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Abstract

In this paper, we propose a method based on the combination of theoretical results on Blaschke—Santalé diagrams
and numerical shape optimization techniques to obtain optimal description of Blaschke—Santal6 diagrams in the class
of convex sets. To illustrate our approach, we study three relevant diagrams involving the perimeter P, the diameter
d, the volume | - | and the first eigenvalue of the Laplace operator with Dirichlet boundary condition A;. The first
diagram is a purely geometric one involving the triplet (P, d,| - |) and the two other diagrams involve geometric
and spectral functionals, namely (P, A1, | - |) (studied in [1, 24]) and (d, A1, | - |) where a strange phenomenon of
non-continuity of the extremal shapes is observed.

1 Introduction

A Blaschke—Santal6 diagram is a tool that allows to visualize all possible inequalities relating three quantities depend-
ing on the shape of a set: it was named as a reference to the works of W. Blaschke [9] and L. Santal6 [44], where
the authors were looking for the description of inequalities involving three geometrical quantities for a given convex
set. Afterward, these diagrams have been extensively studied especially for the class of convex sets and more recently
for triplets involving geometric and spectral functionals. For various examples on purely geometric functionals, we
refer to the following non-exhaustive list of works [11} 12} [13} 20} 211 22} 23] 29} 130} 1311 132}, 33]], and for examples
involving both geometric and spectral quantities, we refer to [[1, 12} [14} 116\ [17, 24} 139, 48]).

Let us first give an abstract setting for Blaschke—Santal6 diagrams. We consider F a class of subsets of R", n > 2
and J; : Q € F — J;() € R, where ¢ € {1, 2,3} three homogenous shape functionals (i.e., for every ¢ € {1, 2, 3}
there exists a;; € R such that J;(tQ2) = t*J;(Q2) for £ > 0 and Q € F). Several definitions of Blaschke-Santalé
diagrams can be found in the literature, Thanks to the homogeneity properties of the functionals, we can adopt the
following one:

Definition 1. The Blaschke—Santalé diagram of the triplet (Jy, Jo, J3) for the class F is given by the following set:
D = {(Jl(Q), JQ(Q)) | Qe Fand Jg(Q) = 1}.

In the present paper, we are interested in the class K of planar non-empty convex sets. We develop an approach
based on the combination of theoretical and numerical results to provide an optimal description of Blaschke—Santal6
diagrams. We recall that a complete description of such diagrams is equivalent to finding all the possible inequalities
relating the involved functionals. Unfortunately, such analytical description can be quite difficult to obtain, especially
when spectral functionals are involved, see for example [24, Conjecture 1] and the discussion therein. Thus, it is
interesting to develop numerical tools that allow to obtain approximations of Blaschke—Santalé diagrams, which will
surely help to develop the intuition and state some interesting conjectures. A natural idea is to generate a large number
of random convex sets (more precisely convex polygons) for each we compute the involved functionals. Even if this
process allows to obtain a cloud of dots that approaches the diagram, the results are not quite optimal since it is
observed that some regions of the diagrams (those corresponding to smooth shapes) are quite sparse. We refer to [1]],
[24} Section 3.1] and [39, Section 5.3] for some examples.

In the present paper, we propose to combine a theoretical result of vertical convexity of the diagrams (see Theorem
with the obtained numerical solutions of some relevant shape optimization problems to provide an optimal approxi-
mation of the diagrams which allows to considerably improve the one obtained by the process of random generation of
convex polygons, see Section[dand the figures therein. We illustrate our strategy by applying it to diagrams involving
the perimeter P, the diameter d, the volume |- | and the first Dirichlet eigenvalue of the Laplacian A; defined as follows

(@) = min (2R ey o),



where H}(Q) denotes the completion for the H!-norm of the space C'°(Q) of infinitely differentiable functions of
compact support in €2, even though our strategy can be applied to many other examples.
More precisely, we study the following diagrams:

* The purely geometric diagram D; corresponding to the triplet (P, | - |, d):
D, :={(P(2),]9]) | Q is convex and d(€2) = 1}. (D

Up to our knowledge D; is not completely characterized yet, even though, several partial (but advanced) results
are known, see [35} 41]].

¢ The diagram D> corresponding to the triplet (P, Ay, | - |):
Dy = {(P(2), A1(£2)) | Qs convex and || = 1}, )
that has been introduced for the first time in [[1]] and extensively studied in [24].

¢ The diagram D3 corresponding to the triplet (d, A1, | - |):
D3 = {(d(Q2), \1(Q)) | Qis convex and |Q| = 1}. 3)

This diagram has not yet been considered in the literature and we deemed it necessary to consider it since a
strange phenomenon of non-continuity of the extremal shapes is observed, see Section and more precisely

Figure
Let us state the following theoretical result:

Theorem 2. The diagrams Dy, Dy and D3 are vertically convex, which means that if two points A(x,ya) and
B(x,yg) belong to a diagram, then the (vertical) segment [AB] also belongs to the diagram.

Once such a vertical convexity result is known, to obtain an optimal approximation of the diagram it is sufficient to
numerically solve the following shape optimization problems:

min / max{(J1 () | @ is convex, J2(2) = ¢p and J3(2) = 1}, 4

where .J1, J5 and J3 are the involved shape functionals and ¢y > 0 is a positive constant.

The convexity constraint allows in general to prove the existence of optimal shapes for problems of the type (@) (the
proof is classical and relies on the standard method of calculus of variations). Such optimal shapes may be smooth
or singular (polygonal for example), see for example [3, [19} 36} 137, [38]. This makes these kind of problems very
interesting from a numerical point of view as one has to adapt the choice of the parametrization for each problem
depending on the expected regularity of the solution. In the present paper, we present various (classical and one
original) methods of parametrization that allow to handle the convexity constraint. We apply these techniques for the
diagrams D1, D, and D3 and obtain satisfying results, see Section 4 and the figures therein.

The paper is organized as follows: Section [2]is devoted to the proof of Theorem [2] we also present and prove
some interesting results on the diagram D3 that has (up to our knowledge) never been considered in the literature, see
Section 4.3] In Section [3] we present and review four parametrizations used to handle the convexity constraint and
solve problems of the type @). Three of these parametrizations are quite classical, this is the case of the ones based
on the support functions (Section (3.1)), on the gauge function (Section (3.2)), see [4. [6 [10] and on the vertices of
polygonal approximations of the sets (Section (3.3)), see [5]], and the last one based on the radial function (Section
(3:4)), which is up to our knowledge quite original as we did not manage to find a work where the convexity of the
sets is modeled via some quadratic inequality constraints as in (TI). In Section 4] we present the obtained optimal
descriptions of the diagrams D, D5 and Ds. Finally, in Appendix, we compute the shape derivative of the diameter
that is successfully implemented and used in our numerical simulations.

2 Proof of Theorem 2] and some theoretical results

The diagram D has been studied in detail in [24], in particular Theoremis already known for D5, we then focus on
the diagrams D; and Ds.



2.1 Some classical definitions and results of convex geometry

Before stating the proofs, we recall some classical definitions and results of convex geometry that we use in our proofs.
Since in the present paper we are interested in the planar case, the definitions and propositions are stated in dimension
2, for a more general presentation and other results, we refer the reader to [45]].

Definition 3. Let A and B be two subsets of R? and t > 0, we define
e the Minkowski sum of the sets A and B by

A®B:={z+y|x € Aandy € B},

* and the dilatation of the set A by the positive coefficient t by

tA = {tx |z € A}.
Proposition 4 (Steiner formula [47]). Let 2 be a planar convex body and By a ball of unit radius. We have

|Q+tB1| = |Q| + tP(Q) + | B1|t*.

