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Abstract

We consider random perturbations of a given domain. The characteristic amplitude of these
perturbations is assumed small. We are interested in quantities of interest depending on the random
domain through a boundary value problem. We provide asymptotic expansions of the first moments
of the distribution of this output function. When the random perturbation has a small rank
spectral representation, we give an simple and efficient method to compute the coefficients of these
expansions and provide numerical illustrations in order to compare our expansions with Monte
Carlo simulations.

2000MSC : 60G35, 65NT75, 656N99.
Keywords: random domains, second order shape sensitivity, low-rank approximations.

1 Introduction

Many pratical problems in engineering lead to boundary value problem for an unknown function that
is necessary to compute to obtain a real quantity of interest. In structural mechanics, the equations
of elasticity are usually considered and solved to compute the leading mode of a structure or its
compliance. Usually, the input parameters of the model like the geometry or the physical coefficients
(typically the value of the Young modulus or Poisson ratio) are not known perfectly. It is therefore
important to take these uncertainties into account.

In this work, we consider uncertainties on the geometric definition of the domain motivated by
tolerances in the fabrication processes or in a damaged boundary during the life of a mechanical device.
Manufactured devices are close to a nominal geometry but differ of course from its mathematical
definition. Since we are motivated by tolerances, we can make the crucial assumption of the smallness
of the random perturbations. Identifying domains with their boundary, domains close to the nominal
domain Dy can be seen as a normal perturbation of the nominal boundary dD. In that case, the
random domain D(w) can be defined thanks to a real valued random field X over 0D according to

0D(w) ={z + X (z,w)n(z); =€ IDy}.

In order to take the question of uncertain geometrical definition into account in numerical simulations,
we have to incorporate the randomness of the computational domain to the underlying model equa-
tions. Thus, the quantities of engineering interest are also random. We address the following question:
given a complete probabilistic description of the random perturbation of the nominal boundary, compute
as much information as possible to the distribution of the quantity of interest.

The most common approach to study boundary value problems with stochastic inputs is the Monte-
Carlo method. Often this approach is easy to implement and generates a sufficiently large number
of samples. In our case, each sample is a realization of the random domain. On these samples, one



has to solve a boundary value problem and then to compute the quantity of interest. Therefore, the
Monte-Carlo method is extremely costly. This work is a contribution to the development of cheap and
deterministic numerical methods to recover statistical informations on the distribution of the output
quantity of interest.

The smallness assumption formalized in the sequel allows us to use a sensitivity analysis with respect
to geometrical perturbations of the boundary. We apply shape calculus to perform this sensitivity
analysis of order two and compute asymptotic expansions of the moments of the output quantity
distribution with respect to the smallness parameter ¢ of the random perturbations. In particular, we
obtain in this work an expansion at order three for the expectation and an expansion of order four for
the variance. It turns out that the leading coefficients of these asymptotic expansions do only depend
on the autocovariance of the random field defining the random perturbations. We therefore use the
associated integral operator to derive a low-rank approximation of the random field of the type

N
X(z,w) =Y an(w) fx(@).
R=1

For such a random field, we derive an analytic expression of the coefficients of the previous asymptotic
expansions that are very cheap to compute: only N + 1 boundary values problems are to be solved on
the nominal geometry D in the examples we present in this work. Note that when the derivative are
evaluated thanks to an adjoint state, then 2/N 4 2 problems are needed.

We mention that random shape functionals have also been considered in [7] by means of a first
order perturbation analysis. A rather general framework of the first order perturbation analysis for
functionals with random input parameters, particularly random domains, has been presented [1].
Nevertheless, the present paper is based on a second order perturbation analysis of the random shape
functional under consideration. Thus, the shape Hessian will enter the asymptotic expansions which
makes the computations much harder. However, the shape Hessian is meanwhile well understood
and has been considered for example in [2, 3, 5, 8, 13, 15]. In comparison to [7], we derive here a
more precise expansion of the random shape functional. This fact is also verified by our numerical
experiments.

