDz'B for 8 = 2,3,
i=1 i=1

and likewise, for a = 2,3,

nE TLE
Gap = / Vmg - Vimg dx = ZDW/ Vg - V¢ dx =Y DigBa;.
E i=1 E i=1
Once the matrix II is calculated, P¥ is inferred from the formula:
(D.2) PE = 4TI G, where G is the matrix with entries Gaop = / Vmg - Vmgdx, o,0=1,2,3.
E

Likewise, SE is obtained as:

(D.3) SE = oF (I - DH)T<I - DH), where of = 1,
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E E

and I is the identity matrix with size n™ x n*.

Summarizing, the computations of the matrices P¥ and S¥ (and thus K¥) proceed as follows:

(1) Assemble the matrices B and D;
(2) Calculate G = BD € R3*3;
(3) Compute IT € R3*7” a5 the solution to the matrix system

GII = B.
e matrice an S are iH erre rom the formulas . an : .
4) Th ice PP and SP ferred f he formulas (D.2) and (D.3

Eventually, the entries FZ of the local force vector FE € R are simply approximated as:

/fcz x ~ f(q /g x ~ @ s

Remark D.1. An important consequence of the above analysis is that the projection wp( of a function
¢ € Wy onto affine functions depends only on the values ((qF) (i = 1,...,n%) of ¢ at the vertices of the
considered element E

D.2. The case of the linear elasticity system

The present section deals with the linear elasticity system (Elas). Relying on [18, (0], we briefly describe its
numerical solution by the Virtual Element Method.
As emphasized in Section 5 and Appendix D.1, the most critical operation in this perspective is the

calculation of the local stiffness matrix K2 € R2""*2n" defined by
Vi,j=1,....2n", K[ =4d"((,¢)),
where @ is given by:
Yu,v € W(E), d%(u,v) = df(mcu, mov) 4+ 5% (u — mpu, v — mpv),

and the basis functions ¢;, i = 1,...,2n" are characterized by (5.15) and (5.16). Again, we decompose K
as:

KP = PP 4 SE where PP, SF € R2" %21 41¢ the matrices
PE =" (ncCi, me¢;) and SE =35 (¢ — mpCi, & — mpEy).

Let Wo € R2%" %3 he the transpose of the matrix of 7¢ in the bases {¢;};_;
i*h line of W gathers the coordinates of the projection m(; over the functions ¢y, ¢y, 3 in (5.18):

one and {€a},_ o3, i.6. the

.....

3
Vi:17...,2nE7 WCCz Z WC 150[3 x € F.
Likewise, let Wz € R2"”*3 be the transpose of the matrix of 7 in the bases {CGitici  opand {ra}, 455
3
Vi=1,...,2n", TrCi(x Z Wr)ipra(x

With these notations, the first block PE € R2n"x2n" of KE reads,
3
PY = a"(ncimes) = Y (We)ia(We);s a¥(ca, cp),
a,B=1

and so, in matrix form:

(D.4) PE = WeDWE, where D € R**3 is defined by D,p = a”(ca,cp) = / Ae(c,) : e(cp) dx.
E
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An elementary calculation yields:
20+ A A 0
D =|E] A 2u+X 0 ,
0 0 4u

and we shall detail below how to calculate the matrices W and Wg in practice.
As far as the stabilizing block SE of KE is concerned, we need to calculate the matrices Po and Pgr €
R2n"x2n" of the projections e : W(E) — W(E) and 7g : W(E) — W(E) in the basis {Citici one- To

this end, let us introduce the matrix Ng € RQ"EX?’, whose o' column (a = 1,2,3) contains the coordinates
of ¢, over the basis {¢;}, that is:

on®

va:]-a?a?’a ca(x):Z(NC>iaCi(X)a x € b
i=1

With these notations, it holds, for j = 1,...,2n%:

3
1 = Y. (We)jaca
a=1
2nf /3
- > <Z(N0)ia(WC)ja> Gi
=1 a=1
and so, Po € R27" 320" 1eads:

Po = NcW{.

Likewise, let Ng € R2""%3 be the matrix whose ' column (o =1,2,3) contains the coordinates of r, in
the basis (;, that is:

on®
Va=1,2,3, ry4(x)= Z(NR)MQ(X), x € F;
i=1
it holds:
(D.5) Pr = NgW}.