2.2 Proof of Theorem 2| for the diagram D,

We recall that
Dy = {(P(©),]0) | s convex and d(%2) = 1}.

Since in this case two of the involved functionals are linear with respect to the Minkowski sums and dilatation, the
proof of the vertical convexity is quite standard. Let us consider two convex bodies K and K3 such that d(Kj) =
d(K;7) =1and P(Ky) = P(K1) = po. Forevery t € [0, 1], we define

K, = (1—t)Ko + tK;.

Since the involved functionals are invariant by rotations, we assume without loss of generality that the diameters of
Ky and K are colinear. We then have for every ¢ € [0, 1],

A(K3) = (1 = d(Ko) + td(K1) = (1 — ) +1 =1
and
P(K;) = (1 =t)P(Ky) +tP(Ky) = (1 —t)po + tpo = po.

Thus, by the continuity of the area with respect to the Hausdorff distance, the set {(d(K%), |K¢|) | t € [0,1]} (which
is included in the diagram D;) contains the vertical segment connecting the points (po, |Ko|) and (po, |K1|), which
proves the vertical convexity of the diagram.

2.3 The diagram D;

Unlikely for D;, the diagram D3 does not involve two functionals that are linear with respect to the Minkowski
sums and dilatation. This makes the strategy used in Section [2.2] impossible to adopt. The idea here is to adapt the
strategy introduced and developed in [24] for the diagram D, involving the triplet (P, A1, | - |) to the case of the triplet
(da )‘17 | ' |)
2.3.1 Statement of the main results and proofs
We denote by B a ball of unit volume. We have

D3 = {(d(), \1(Q)) | is convex and |2 = 1} C [d(B), +00) x [A1(B), +00),
where the inclusion is a consequence of the isodiametric inequality L\/%) > L\/%) and the Faber—Krahn inequality

12[A1(2) > |B]A1(B).
Following the same strategy as in [24, Section 3.2], we introduce the functions

f: [d(B),4+00) — R

v s min {\(Q),92 € K, Q] = 1and d(Q) = z) )
g: [d(B),+00) — R ©)
z — max{A\(Q), Qe K,|Q =1and d(Q) =z}

We have the following result:



Theorem 5. The functions f and g are continuous and
D3 = {(x,y) € R?, > d(B) and f(x) <y < g(z)},
which implies that the diagram Ds is vertically convex. Moreover, the function f is strictly increasing.

As explained in [24] Section 3.2.1], one main step in the proof of [24, Theorem 1.2] is the perturbation lemma [24}
Lemma 3.5]. Indeed, once such result is shown, one can reproduce the same strategy of [[24] and obtain the result
stated in Theorem

Let us state and show a perturbation lemma corresponding to the diagram Dj:

Lemma 6. (Perturbation Lemma) We denote by Ky the class of planar convex bodies of unit volume endowed with
the Hausdorff distance. We have

1. the ball is the only local minimizer of the diameter in K.
2. There is no local maximizer of the perimeter in K.

3. The ball is the only local minimizer of the \1 in K1.

Proof. 1. By the isodiametric inequality, the ball is the only global minimizer of the diameter in /Ky (it is then a
local minimizer). We denote by B; a ball of radius 1. Let us consider €2 € K; different from the ball. For every

t > 0, we consider

O+ tB
O e 2t

VIQ+ B

The sequence (£2;) converges to {2 with respect to the Hausdorff distance when ¢ goes to 0 and we have

Q+tB
0y — af )
d() + 2t
NoE
d() + 2t
VIQ + P(Q)t + mt2
d(Q) + 2t
\/1 +P(Q)t+ o (t)

t—0t
1

d(Q) + 5(4 —P(Q)d()t+ o (1)

t—0t

Since €2 is not a ball, we have 4|Q| < P(Q)d(?) (see [46] and the references therein). Thus,
4— P(Q)d(Q) < 0.
This shows that the set €2 is not a local minimizer of the diameter in ;.

2. Letus consider 2 € ;. Without loss of generality, we assume that a diameter of 2 is colinear to the x-axis and
contains the origin (0,0). We consider

a:=inf{y |z eR, (x,y) € Q}and b:= sup{y | Iz € R, (x,y) € Q},
and for every ¢ € [0, 1):
Qn{y> 1 —-tatn{y <(1-1t)b}

t = 1-

VIQN{y > 1 —t)a}n{y < (1 —1)b}]

We have for every ¢ € (0,1)
4@ {y > (1 a} N {y < (1 - b)) = d(@) and 20 {y > (1~ Ha} " {y < (1 - b} < |2 = 1,

thus
vt e (0,1), d(:) > d().

Finally, since the sequence (of elements of K1) (€2;);¢(0,1) converges with respect to the Hausdorff distance to
), the domain €2 is not a local maximizer of the diameter in K.

3. The last assertion is stated and proved in [24, Lemma 3.5].



Now, that a perturbation lemma is proved, it is straightforward to apply the same strategy in [24] by replacing the
perimeter by the diameter. We note that as in the proof of [24] Theorem 3.9], the monotonicity of the function f is a
consequence of the third assertion of Lemma 6]

2.3.2 A symmetry and regularity result

In this section, we prove a symmetry and regularity result on the domains that fill the lower boundary of the diagram
Ds, i.e., those solving the problem

min{\; (Q) | Q C R?is convex, d(Q) = dp and || = 1}, 7

where dy > %r (we recall that if dy = %, then, by the isodiametric inequality, the only solution of the problem is
the ball).

Our result is stated as follows:
Theorem 7. If Q* is a solution of the problem (1), with dy > %, then:

1. Q* admits two orthogonal axes of symmetry.

2. Apart from two diametrically opposed points (i.e., points of the boundary of the domain that are on opposite
ends of a diameter), the boundary of Q* is (at least) C' at every point.

Proof. Let us prove each assertion:

1. Without loss of generality, we assume that there is a diameter of {2* which is colinear to the x-axis and the origin
(0,0) is its midpoint. Let us prove that the = and y axis are two orthogonal axis of symmetry of 2*. We argue
by contradiction:

« if the z-axis is not an axis of symmetry of *, we perform a continuous Steiner symmetrization (see [[15]]
for example) with respect to the x-axis. It is well known that the volume and the convexity are preserved
throughout this continuous process (see the proof of the second assertion of [24, Lemma 3.5] for the
preservation of the convexity). Moreover, the diameter is also preserved by this process. Thus, by using
the result of [[18, Lemma 3.1], we deduce that this process strictly decreases the first Dirichlet eigenvalue
of 2* if it is not symmetric with respect to the z-axis.

« If the y-axis is not an axis of symmetry of Q*, we use the same argument, but this time we symmetrize
with respect to the y-axis. Here also, the volume, the diameter and the convexity are preserved, but the
eigenvalue strictly decreases if the set {2* is not symmetric with respect to the y-axis.

2. We recall that the lower boundary of the diagram Dj is given by the graph of the function f defined in () as
follows:
fo [d(B),+o0) — R
x — min{\(Q) | Qe K, |Q =1andd(Q) =z}

Let us assume, by contradiction, that 2* has two distinct supporting lines at some point xq of its boundary, such
that there exist two diametrically opposed points both different from zy. By removing a small cup as it is done
in [28} Section 3.1] (see Figure 2 therein), we construct a family of convex sets (2. ).~ converging with respect
to the Hausdorff distance to * when ¢ goes to 0F. By reproducing the same steps of the proof of [27, Lemma
3.3.2], we show that for sufficiently small values of £ > 0, we have the following points

* Qe[ A1 () < [Q7[AL(27) = A (27).
¢ Q] < |Q*| =1 (because of the strict inclusion Q. C Q*).
e d(Q:) =d(Q*) (there exist two diametrically opposed points both different from ).