This work is organized as follows. In Section 2, we introduce our main theoretical tool: the shape
calculus of order two. We define the shape derivative, present their structure theorem and their
expressions in the case of two model objectives which we will focus on in this work: the first eigenvalue
of the Dirichlet Laplace operator and the Dirichlet energy. Then, in Section 3, we detail our random
model and explain how one can obtain in general asymptotic expansions of the moments of the
quantity of interest distribution. In Section 4, we emphasize the role of the autocovariance of the field
X to compute the previously derived asymptotic expansions and explain how to obtain a low-rank
approximation of the field X itself. In Section 5, we make explicit the expansions of Section 3 and
obtain expressions directly workable for computations. Finally, we validate our theoretical findings in
Section 6 by comparing our results with Monte-Carlo simulations.

2 Second order shape calculus

2.1 Definitions and structure theorem

Shape calculus was founded by Hadamard a century ago but was really developed from the seventies
on with the works of Murat and Simon as well as Sokolowski and Zolesio. It’s objective is to provide
a differential calculus for functions depending on the geometry of a domain D. It is achieved through



the action of a family of diffeomorphisms acting on a model domain. We refer readers interested in
the precise definitions and useful properties to modern books on the subject such as [4, 8].

It is well-known since Hadamard’s work that the shape gradient is a distribution supported on the
moving boundary and acting on the normal component of the deformation field. The second order
shape derivative also has a specific structure as stated by Pierre and Novruzi in [13]. We quote their
result.

Theorem 2.1 (Struture theorem of first and second shape derivatives) Let k > 1 be an in-
teger and J a real valuated shape function defined Oy, the open bounded domains of R with a C*
boundary. Let us define the function J on CH> (R R?) by

JO)=J((I+6)D).

(i) If D € Oy and J is differentiable at 0, then there exists a continuous linear form L on C*(0D)
such that:
DJ(0)¢ = L(£ - n) for all £ € CH°(RY RY).

(ii) If D € Okyo and J is twice differentiable at 0, then there exists a continuous symmetric bilinear
form B on C¥(OD) x C¥(OD) such that for all (§,¢) € CH°(R? R%)?

D2j(0)<§7C) = B(é'”?C'n)_'_L((DTnCT) & —Vr (Cn) &= Vi (§n) 'CT))

where V; is the tangential gradient and & and (; stands for the tangential componants of &
and C.

The so-called shape derivative are then the shape gradient, usually noted DJ(D) := DJ(0), and
the shape Hessian, usually noted D?J(D) := D?7(0). With respect to this work, it is important to
notice that the shape Hessian is reduced to B for normal deformations fields.

Following the structure theorem, let us consider a C* domain Dy and consider a C? neighborhood
O of D and a twice differentiable shape function J. If the size of the neighborhood is small enough,
the local inversion theorem shows that the boundary dD of any domain D in O can be represented
as a graph over 0Dy of the form: there is a real valuted function ¢ defined on 0Dy such that

0D = {z+ p(z)n(x); =€ 0Dy}.

In particular, one can restrict themself to normal perturbations of amplitude ¢, and for a given
function ¢ defined on 0Dy, define a domain D, as the interior of the set {z + ¢(z)n(z); x € dDy}.
Then one obtains the Taylor formula

J(Dyg) = J(Do) + LDy + 3BLIND0) (2. 0) + R, )

where the reminder Ry is uniformly in ¢ negligeable with respect to ||¢||%.

2.2 Examples of shapes derivatives.

We need to precise some geometrical definitions. The mean curvature (understood as the sum of the
principal curvatures of D) is denoted by H. For a domain D C R?, we consider its Dirichlet energy
E(D) defined as
B(D) =~ [ [Vunl,
2 Jap
where up is the solution of —Au = 1 in H(D) and \; the first eigenvalue of the Dirichlet Laplace
operator. The shape derivatives of these functionals are well-known (see [8, Section 5.9.6]).