Finally, the matrix Pp € R2n7x20" of the projection mp over the space P(E) of affine functions reads:
(D.6) Pp = Pr + Pe.

With these notations, SE can be computed via the following formula:

(D.7) SE = oF(1— Pp)T(I - Pp),

where I is the 2n® x 2n¥ identity matrix.

It follows from the formulas (D.4) to (D.7) that the basic ingredients of the practical implementation of
the Virtual Element Method dedicated to the solution of the linear elasticity system (Elas) are the assembly
of the matrices N, Ng, W, Wg, and the calculation of the coefficient af; we now detail these operations.

Assembly of the matrices W, Wg

For i =1,...,n¥, let us introduce the vector a; € R? defined by
o 8l
1 2|E| €

where we recall the notation ng, in (5.1).
Let us first consider the matrix Wg € R2"EX3; fori=1,...,n" and x € E, we have

TRrC2i-1(%) = C2i—1 + (w(C2i-1)) < (2 _%E) ) )
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where obviously, €2;_1 = n%rl and a simple calculation shows that:
1 0
i— = —— _— i— d
(w(C2i-1)) 2\E] /E O (C2i—1)1 dx

1
= —2|E|/6E(C2i1)1n2 de

1
= —m(\ez’—ﬂneH + [ei]ne, )2
1 |é]
1
1

= —5((12‘)2.

(1 )2

Hence, it follows:
TRG2i—1(X) = niEh(X) - %(%‘)2 r3(x).
A similar calculation yields:
TRG2i(X) = niErz(X) + %(ai)l r3(x).

Likewise, considering the entries of W, we obtain:

meoim1(x) = (a;)1c1(x) + %(%)2 c3(x), and moCai(x) = (ai)2c2(x) + %(ai)l c3(x).

Summarizing, the matrices Wr and W¢ read, in the respective bases {ro},_ ;.5 {Gi}i1
{Ca}j=1,2,3’ {Ci}z‘=1,..4,2nE:

Wg = , and W¢ =

Assembly of the matrices N¢o, Ng

It follows from the definition (5.15) and (5.16) of the functions ¢; that:

ca(x) =Y (cal@))1 Coim1 () + Y _(calaf))2 Gailx), x € E.
i=1 i=1

Hence, a simple calculation based on the explicit form (5.18) of the basis functions c; reveals that:

N — (c1(af) (ca(af)) (es(af)) _ af) —qf 0 af —df
T @@): (@) (es(ad)): 0 & -dF  dE-d
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Similarly, the following expression of Ng is derived:

0 1 qzj'% - q{a

Calculation of o

As we have mentioned, the coefficient o is chosen so as to ensure the stability of the method. The idea

consists in taking o such that the block {SE(Ck’Cl)}kl:l 5.5 corresponding to the application of the

stabilizing form 5% to constant strain fields, scale like {a(cy,¢; which is exactly the matrix D,

)}k,l:1,2,3’
when the mesh 7 is refined. Hence, we require that 5% (cy,c;) = aE(NgNC)kl be comparable with Dy,
which motivates the choice
g tr(D)
~ tr(NENe)'

Eventually, let us mention that the approximation of the local force vector F'¥ € R2"" whose entries equal
FiE:/foCidx+/ g-Gde, i=1,....2n"
E dEMT n
is realized in a completely similar fashion as in the case of the conductivity equation, see Appendix D.1.

D.3. Addition of a term of order 0

For the sake of simplicity and without loss of generality, let us return to the setting of the conductivity
equation (Cond) of Section 2.2.1. In multiple applications, starting from the solution of eigenvalue problems
of the form (2.5) (see Section 7.2 for a numerical example), the numerical implementation requires to calculate
the mass matrix My € RM*M in addition to the stiffness matrix K+ in (5.9). This matrix M7 is defined
by:

Vk,l=1,...,M, MT,kl=/<Pk<PldX7
Q

where the basis {¢r},_; 5, of the virtual element space Wy is that characterized by (5.7). Arguing as

,,,,,

in Section 5.2.1, M7 is assembled from the local contributions M¥ & R™"*n” attached to the individual
elements E € T, defined by:

(D.8) ME = /E Ci¢; dx.
To achieve this computation, we introduce the L? projector % : W(E) — P(FE) over P(E), defined by

Vm € P(E), /(W%()mdx:/ ¢m dx.
E E

Unfortunately, this operator cannot be expressed in closed form, as the last term in the above right-hand
side cannot be readily computed from the degrees of freedom of the function (.