Q.
12
volume (|€2¥| = 1) converging to 2* with respect to the Hausdorff distance such that

" Q. dQe) _ A7) "
dQ) =d - — (),
w0=a( i) - k> F -

Thus, by considering the normalized family 2} := , we dispose of a sequence of convex sets (£2%) of unit

E

and

F(92)) < X (02) =\ ( = |> — R (92) < X (@) = £(d().

W



Thus, we have

d($22) > d(Q") and f(d(§2)) < f(d(27)),
which is a contradiction with the monotonicity of the function f proved in Theorem|5| This ends the proof of
the regularity assertion.

O

2.3.3 Further results and comments

We end this section by stating some interesting results and remarks:

* The result of monotonicity of the function f is quite interesting and useful as it yields the (non-trivial) equiva-
lence between four shape optimization problems, as stated in the following corollary:

Corollary 8. Let dy > d(B) = % The following problems are equivalent:
1. min{\ () | Q € K1 and d(Q) = dp} 3. max{d(Q) | Q € Ky and M\ () = f(p)}
2. min{\(Q) | Q € K1 and d(2) > dp} 4. max{d(Q) | Q € K1 and M\ () < f(p)},

and, any solution satisfies the symmetry and regularity properties stated in Theorem[/]
The proof of this result is omitted as it is identical to the proof of [24, Corollary 3.13].
* We also note that the monotonicity of f is also used in the proof of the regularity result of Theorem |7}

« It is possible to obtain some sharp estimations on the functions f and g by using some classical inequalities.
Indeed, we recall that by Makai’s [40] and Polya’s [42] inequalities, we have for every 2 € K

72 (P(Q)\> 72 (P(Q)\?
— | —= ) <AMOQ)<—|—F~]) . 8
o () <x<T (%) ®
Both estimates are sharp as the lower one is asymptotically attained by any family of thin vanishing triangles

and the second one is asymptotically attained by any family of thin vanishing rectangles. By using the following
inequalities

€]
2d(Q2) < P(Q) < ——— 4+2d(Q
that are both sharp as the equality is asymptotically attained by any family of thin vanishing domains, see [46]
and the references therein, we have

2
2 (d(Q)>2 72 (4/]19]  2d(Q)
— =] <M) < — +— , C)
4 || 4 () V19

where both estimates are sharp as for (). Finally, by using the definition of f and g, we have the following

inequalities
2 2 (4 2
Vo > d(B) = 7 %xQ < flz) <g(z) < % <x —|—2:c) .
Moreover, by the sharpness of the estimates 0] we have the following asymptotics
2
™

T 2 o 2.2
f(x) eloo T and ¢(z) Sl T

3 Parametrizations of convex sets and numerical setting

Before describing the parametrizations used in the present thesis, let us recall the definition of (directional) first order
shape derivative that is very important in numerical shape optimization.

Definition 9. let us take a shape depending functional J : Q) C R™ — R, wheren > 2, and let V : R™ — R" a
perturbation vector field. Let Q@ C R", we take Q) := (I 4+ tV)(2) where I : © € R™ — x is the identity map and
t a sufficiently small positive number. We say that the functional J admits a directional shape derivative at ) in the
direction V' if the following limit t£%1+ w exists. In this case we write

J(Q) — J(Q
J'(Q,V):= lim M
t—0+ t
Now, let us present the four parametrizations considered in the paper and show how the convexity and the other
constraints are implemented.



3.1 Parametrization via the support function
3.1.1 Definitions and main properties

The support function is a useful tool to parametrize a convex set by a function defined on the unit sphere, it allows to
turn geometrical problem into analytical problems and thus use tools from calculus of variations to solve geometrical
problems, we refer for example to [26] for an analytical proof of the classical Blaschke-Lebesgue Theorem which
states that among all planar convex domains of given constant width the Reuleaux triangle has minimal area and to
(8L 25] for more examples.

Let us now recall the definition of the support function:

Definition 10. Let Q) € K be a convex body (where n > 2). The support function hg, is defined on R™ by:

Ve € R", hq(x) :=sup(z,y).
yeN

The support function is positively 1-homogeneous, so one can equivalently consider the restriction of hq to the unit
-1
sphere S+,

The support function has various interesting properties as linearity for Minkowski sums, characterizing a convex set
and quite practical formulations of different geometrical quantities as the perimeter, diameter, area and width. There
are many other properties that enhance the popularity of this parametrization, we refer to [45, Section 1.7.1] for a
complete survey and detailed proofs.

Let us state the main properties of the support function used in the present thesis.

Proposition 11. Let )1,y € K and hq,, ha, the corresponding support functions, we have the following properties:
1. Q1 =0y < hq, =hq,.
2. If Q1 C Qq, then hq, < hq,.
3. hq,na, = min(hg,, ha,).
4. ha,9 429, = AMhq, + Aehq,, where A1, Ao > 0.
5

- d(Q1, ) = |[ha, — ha, |l == sup |ho, (u) — h, (u)]-

ueSn—1

Since we are interested in the case of planar convex sets, from now on the support function of a set 2 € C is defined
by:

VO € R, hq(f) = sup <x, <C?S 9>> = sup (x1co86+ zosinb).
TEQ sin ¢ (z1,22)EQ

It is now natural to wonder how can the support function describe a convex shape (or more precisely its bound-
ary). The following Proposition provides an efficient parametrization of strictly convex planar domains, which are
considered in numerical simulations to approach the optimal shapes.

Proposition 12. Let Q € K. The support function hg of the convex ) is of class C' on R if and only if Q) is strictly
convex, in which case its boundary OS2 will be parametrized as follows:

29 = hq(0) cosd — hg, () sin 0,
Yo = hq(0)sin® + hg,(0) cos b,
where 0 € [0, 27].

Now that we know that for any convex set one can associate a support function, it is natural to seek for conditions
that a function should satisfy in order to be the support function of a convex set. The answer is tightly related to the
fact that the convexity of a set is equivalent to the positivity of the radius of curvature at any point of its boundary.

Proposition 13. Let Q a strictly convex planar set, we assume that its support function hq is C11, then the geometric
radius of curvature of O is given by Rq = h{, + hq and we have

VO € [0,27],  Rq(6) = hiy(8) + ha(6) > 0. (10)

Reciprocally, if h is a C*1, 27 periodic function satisfying then there exists a convex set £ € K such that h = hq.



Remark 14. The results above are stated for strictly convex sets with smooth support functions (which is enough for
the numerical simulations, see @]} Nevertheless, let us give some remarks on the singular cases:

o When h is just OV, the condition R := h"" + h > 0 can be understood in the sense of distributions that is to say
that R := h" + h is a positive Radon measure (i.e. for all C* positive function ¢ of compact support in [0, 27],

one has: 027T Ro > 0).

o When Q is not strictly convex, the support function hq is not C' and the measure corresponding to the radius
of curvature R may involve Dirac measures. This is for example the case for polygons where Rq will be given
by a finite sum of Dirac measures, see [45|] for example.

In addition to providing a quite simple description to the convexity constraint (see (I0)), the support function
provides elegant expressions for some relevant geometric functionals.