Lemma 2.2 (Expressions of shape derivatives) If D is C?, one has

LEDhy = [ (@ (20)

B[E|(D).(¢,¢) = (—0hu ¢, A(—0pu @))H1/2XH71/2 +/ [anu + %H(@nuf @2; (2b)
oD

LIM)(D).p = — /8 (0 (2¢)

BIMI(D)-(¢,0) = /a 2u(p) duw(y) + H(O0)6* (2q)

where A : HY2(OD) — H~Y2(dD) is the Dirichlet-to-Neumann map for the domain D defined as
A(p) = =0,V (@) with V() being the solution of

—AV(p)=01in D, V(p)=—¢ ondD, (3)

and v is the associated normalized eigenfunction solution in H(l)(D) of —Av = \v withv > 0 in D
and w(p) is the solution of

—Aw(p) = Mu(p) — v /8 (@) in D,

w(p) = —pdpv on ID, (4)

[ vt =0

As consequence of these examples and being the general case to the best of our knowledge, there is a
function £ defined on D so that the shape gradient can be written as

L(D).p = - L. (5)

This property to be an integral operator with a nice kernel is not true in general for the second order
derivative.

3 Asymptotic expansions of the moments

3.1 The stochastic model: random graphs over a fixed domain’s boundary.

For modeling the stochastic perturbations D(.) of Dy, we introduce a probability space (2, F,P)
and consider stochastic functions X : 9Dy x 2 — R that define D(w) as the interior of the graph
z+X(xz,w)npp,(z). In order to keep a pertinent geometrical description of sets, this of course requires
that the domains D(w) remain close to Dy at least in the L°° sense. In fact, to use the expansion (1),
we need closeness in the C? sense. Introducing a small parameter € > 0 and plugging perturbations of
the form = + e X (z,w)npp, () into (1), we obtain

2
J(D(w)) = J(Do) + eL(X(w)) + %B(X(w),X(w)) + Ra(eX (w)). (6)

We make the assumption that X is uniformly (in w) bounded in the norm in the spatial variable where
shape differentiability holds at the second order (typically here the C? norm), i.e., X is a member of
the Bochner space L°°(£2,C?(0Dg)). Then, there exists C' > 0 such that |Re(e X (w))| < Ce3.



3.2 General preliminary results.

In view of (6), we derive the asymptotic expansions of the expectation and variance of J(D(w)) as
our first result.

Proposition 3.1 The expectation and variance of J(D(w)) admit the asymptotic expansions

E(J(D)) = J(Do) + eE(L(X)) + E;E(B(X, X))+ 0O() (7)

and
var(J(D)) = €%E ([L(X) — E(L(X))’)
+€%E ([L(X) — E(L(X))] [B(X, X) — E(B(X, X))]) + O(¢). (8)

Proof of Proposition 3.1. It suffices to integrate over the space of probability the pointwise Taylor
expansion (6) thanks to the uniform estimate of the reminder. One thus immediately obtains for the
expectation

E(J(D)) = J(Do) + cE(L(X)) + iE(B(X, X)) + E(Ry (X))

= J(Dy) + eE(L(X)) + iE(B(X, X))+ 0O(e%).

Likewise, for the variance, one has

=¢’E ([L(X) - E(L(X))]Q) + B ([L(X) = E(L(X))] [B(X, X) — E(B(X, X))]) + O(e*).
n

Remark 3.2 Let us notice that it follows E(L(X)) = L(E(X)) = 0 if X is centered, i.e., if E(X) = 0.

In the same spirit as above, we can also compute asymptotic expansions of higher moments. For
example, the centered, normalized moments (as Skewness and Kurtosis) could be obtained in the
following way.