To overcome this issue, we leverage an elegant observation from [l] whereby a slight modification of the
local space W(E) in Section 5.2.2, which is completely transparent in the numerical implementation, enables
this computation at no additional cost. Let us first define the larger space W(E) of local functions attached
to E by:

W(E) = {C : E — R, ( is affine on each edge of 9F, —A( is an affine function on E}

We note that the projection operator mp : W(E) — P(E) introduced in (5.13) can actually be extended

as mp : W(E) — P(E); actually, for a given function ¢ € W(E), the same calculations as in the previous
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Appendix D.1 reveal that mp( can still be calculated from the sole values of ¢ at the vertices of E. We now
introduce the subspace Z(E) C W(FE) defined by:

(D.9) Z(E)= {( : B — R, ( is affine on each edge of F, —A( is affine on F, and

Vm € P(E), [EgdeZ/E(ch)mdx}.

The key remark about Z(FE) is that its elements can be characterized by the exact same degrees of freedom
as those of the space W(FE). Before proceeding, let us provide a simple technical fact:

Lemma D.1. The mapping L := 1% o A™! : P(E) — P(E) is an isomorphism, where A stands for the
Laplace operator on E with homogeneous Dirichlet boundary conditions.

Proof. Since P(FE) is a finite-dimensional space, it is enough to prove that L is injective. Let then m € P(E)
be such that Lm = 0, and let ¢ = A~ m € H}(E) be the function defined by

Yw € HY(E), /Vq~dex:/mwdx.
E E

O:/medx:/qmdx:/|Vq|2dx.
E E E

Hence, ¢ = 0, and so m = 0, as expected. O

It follows:

The result of interest is now the following.

Lemma D.2. For alli=1,...,n", there exists a unique function (; € Z(E) such that

1 ifi=j
- E = )
(D-10) Gi(ay) { 0 otherwise.
Proof. Let i € {1, e ,nE} be an arbitrary index; we first assume that there exists one function ¢ € Z(E)

satisfying (D.10), and we prove that it is necessarily unique. To this end, let m := A{ € P(E), and let us
introduce the unique function ¢; € W(FE) such that Ci(qf) = 1if ¢ = 5 and 0 otherwise, see Section 5.2.2.

As noted in Remark D.1, the functions mp( and 7p(; coincide. Then, introducing the basis {mqa},_; 55 Of
P(E) defined in Section 5.2.2, the difference r = ¢ — ; satisfies:

r=0on JdFE, Ar=m, and for a = 1,2, 3, /Tmadx = /Cmadx—/(;madx,
E E E
= / (mp¢ — W%é)ma dx
E

= [ (7nG ~ 7 Cyma ax.
E

where the second line follows from the definition (D.9) of Z(FE) and the final line is a consequence of the
equality between mp( and 7p(;. It follows from this discussion and the previous Lemma D.1 that:

AC=L"1 (71'7)51' — W%CNZ-).
Hence, ( is the solution to the boundary value problem:
~A¢ = —L Ywpl —7%¢) in E,
(=" on OF,

so that the function ( satisfying (D.10) is necessarily unique.
Conversely, defining ¢ by the above formula immediately yields one function ¢ € Z(FE) satisfying (D.10),
which terminates the proof. O

Let us summarize the foregoing discussion:
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e The functions pertaining to W(E) and in Z(E) can both be characterized by their values at the
vertices of E: for any collection of values {v;};,_; & € R"” | there exist unique functions w € W(E)
and z € Z(FE) such that:

w(gf) = v; and 2(qf’) = v;.
Both functions w and z are different, but, as noted in Remark D.1, their projections onto affine
functions coincide:
TTpz2 = Tpw.
e By definition, the projectors mp and 7% coincide on the space Z(E):

V¢ € Z2(E), 7mH¢=mpC.

Introducing the basis {¢;};,_; = of the local space Z(E) defined in Lemma D.2, the local mass matrix

M¥ expressed in terms of this basis reads as in (D.8). Like in the previous sections, we may approximate
this matrix as:

Vi,j=1,....,n" M} :/(W;),gi)(w%gj)dpr/(gi—w%g)(gj—w%gj)dx.
E E

Here, the first contribution can be calculated exactly on account of the previous observations; as for the
second one, it can be replaced by a stabilization term, in the same spirit as in Section 5.2.2.
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