Proposition 15. Let Q2 € K and hg its support function, we have the following formulas:

1. for the perimeter
2m

PQ) = ha(0)do),
0

2. for the minimal width

w() = eerl[%igﬂ (ha(8) + ha(r +96)),

3. for the diameter

d(Q) = A (ha(0) + ha(r +96)),

4. for the area
1

2w
o1=5 [ (0 - 1g©)a.
3.1.2 Numerical setting

Let us take 2 € K. Since hq is an H!, 27-periodic function, it admits a decomposition in Fourier series:

ha(0) = ap + Z(an cosnf + by, sinnb),

n=1

where (a,, ), and (b, ), denote the Fourier coefficients defined by:

1 2m
=— ha(6)dé
ao o J, a(f)
and
1 2w 1 2w
Vn e N*, a, = 7/ ha(6) cos (nh)dl, b, = 7/ hq(0) sin (nd)do.
T Jo T Jo

We can then express the area and perimeter via the latter coefficient as follows:
P(Q) = 2ray and |Q| = a2 + g ST - k) (ad + ).
k=1

To retrieve a finite dimensional setting, the idea is to parametrize sets via Fourier coefficients of their support
functions truncated at a certain order N > 1. Thus, we will look for solutions in the set:

N
Hy = {9»—>a0+2(akcos(k‘9)—|—bksin(k9)) ‘ao,...,aN,bl,...,bN ER}.
k=1

This approach is justified by the following approximation proposition:

Proposition 16. (/45| Section 3.4])
Let Q € K and € > 0. Then there exists N. and Q). with support function hg_ € H . such that d* (Q,€Q.) < e.



For more convergence results and application of this method for different problems, we refer to [4].

Let N > 1, we summarize the parametrizations of functionals and constraints:
¢ The set {2 is parametrized via ag, . ..,an, b1,...,bN.

* The convexity constraint is given by the condition h¢) + hg > 0 on [0, 27). In [6] the authors provide an exact
characterization of this condition in terms of the Fourier coefficients, involving concepts from semidefinite pro-
gramming. In [3]] the author provides a discrete alternative of the convexity inequality which has the advantage
of being linear in terms of the Fourier coefficients. We choose 8,,, = 2wm/M where m € [1, M] for some
positive integer M and we impose the inequalities k¢ (0y,) + ha(0,,) > 0 for m € [1, M]. As already shown
in [3]] we obtain the following system of linear inequalities:

ag
ay
1 ajp -+ oaan -+ Pig - Bin : 0
: : an | 2
1 an1 - ann - Bni -+ BN b1 0
by

where @y, = (1 — k?) cos (kb,,) and By, . = (1 — k?) sin (kb,,) for (m, k) € [1, M] x [1, N].
¢ The perimeter constraint P({2) = pg is given by

2mag = pg-

* The area constraint || = A is given by
o
mag+ 5 ;21(1 — k*)(aj, + b;) = Ao.

* The diameter constraint d(2) = d is equivalent to

V0 €10,2m), hqa(b) + ha(r+0) < do,
30y € [0,271'), hQ(@o) + hQ(ﬂ"i‘ 90) = dp,

again as for the convexity We choose 6,, = 2mrm/M where m € [1, M'] for some positive integer M’ and
we impose the inequalities hqo(60,,) + ha(m + 0,,) < do for m € [1, M'], we also assume without loss of
generality that hq(0) + ho(m) = do (because all functionals are invariant by rotations). All theses conditions
can be written in terms of (ax) and (by) as the following linear constraints:

Ym e [1,M'], 2ao+ JXV: (1 + (=1)%) cos (k) x ar, + (14 (=1)%) sin (kb,,) x bi) < do,
k=1

N
2(10 + Z (1 + (—1)k)ak = do.
k=1

3.1.3 Computation of the gradients

In order to have an efficient optimization algorithm, we compute the derivatives of the eigenvalue and the area in terms
of the Fourier coefficients of the support function (while for the convexity, the diameter and the perimeter constraints
no gradient computation is needed in this setting since these constraints are linear). To this aim, we first consider
two types of perturbations, a cosine term and a sine term, namely two families of deformations (V,, ) and (V}, ) that
respectively correspond to the perturbation of the coefficients (ay) and (by,) in the Fourier decomposition of the support
function. As stated in Proposition when () is strictly convex, the support function provides a parametrization of
its boundary 9Q2 = {(xg,ys)| 6 € [0, 27]}; then the perturbation fields (V,, ) and (V}, ) are explicitly given on the
boundary of 2 as follows:

Var (9, y0) = (cos (kb) cos 0 + ksin(k0) sin 6, cos(k#) sin 6 — k sin(kf) cos()), where k € [0, N]
Vi, (2o, y0) = (sin (k6) cos§ + k cos(k6) sin 0, sin(k0) sin @ — k cos(k#) cos0), where k € [1, N]



If we denote by A : Q — || the area functional, we have the following formulas for the shape derivatives of the
functional A in the directions (V,, ) and (V}, ):

A'(2,V,,) = 2mag
A'(Q,Va,) = 7(1 — k?)ag, wherek € [1,N]
A (V) = m(1 — k?)bg, where k € 1, N]

As for the Dirichlet eigenvalue, we recall that when € is convex (or sufficiently smooth), the shape derivative of A;
in a direction V : R? — R? is given by the following formula:

)\/1(97 V) = - \/[«)Q ‘VU1|2($6»y0)<v($97ye)»n($evy0)>d‘7»

where n(rg,y9) = (cos®,sinf) stands for the exterior unit normal vector to 9, u; € H{(f2) corresponds to a
normalized eigenfunction (i.e. ||uj|l2 = 1) corresponding to the first eigenvalue A1 () and do = (h{, + hq)(0)d6,
we refer to [27, Section 2.5] for more details on shape derivatives of eigenvalues. It is then possible by a change of
variables to write the directional shape derivatives of \; as an integral on [0, 27] as follows:

N (Q,Va,) = — 02Tr [Vul?(zg,yp) cos (k0) (R (0) + ha(0))do,  where k € [0, N],
NL(Q, Vo) = — [27 |Vul? (4, yo) sin (k6) (hy(8) + ha(6))d6, where k € [1, N].

The computation of the integrals is done by using an order 1 trapezoidal quadrature.

3.2 Parametrization via the Gauge function
3.2.1 Definition and main properties
A classical way to parametrize starshaped open sets (in particular convex ones) is by using the so-called gauge function.

Definition 17. Let Q2 a bounded, open subset of R™ (with n > 2) starshaped with respect to the origin. The gauge
function uq is defined on R™ by:

Ve e R", uq(x)=inf{t > 0|tx € Q}.

The gauge function is positively 1-homogeneous, so one can equivalently consider the restriction of uq to the unit
sphere S* 1,
In the planar case (n = 2), we use polar coordinates representation (r, §) for the domains, we then define the gauge
function on R as follows:
. cosf
VO eR, uq(f)=infqt>0]¢t( | €Ny,
sin

The open set €2 is then given by:

Q{(r,@)E[O,+oo)><Rr< ugl(e)}'

The curvature of the boundary of € is given by:

u6—|—UQ
R = )

(1 + (23)2)

where the second order derivative is to be understood in the sense of distributions. Thus, as for the support function,
the starshaped set 2 C R? is convex if and only if:

o

u$y + ug > 0.