Proposition 3.3 For all k > 2, the centered normalized moment of J(D(w)) admits the asymptotic
expansion

var(J(D))
where the deterministic coefficients a and by are
ar = wE ([L(X) = E(LCO)) E (LX) ~ EL(X)?), (10)

b= B ([L(X) = BELOO)E[BIX, X) — E(B(X, X)) E ([L(X) — E(L(X))P)
~E([L(X) — E(LX)]BX, X) ~ BB, X)) E (LX) - ECO)) |,



and the normalization constant i is

—1-k/2

W =E ([L(X) - E(L(X))]%) (12)

Proof of Proposition 3.3. We have
1 1 hk

Inserting the expansion of the variance (8), we find

+ O(h?).

(1J(D))’“ = gik{E ([L(X) — E(L(X))}Q)—k/Q
ek e

- S E (LX) - E(L(X)]?) E ([L(X) — E(L(X))][B(X, X) — E(B(X, X))])
+ 0(52)}.
On the other hand, using the expansion of the expectation (7), we have
E ([7(D) - E( (D)) = "{E ([L(X) ~ B(L(X))))
+ %E ([L(X) CE(L(X)FUB(X, X) — E(B(X, X))]) + (9(52)}.

Then, a tedious but elementary calculus (the product of two asymptotic expansions) leads to the
desired result. [}

4 Computation of the expansion coefficients. The general case.

4.1 Direct computation

For sake of simplicity, we shall assume that the boundary perturbation field X is centered which
induces E(L(X)) = 0. We then can compute as in [7]

E ([L(X) - E(L(X))]2> —E(L(X)?) =E [( /8 U)X (@ w)do—(g;)>2]
—5|[ [ X)X

:/ / E[X (z,.) X (y, )l(x)l(y)do(x)do(y).
0Dy JODg

The crucial operator to be studied here is the (two-point) autocovariance function of X defined as
Covx (JJ, y) - E(X(:L‘, )X(yv ))

In fact, the knowledge of the law of X is not needed for the computation we have in mind, we only
need the autocovariance function. Notice that various laws for X can provide the same function Covx.



We can proceed in two different ways to compute the expectation of the shape Hessian. The first
approach has already been pointed out in e.g. [12]. We shall explain the proceeding in case of the
Dirichlet energy. In that case, according to (2b), we have

E(B(X,X)) =E </8 [anu + ;H(anu)ﬂ X2> +E ((—0n0u X, A(=00u X)) yg1/25g-1/2) -

Do
For the first term, one has easily by Fubini’s theorem that
1 1 1
E < / [&m + H(&nu)Q] X2> _ / E(X?) [anu + H(@nu)z] [ v [anu + X H(o,u)?
oD 2 8DO 2 8D0 2

since X is centered. To compute the second term, we shall define the following tensor product type
boundary value problem:

(id (%9 (—A))V =0 in 0Dy x Dy,

13
V= COVX(id & (—3nu)) on 0Dy x 0Dy. ( )

Note that the differential operator which underlies this boundary value problem is id ® A. Due to its
linearity and Fubini’s theorem, we get thus for the second term

E ((~9nt X, A~ X))ypago1/2) = / E (~dpu(z) X (2, ) (A(~0yu X))(y. ) |,_, do(x)

0Dg

= /8D0 —Opu(z) V(x,y)’x:y o(z).

Boundary value problems like that in (13) can be solved in essentially linear complexity if a sparse
tensor product discretization is employed as proposed in e.g. [9, 11, 12]. However, the implementation
of this approach would be highly intrusive.

4.2 Toward a low-rank approximation

The second way, which is much simpler to implement, consists in computing an expansion of the
autocovariance function of X of the form

Covx :an®mk. (14)
k

For example, such a representation can be achieved by a spectral decomposition as an application of
Mercer’s theorem that ensures the representation of Covy in the form

Covx(z,y) Z)\kek (15)

Another way to obtain such a decomposition is an (possibly infinite) Cholesky decomposition of
autocovariance function. With the expansion (14) at hand, we will obtain in Section 5 the following
expansion of the expectation of the shape Hessian:

E(B[J](Do)[X, X]) ZB (Do) [k, k).