Moreover, straight lines in 92 are parameterized by the set {ug, + ug = 0}, and corners in the boundary are seen as
Dirac masses in the measure ug, + ug. For example, the gauge function of a polygon will be given by a finite sum of
Dirac masses at angles parametrizing the corners.

Both the perimeter and area can be expressed via gauge function. Unfortunately, this is not the case for the diameter.
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Proposition 18. Let Q2 a planar set star-shaped with respect to the origin. We have the following formulae:

1. for the perimeter
27 2 12
p)= [ ViU,

0 uq
1 /2" do
-3/ &
0o Ug

Similarly to the case of support function, in the planar case, we can decompose its gauge function as a Fourier series:

2. for the area

3.2.2 Numerical setting

un(0) = ag + Z(ak cos kO + by, sin kf),
k=1

where (a,, ), and (b, ), denote the Fourier coefficients defined by:

1 2
a =5 ; uq(0)do
and
1 27 1 27
Vk e N*, ap = 7/ uq(0) cos (k8)df, by, = f/ uq () sin (k6)d6.
™ Jo ™ Jo

Here also, we look for solutions among truncated functions given in the following space:

N
Hy = {9»—>ao—i-z(akcos(k:e)—i—bksin(kﬁ)) ‘ao,...,aN,bl,...,bN ER}.
k=1

In practice, the computation of the perimeter and the area is done by considering a uniform discretization

{6p := 257 | k € [0, M — 1]} of the interval [0,2), with M a positive integer (we take it equal to 200 for the

applications). We then approach the domain 2 by the polygon Qj; of vertices Ay ( cos O sin ) where k €

uq(Or)’ ua(Ok)
[0, M — 1]. The functionals perimeter and area (given as integrals in Proposition are then computed in terms of
(ax) and (by) by using an order 1 trapezoidal quadrature:

Here also the convexity is parametrized as in the last section by linear inequalities involving the coefficients (ay)
and (b,).

3.2.3 Computation of the gradients

The shape gradients of the area and the perimeter are computed by differentiating the explicit formulae above with
respect to the Fourier coefficients. As for the Dirichlet eigenvalue, one has to use the Hadamard formula:

n@v) = [

|VU1 ‘2 <‘/’ TL>dO’,
o0

where u; € HE(Q) is a normalized eigenfunction (i.e. |u;||2 = 1) corresponding to A1 (€2) and V is a perturbation
field corresponding to the perturbation of a Fourier coefficient. Let us investigate the values of such perturbations on
the boundary of 2: let ¢ : § € R — wv(#) a Lipschitz 27-periodic function, for sufficiently small values of ¢t > 0, we
write:

—1
1 1 1 1
i) -l o)=L -2t o
ug +1t¢  uq uQ uQ uQ t—0 uQ UG t—0

11

2 2
M—1 X CRERIC) M1 (ao—i- g:l (ap cos (pb )+bp sin (p@k))> + < éj:l (—pap sin (pfr )+pby, cos (pﬁk)>>
P(Q)%LZM:LZ i Pz
M w2 (k) M N 2
k=0 k=0 <a0+ 5 (ap cos (pOr)+b, sin (p@k))>
| | 1 Mil 1 1 Mil 1
O~ L'y L1 .
M u2 (0x) M 2
k=g @\k k=0 <a0+ g:l (ap cos (pOx)+by sin (p@k))>

9



We deduce that perturbating the gauge function in a direction ¢ corresponds to a perturbation field defined on the
boundary 02 = {(53?3)7 ;;“(g)> |6 € [0, 27T]} by:

(L0 00 gy 00 (=0 g

We then deduce that the perturbation fields corresponding to the perturbations of the coefficients (ay) and (by) are
given by:

sf  sinf __ cos(kB) (cos(0)
Vay, (uCS(G)’ usz(G)) REAO) (sin (9))> where £ € [0, N,

Vi (s ) =~ (). where ke 11

where 6 € [0, 27].

Once the perturbation fields are known, we use the polygonal approximation €2, (introduced above in Paragraph
3.2.2)) of the domain 2 to provide a numerical approximation of the shape gradient as follows:

M—-1

)‘ll(QaV) ~ - Z ‘Vu1|2(ka7ylk)<V(x1k7yIk)7nk>dUk7
k=0

with the convention A,; := Ag and:

 doy = \/(xa, —2a,)?+ (Ya, —Ya,)%
o I}, is the middle of the segment [Aj Agy1].

1 (—(yAk—yAHl)

dor a,wa, ) is the exterior unit vector normal to the segment [Ag Ag1].

® Ng =

3.3 Polygonal approximation and parametrization via the vertices

In this section, we propose to parametrize a convex set via the coordinates (xx, yx)refo,ar—1] of the vertices Ay of a
corresponding polygonal approximation denoted by €25s (with M > 3). We assume that the points (Ax)refo,amr—1]
form in this order a simple polygon (that is a polygon that does not intersect itself and has no holes) and recall the
conventions A,y := Agand A_1 := Ap—1.

As for the previous cases, we have formulas for the involved geometrical quantities:

M—1
P(Qu) = > \/($k+1 — %)% + (Yrs1 — Yr)?,
k=0
L
Q| = 3 Y TkYkt1 — Thi1VYk
k=0
Q) = max V(@i — )2 + (yi — y5)?

It is easily seen that €2, is convex if and only if all the interior angles are less than or equal to . By using the cross
product, this, in turn, is equivalent to the following quadratic constraints:

(Th—1 — 1) (Wrr1 — Uk) — Wr—1 — Y&) (Tr1 — 21) <0,

for k € [0, M — 1], where we used the conventions g := X, Yo := Yams Tar+1 = 21 and ypr41 := yi. This
characterization of convexity is quite natural and has already been considered in literature, see [S]] for example.

The gradients of the perimeter, area and convexity constraints (corresponding to the variables (z) and (yy)) are
directly obtained by differentiating the explicit formulae given above. On the other hand, the gradients of the eigen-
value and diameter are computed (as in the last section) by using shape derivative formulae (see [27, Section2.5] for
A1 and Theorem 21| for the diameter), where, we use the perturbation vector fields (Vz, ) and (V,, ) corresponding to
the variables (z) and (y), see Figure/1}
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Figure 1: Perturbation field V,,, associated to the parameter x.

3.4 Parametrization via the radial function
3.4.1 Definition and main properties

It is common to parametrize star-shaped domains via their radial function. In this section, we present this parametriza-
tion

Definition 19. Let n > 2 and 2 C R"™ a domain star-shaped with respect to the origin. The radial function pq is
defined on R™ by:
Ve € R", pa(z) =sup{t > 0]tz € Q}.

The radial function is positively 1-homogeneous, so one can equivalently consider the restriction of pq to the unit
sphere S,

In the planar case we can define the radial function on R as follows:

VO R, po(f) =sup {t >0 t<c9s9> c Q} .
sin 6

If Q C R? is open, it can be given in polar coordinates as follows:
Q={(r,0) € [0;+00) xR |r < pa(d)}.

We remark that the radial function is simply the inverse of the gauge function introduced before.