We therefore need only to be able to evaluate the shape Hessian in certain directions {x;}.



4.3 Numerical realization

In practice, the expansion (14) will be infinite and has to be appropriately truncated for numerical
computations. Consider a suitable ansatz space V,, = span{y; : i = 1,2,...,n} C C3(0Dy). Then, we
shall discretize the two-point correlation Covy € L?(0Dg x dDy) in the tensor product space V,, ® Vj,
which yields the matrix

c=|[ [ coxpetapmioin)] er (16)
0Dg JODg 1,J
The discrete version of the expansion (14) is now efficiently be derived by an appropriate low-rank
decomposition of this matrix, i.e.,

m
CrCn=) &t (17)
k=1
where the truncation error ||C — C,,|| should be rigorously controllable. Namely, with the low-rank
decomposition (17) and the mass matrix

c=| [ [ et er

]
with respect to the ansatz space V,, at hand, we have

COVX<$,y) =~ Z (ZE&“OA%)) (ng7j¢j(y)) with Zk = [Z]{J]Z = G_lﬁk.
k i=1 =1

=1

The best low-rank approximation in L2(0Dg x dDy) is given by truncating the spectral decomposi-
tion (15). The computation requires the knowledge of the eigenpairs (p;, ;) of the integral operator

(Cu)(x) = Covx(z,y)u(y)do(y), x € dDy (18)
dDg
which is a very demanding task. In particular, the decay of the eigenvalues {\;} and thus the rank
m depend heavily on the smoothness of the autocovariance function Covy. Related decay rates have
been proven in [16].

We propose to use the pivoted Cholesky decomposition to compute a low-rank approximation of
Covx as proposed in [10]. It is a purely algebraic approach which is quite simple to implement, see
Algorithm 1. It produces a low-rank approximation to C for any given precision € > 0 where the
approximation error is rigorously controlled in the trace norm. A rank-m approximation is computed
in O(m?n) operations. Exponential convergence rates in m are proven under the assumption that the
eigenvalues of C exhibit a sufficiently fast exponential decay, see [10]. Nevertheless, numerical exper-
iments show that, in general, the pivoted Cholesky decomposition converges optimally in the sense
that the rank m is uniformly bounded by the number of terms required for the spectral decomposition
of Covy to get the error €.

5 Computing the coefficients for a low-rank approximation of X

As a result of the pivoted Cholesky decompostion, we obtain a low-rank approximation on the random
field X. Given N smooth real valuated functions fy defined on 9D, eventually with compact support
on 0Dy if needed, we consider the domains defined by their boundary

0D (w) = {.CL‘ +eX(z,w)n(z); X € BDO}, (19)

8



Algorithm 1: Pivoted Cholesky decomposition

Data: matrix C = [¢; ;];; € R"*" and error tolerance € > 0
Result: low-rank approximation C,, = 7", £;£7 such that trace(C — C,,) < ¢

begin
set m = 1;
set d := diag(C) and error := ||d||1;
initialize 7 := (1,2,...,n);
while error > ¢ do
set i := argmax{d,, : j =m,m+1,...,n}

swap T, and 7;;

set Uy 1= /s

for m+1<i<ndo
m—1
ComPUte Zmyﬂli = <C7Tm:77i - Z Ejzﬂmgjaﬂ'i>/€my7rm;
i=1
update dr, := dr, — b 7o b mss
n
compute error := Z dr;;

i=m+1
increase m :=m + 1;

end

with N
w) =Y an(w)fa(z) (20)
N=1

where the ay are independent and indentically distributed following the same centered distribution
L of a random variable a. Note that such a model can also be provided by the Karhunen-Loeve
expansion. Nevertheless, for the the third order term of the expansion of the variance (see (24)) we
make the assumption that the ay are independent and not only decorrelated.