3.4.2 Numerical setting

Unfortunately, in contrary to the previous cases, convexity cannot be given by linear constraints on the Fourier coef-

ficients of the periodic function pg,. We propose to approximate a set via polygons of vertices pq (6x) (C?S ﬁ) € R?,
sin M
where k € [0, M — 1] and M a sufficiently large integer (in practice we take M = 200).
Thus, a star-shaped set 2 will be parametrized via M positive distances (px)re[1,as] that describe a polygonal

L 2k
COS M

approximation of €) given by vertices Ay = pk( ) We always consider the convention Ay, := Agand A_; :=

o 2k
sin S
Apy—1 (in particular pys := pg and p_1 := par—1)-

This setting allows to give good approximations of the involved geometrical functionals (perimeter, area and diam-
eter). we have

1. for the area:

1, o2n "N
|Q|:§s1nM~ E PkPk+1,
k=0

13



2. for the perimeter:

= 2km
P(Q Z \/pk+pk+1 kapk+1COS< Vi )7

=0

3. and the diameter:

2im 277> i 2jm]?
d(Q) = r?#ajx {pi COS —F P €08 ]‘\7/‘[} + [pi sin a7 P sin ]‘\74} ,

this formula provides the diameter in O(M?) complexity. When the polygon is convex we use a faster method
of computation (with complexity O(M)), which consists of finding all antipodal pairs of points and looking for
the diametrical between them. This is classically known as Shamos algorithm [43]].

It remains to describe the convexity constraint via the parameters (px)refo,ar—1): We remark that the polygon

(which contains the origin O) whose vertices are given by Ay, := (py, cos 2T p, sin 257 is convex if and only if the

sum of the areas of the triangles O A, Aj41 and O A Ay, is less or equal than the area of OAg_1 A1, see Figure@

Ari1

Figure 2: Convexity constraint via areas of the triangles.

We have %
S0, 1 Ap = 3Pk—1Pk Sin 2

lc
SO Ay = $PkPR+1 5D 2T

_ e 2km oo 2k
SOAy 1 Aps1 = 2Pk—1Pkt1 8N T = pp g ppiq sin 2T cos 2R

Thus, the convexity constraint given by Soa, 4, + So ApArsr = SOA,_1 A, 1S equivalent to the following
quadratic constraint:

2
Cy :=2cos <M)Pk—1pk+1 — pr(pr—1 + pr1) <0, (11)

where k € [0, M — 1].

3.4.3 Computation of the gradients

Now that we brought the shape optimization problem to a finite dimensional optimization one, it remains to compute
the gradients of the involved functionals and constraints.

Let us take © C R? a domain whose starshaped with respect to the origin O, that we assume to be parametrized by
(Pr)kefo,p—17- Forany k € [0, M — 1] we denote by V,,, the perturbation field corresponding to the perturbation of
the variable py. It is null on the whole boundary except on the sides [Aj,_1 A] and [Aj Ax11], see Figure[3]

14



Figure 3: Perturbation field V,, .

Since we dispose of explicit formulae for the perimeter and the area, we can directly compute the corresponding
shape gradients. We have for every k € [0, M — 1]:

sin (2=
A(Q,V,,) = % (pr—1+ Pr+1),

and

2m 27

Pk — Pk—1 COS Pk — Pk+1COS (37
P/(Q7‘/pk): (M) _|_ (M) — .
\/pk L+ P2 = 2pi_1prcos (32 \/pk+1+pk 2pk41pk cos (37)

For the eigenvalue, we use as before the Hadamard formula:
N(QV) = — / Vs | (V, n)do
o0

where u; € HE(Q) is a normalized eigenfunction (i.e. |u;||2 = 1) corresponding to A1 (€2) and V is a perturbation
field.

For every k € [0, M — 1], we discretize the side [Af Aj11] in £ small segments of length
points B}, € [AjAy+1]. We then compute approximations of the gradients as follows:

M centered in some

N (Q,V,,) ~

k—1

l
Z \Vui (2, yp (Vo (51, Y5 )y i) do— VP (z gy sy ) Vo (@p_syp ) me-1)dok-1),

m\)—l

with:
* the conventions Ay; := Ag and A_; := Aps_1 (in particular pps := pg and p_1 := ppr—1),

* the points (B;i)z‘e[[l,M]]

* doy = \/(xAk - ‘rAk-H)z + (yAk - yAk+1)2’
e Vie [[1,[]], BlzC = (1 — QLZ) A+ QL‘[A/H-I?

1 (7(741‘% —Yapiq)

o\ aay ) is the exterior unit vector normal to the segment [A Agy1].

* Ng 1=

Finally, for the diameter, we use the following shape derivative formula obtained in Theorem [21}

d'(,V) = max {<|i_z| Vi) — V(y)> ‘ 2,y € Q, such that |z — y| = d(Q)} .

15



3.5 Computations of the functionals and numerical optimization

Let us give few words on the numerical computation of the functionals. In all the parametrizations above we dispose
of analytical formulas that provide good approximations of the area and the perimeter. Let us give some elements on
the computations of the remaining functionals involved in the paper:

* the first Dirichlet eigenvalue is computed by the "Partial Differential Equation Toolbox" of Matlab that is based
on finite elements methods.

* As explained in the sections above, the computation of the diameter depends on the choice of the parametriza-
tion: indeed, when parameterizing a convex € via its support function hg, itis given by d(Q)) = . H[laX | (ha(8)+
€[0,27

ho(m + 9)), meanwhile, when using a polygonal approximation, we compute the diameter of the convex hull
via a fast method of computation (with complexity O(M ), where M is the number of vertices), which consists
of finding all antipodal pairs of points and looking for the diametrical between them. This is classically known
as Shamos algorithm [43].

As for the optimization, we used Matlab’s fmincon function with the interior-point and/or sqgp algorithms.

4 Optimal numerical description of Blaschke-Santalo diagrams

In the present section, we show how the application of the different methods described in Section [3] can be used to
obtain optimal descriptions of the boundaries of the diagrams Dy, D, and D introduced in Section|[I]

4.1 The diagram D; of the triplet (P, |- |,d)
4.1.1 Naive approach and classical results

We are interested in studying the diagram
D1 :={(P(Q),|Q)) |2 € Kandd(Q) = 1}.

This diagram is (as far as we know) one of the unsolved diagrams introduced by Santalé in [44], but we note that there
are quite advanced results on the characterization of its boundary:

¢ in [41], the authors solve the problem corresponding to the upper boundary, namely they prove that the problem
max{|Q] | Q € K, P(2) =p and d(Q) = 1},

where pg € (2, 7], is solved by symmetric lenses (that are given by the intersection of two balls with the same
radius) of diameter 1 and perimeter pg.

e In [35], the author manages to describe the lower boundary of the diagram that corresponds to perimeters
po € (2,3], he shows that the optimal domains are given by subequilateral triangles (ie. isosceles triangles
whose smaller inner angle is less than 7).

* At last, there is the famous Blaschke-Lebesgue’s Theorem, named after W. Blaschke and H. Lebesgue, which
states that the Reuleaux triangle (see Figure ) has the least area of all domains of given constant width. It is
classical that sets of constant width have the same perimeter, thus in the diagram, those sets fill the vertical line
{m} x [(m = V/3), ], see Figure

As stated in Theorem [2]and proved in Section[2.2] the diagram is vertically convex.
In Figure 4] we plot the points corresponding to the extremal sets described above and a cloud of dots obtained by
randomly generating 10° polygons whose numbers of sides are in [3, 30].
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« Random convex polygons
- = Regular polygons
—Symmetrical lens
—Subequilateral triangles
—Sets of constant width

o The disk

4 © The square

Area

v The equilateral triangle

Reuleaux triangle

0 | | | | | N
2 22 24 26 28 3

Perimetre

Figure 4: Approximation of the diagram D; via random convex sets and some relevant shapes.

4.1.2 On the numerical approximation of the extremal shapes

We use the methods of Section[3] in order to obtain a numerical approximation of the missing boundary (which should
be connecting the equilateral and Reuleaux triangles in Figure [4).
We numerically solve the following shape optimization problems:

min \ max{|Q| | Q € K, P(Q) = pp and d(Q2) = 1}, (12)

where pg € (3,7/4).
The parametrization via the Fourier coefficients of the support function (Section[3.T)) allows to obtain quite satisfy-

ing results as we obtain symmetrical lenses (see Figure[5) as optimal shapes (which is in concordance with the result
proved in [41])).

Figure 5: Symmetrical lens obtained as a solution of the problem max{|Q| | 2 € K, P(Q) = 2.4 and d(Q) = 1}.

As for the lower boundary,to obtain good approximations, we combine the two methods of sections[3.1]and[3.4 We
first use the parametrization via Fourier coefficients of the support function truncated at a certain order NV to find first
approximations of the extremal sets that will be used as initial shapes for the parametrization using radial function.
We note that by this process we are able to obtain quite accurate description of the lower boundary, see Figure [I0}

In a first time, as explained in section [3.1] by using the parametrization via the Fourier coefficients of the support

17



function, the Problem (T2) is reduced to the following finite dimensional minimization problem:
&
: 2 2y0,2 | 32
= 1-k b
(ao_’”qlffvll)IéR2N+1 (7’(’@0 + B ;( )(ak + k)) 5

with linear constraints on the Fourier coefficients:
* aperimeter constraint: 2wag = po,

¢ and the convexity constraint:

aop

ay
1 agp -+ oaan -+ Big - Bin : 0
D an | 2 |
1 ang - annN - Bni o BN b 0

by

where @y, = (1 — k?) cos kb, and B, = (1 — k?) sin k6, for (m, k) € [1, M] x [1, N], with M taken to
be equal to 1000.

Before showing the obtained results, let us first analyze the accuracy of the present method (based the support
function): we solve the latter optimization problem for different values of the parameter IV in the case pg = 3 for
which we know that the optimal shape is given by the equilateral triangle.

Here are the optimal shapes obtained for the choices of N € {20, 40, 100, 140}:

ANVANYAN

Figure 6: Obtained solutions for pg = 3 and N € {20, 40, 100, 140} (approximation of an equilateral triangle).

In the Figure|/} we plot the relative errors in function of the order of truncation V. It shows that the method based
on the support function is not very relevant when the optimal shape is polygonal (which can frequently be the case
when imposing convexity constraint).

Relative error

I I I I I I
0
o 50 100 200 250 300 350

150
Fourier trucature order N

Figure 7: Relative errors in function of the truncation order /V in the case pg = 3.
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We then obtain (see Figure[8) an approximation of the missing lower boundary corresponding to domains obtained
by considering 401 Fourier coefficients (N = 200).

Random convex polygons
« Regular polygons
1 |—Symmetrical lens

—Subequilateral triangles

—Sets of constant width
o The disk
055 - -| o The square
v The equilateral triangle
Reuleaux triangle

045

1-- Optimal shapes via support function

. \/\7 . . .

305 31 315

3
Perimetre

Figure 8: Approximation of the missing part of the lower boundary by optimizing the Fourier coefficients of the
support function.

We then, use the obtained domains as initial shapes for the method based on the radial function (see Section [3.4)
and find better shapes, which improves the description of the missing part in the lower boundary of the diagram D;
(see Figures 9 and[10).

Method Support function Radial function

Obtained shape for
po = 3.07 in the
minimization prob-

lem (12)

Corresponding area 0.5881 0.5687

Figure 9: The radial function parametrization allows to improve the result of the support function method.

—Lower boundary obtained by support function

osL |+ Lower domains obtained by radial function 4

L L L L L L L L
3 302 304 306 308 31 312 a4
Perimeter

Figure 10: Improved description of the lower boundary by combining the two methods.
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Remark 20. We refer to the recent work [[I0], where the author proposes an improvement of the methods based on
the Fourier coefficients of the support and gauge functions of convex sets (described in sections [3.2|and [3-1), in such
a way to tackle the issue related to the appearance of segments or corners in the optimal shape.

4.1.3 Extremal shapes and improved description of the diagram

At last, we provide some extremal shapes obtained for relevant values of py in Figure [TT]and improved description of
the diagram D; in Figure[12]

Problem pPo=T po = 3.07 po=3 po =24

Upper boundary

Lower boundary

Figure 11: Extremal shapes corresponding to different values of py.

o7k .Improved description of the diagram

® Random polygons

06—

0.4 -

Area

02

01—

1
2 22 24 26 238 3

Perimeter

Figure 12: Improved description of the diagram of the triplet (P, | - |, d).
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4.2 The diagram D, of the triplet (P, \{,| - |)
The diagram of the triplet (P, A1, | - |) is given by

Dy = {(P(Q), \(Q)) | Q € Kand || = 1}.

This diagram has been first introduced by P. Antunes and P. Freitas in [1] and deeply investigated in [24].
In a first time, we give an approximation of the diagram by generating 10° random convex polygons (as it was done
before in [1]). We obtain the following Figure

100

90

80

70 -

60 -

50 -

Eigenvalue

40 -

30 -

20 -

10 I I I I I I I I
35 4 4.5 5 55 6 6.5 7 75 8

Perimeter
Figure 13: Approximation of the diagram via random convex polygons.

In order to give a more satisfying approximation of the diagram, we want to find the upper and lower domains and
thus have a more accurate description of the boundary of the diagram. We are then led to (numerically) solve the
following shape optimization problems:

max \ min{\ () | Q € K, P(Q) =pp and || = 1}, (13)

It is shown in [24] Theorem 1.2] that apart from the ball the domains that lay on the lower boundary are polygonal
meanwhile the ones that lay on the upper boundary are smooth (C1'!), we then apply the method based on the coor-
dinates of the vertices described in Section for the lower boundary and the other methods for the upper one and
obtain quite satisfying results. In Figure we provide the obtained optimal shapes corresponding to solutions of the
problems (T3) for some relevant values of po.

Problem po = P(B) =27 po = 3.8 po =4 po =4.2

Upper boundary

Lower boundary

Figure 14: Numerically obtained optimal shapes corresponding to different values of pg.
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Finally, once the boundary is known, we use the vertical convexity of the diagram D (see Theorem [2) to provide
an improved and quite optimal numerical description of the diagram, see Figure[T3]

® Random polygons

28
-------- Obtained upper boundary

26 -

—— Obtained lower boundary

N
R
T

o Improved description of the diagram

Eigenvalue

22 -

20 —

18 & L L L L
3.6 37 3.8 39 4 4.1 4.2

Perimeter

Figure 15: Optimal description of the diagram (P, Ay, | - |).

4.3 The diagram D; of the triplet (d, \,, | - |)
Let us now consider the diagram Dj relating the diameter, the first Dirichlet eigenvalue and the area:
D5 :={(d(),\1(2)) | Q2 € Kand |Q] =1}

As for the previous diagrams, in a first time, we give an approximation of D3 by generating 105 random convex
polygons, see Figure[T6

90 : B

60 | o

50 -

Eigenvalue

40+

15 2 25 3 35
Diameter

Figure 16: Approximation of the diagram D5 via 10° random convex polygons.

Here also, we are aiming at describing the upper and lower boundaries of the diagram D3, which means to solve
the following shape optimization problems:

max \ min{\ (Q) | Q € K, d(Q) = dp and || = 1}, (14)
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where dy € [2/+/T, +00) (because of the isodiametric inequality <2 > %).

o >

For the lower boundary, both the methods of parametrization via the Fourier coefficients of the support function
(see Section[3.1]) and via the discretized radial function (see Section[3.4) provide satisfying results and suggest that the
optimal sets are symmetrical 2-cap bodies, that are given by the the convex hulls of a ball and two points symmetric
with respect its center (see Figure[17).

Figure 17: Obtained symmetrical 2-cap body.

On the other hand, the upper domains are quite surprising, since we (numerically) observe the existence of a
threshold d*, such that the solutions for d > d* seem to be given by symmetric spherical slices, that are domains
defined as the intersection of a disk with a strip of width smaller that the disk’s radius and centered at its center,
see Figure meanwhile, when d < d*, the optimal domains seem to be given by some kind of smoothed regular
nonagons, see Figure[T§]

Figure 18: Obtained upper shapes corresponding to dy = 1.18 for the smoothed nonagon and to dy = 1.33 for the
symmetric slice, we used the parametrization via the Fourier coefficients of the support function with 161 coefficient
(N = 80).

At a first sight, it may be surprising that the optimal shapes do not "continuously” vary in terms of the involved
parameters, but, we should note that this phenomena has recently been observed in [21]], where the authors provide the
complete description of the diagram involving the diameter d, the inradius  and the area | - |; they prove that one of the
boundaries is filled by smoothed nonagons and symmetrical slices meanwhile the other one is filled by symmetrical
2-cap bodies. This leads us to investigate these families of shapes that also seem to be extremal shapes for the diagram
Ds (see Figure . These similarities may be explained by the fact that the functional 1/r corresponds to the first
eigenvalue of the infinity-Laplace operator A, which may be defined as the limit when p — 400 of the pLaplacian
operator (see [7] and references therein), meanwhile, \; corresponds to the first eigenvalues of the 2 Laplace operators,
see [34] for more details.

We then compute the values taken by the involved functionals on the symmetrical slices and the smoothed nonagons
and obtain Figure [I9]
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Figure 19: Approximation of the diagram D3 with expected extremal sets.

The expected optimal shapes and the best we managed to find are the one given in the following table:

Problem do = d(B) = 2/ﬁ do =1.2 do =d*~1.38... do =19
Upper boundary

Lower boundary

Figure 20: The best known shapes corresponding to different values of dy.

At last, by the vertical convexity of the diagram Dj stated in Theorem |2} we are able to provide the following

improved approximation of Ds.
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Figure 21: An improved description of the diagram Ds.

Appendix: Computation of the shape derivative of the diameter

In the present appendix, we propose a method to compute the shape derivative of the diameter. This formula is used
for numerical shape optimization in the previous sections.

Theorem 21. Let V € CY(R"™,R"™) be a smooth vector field. The diameter functional d admits a directional shape
derivative in the direction V and we have

HToos Yoo) € 2, d'(, V) = lim

= sup {< |~"‘7 — z|,V(x) - V(Z/)> ’ x,y € Q, such that |t — y| = d(Q)}
= (el Vi) - Vi),

where Qy := (I +tV)(Q) and I : © € R"™ — x € R™ is the identity map.

Proof. We want to prove the existence and compute the limit lim+ M.
t—0

For every t > 0 {2, is compact: indeed, it is the image of the compact {2 by the continuous map I + tV’). Thus
since d : (z,y) € R" x R™ — |z — y| is continuous, it is bounded from above and there exists (x¢,y;) € € such that
d(Q) = |(I +tV)(z) — (I +tV)(ye)|. In what follows, we take (z,y) := (x0, Yo).

We use (¢, y:) (resp. (x,y)) as test points to bound d(£2;) — d(£2) from above (resp. below):

(L +8V)(2) = (T +V)(y)] = |z =y < d(Q) = d(Q) < (T +tV)(s) = (T + V) (o) = e = yal-

25



Let us begin by the lower estimate. We have
A(S2) = (@) 2 (T + V(@) — (T +4V)(w)| ~ |2 o]
=[x +tV(x) —y —tV(y)| — |z -yl
~|@=+t(v@) -vE)|-la -y

=\/]<x—y>+t Vi)~ V)| el
= Ve =yl + 2tz =y, V(@) — V() + o)) — [s — g

|xy|\/1+2t _y Viw) = V(y)>+0(t)|xy

i
yl” e =yl

— |z —y| <1+t<|x:y V(x)_v(y)>+o(t)> — |z —y|

yI eyl

= t<|i_z|,V(I) - V(y)> + oft).

Thus

1iminfM > sup{<|i_y|,V(a:) - V(y)> | 2,y € Q such that |2 — y| = d(Q)} .

t—0+ t Yy

Let us now consider the upper estimate. Let ((xtn, ytn)> a subsequence of ((xt, yt)> such that t,, — 0 and
n t

lim w = lim sup w. By Bolzano-Weirstrass Theorem, we assume without loss of generality that
=00 " t—0+

there exists (Zoo, Yoo) € 2 such that the sequence ((xtn, ytn)) converges to (oo, Yoo )-
We have |20, — Yoo| = d(Q2). Indeed:

V(v,w) € Q% (I +taV)(e,) = (I + taV)(ye,)| = (I + V) (v) = (I + £, V) (w)],
which is equivalent to
Y(v,w) € D%, |, — i, +tnVi(ze,) =t Vg, )| > v —w +t,.V(v) — t,.V (w)].
Finally

d(Q,) —d(Q) < [(I +tV)(z,) — (I+tV)(yt N =1ze, =z,
= |21, + 0. V(®e,) = Yt — taV (Ye,) — |21, — Y1, |

= ‘(thn — ) + tn.(V(xtn) - V(ytn)>‘ — |z, — v,

o =m0 (V) Vo)) = =

= \/ n<$tn Yt V(xe,) — V(?Jtn)> +o(tn) — |ze, — Yt |

Ty, — V(zg, )=V
= |£Ctn — ytn|\/1 + 2t,, ‘xtn Yt,, ( tn) (ytn)> + O(tn) _ ‘xtn _ ytn|

2

(Etn

=yl e, — Yt
Vizs) — V(Yoo
~ o, —yt|\/1+2t (e V)2 HU)) 4 o)) 4oft) = far, .
o o0 oo o0
xoo %) ono — V(Yoo
e, — ooy 1+ 20, Voo Viwoo) ZVIWeo)\ 4 o1y |, — |
— V(tze) =V
e, — e (1t {2 y‘”, (@oe) = Vo) \ | 41,)) = feu, — e,
|xoo_yoo‘ ‘xoo_yoo|

=t {2 V) = Vi) )+ olt)

7yoo|
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Thus

lim sup
t—0+

d() —d(©) _ < Too — Yoo
3 o "roo - yoo| ’

By combining the lim inf and lim sup inequalities, we obtain:

Vo) = Vi) ).

lim inf %) =€) sup{< 7Y Vix) - V(y)> | 2,y € Q, such that |z — y| :d(Q)}

t—0+ t |z — y|

Too — Yoo
>, V(T Vyoo>
(oo Viom) - Vi)
> lim sup W) — 4

t—0t t
zhminfM.

t—0+ t

Finally, we deduce that the diameter admits a directional shape derivative in the direction V' and

I(Too, Yoo) € 2, lim A() = d(€) = sup {< S V(z)— V(y)> } x,y € , such that |z — y| = d(Q)}

t—0+ t |z —y|’
Too — Yoo
=( ——— V(Zs0) = V(¥so) ) -
(= o) = Vi) )
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