In that case, the expansion coefficients can be very easily computed: the computational cost reduces
to N + 1 resolutions of boundary values problems defined on the same domain so that a single mesh
can be used. This amount doubles to 2N + 2 resolutions in case of general shape functionals where
also an adjoint state has to be computed.

Proposition 5.1 When the random graph has the form (19), one has

E(J(D)) = J(D0)+ E ZB fo ) + O(%) (21)
and
N N
var(J(D)) Z 2+ E(a®) Y L(f)B(f, fr) + O?). (22)
=1 N=1

Moreover, if the random variable « is symmetric, it even holds

N
var(J(D)) = €’E(a”) Y (L(fx)* + O(e"). (23)
N=1



Proof of Proposition 5.1. Note that we give the proof in full details for the generic case of the
Dirichlet energy to simplify notations. This case presents all the difficulties, one has to face.
1. Expansion of the expectation. By linearity, it comes directly

E(L(X)) = L (E(X)) = 0.

Concerning the order two coefficient, a difficulty appears since, in general, the shape Hessian B acting
on normal components of deformations can be split in two parts: first a integral term involving
the square of the normal deformation or of its derivatives and second a non local one involving a
pseudodifferential operator.

Let us explain how to compute it on the significant example of Dirichlet energy. In that case,
according to (2b),

E(B(X,X))=E </8DO [6nu + ;H(Bnu)ﬂ X2> +E ((—=0nu X, A(=0nu X)) g1/25pg-1/2) -

We recall that A denotes the Dirichlet-to-Neumann map defined via (3). On the one hand, one has
easily by Fubini’s theorem and the choice of ay are independent and centered:

E < /8 o [Onu + ;H(@nu)ﬂ X2> = /8 . [anu + ;H(anuf] E(X?)
= E(a?) /aDO [8u+ —H(dyu) }ZfN

On the other hand, due to the linearity of the Dirichlet-to-Neumann map which acts only on the
spatial variable, we observe

A(@nuéaN( ) ZQN A(Opufy).

Hence, it follows likewise by Fubini’s theorem

N N
E ((=0nu X, A(=00u X)) g/ay-12) =E [ ) anyony (Onte froy s MOt fiey) )iz sers—1/2
N1=1No=1
N

a2) Z<_anu Ix A(_anu fN)>H1/2><H—1/2,

N=1

2. Ezpansion of the variance. We first have

E (LX) - E(L /8 ) /8 ) X (3, () (y)dor(z)do(y)
N

— E(a2 2
/8D0 /BDO () fr(y) do(x)do(y) = E( )Z(L(fN))

R=1
where we used the notation introduced in (5) and Fubini’s theorem. Second, we have to compute

A =E([L(X) - E(L(X))] [B(X, X) - E(B(X, X))]) = E(L(X)B(X, X))

10



since E(L(X)) = 0. We split the shape Hessian as previously into an integral over the boundary and
the pseudo-differential term so that A = Ay + As. We explicit the generic case of torsion:

12

_ N -
A =E _ /6 Doz(x);w fN(:U)da(x)_ /8 o [Onu( ) + H( ] [Z anfx(y _ do(y)| |,
- N T N N i
Ay =E / 5(1‘) Zaxf}z(iﬂ)dU(%) Z Z an; R, <anuf?‘l17A(anuf?‘zz>>H1/2><H*1/2
[/ 9Do R=1 1 [Ri=18e=1 |

Applying Fubini’s theorem, we obtain after expansion:

a= [ o) o) + @O0
N

N
Xy > Elaw,anyany) fiv (2) o (0)fs (y) do(2)do (y),

Ri=1No=1R3=1
N
Ag = /8D ﬁ T Z Z Z E aNlaNzaNs)fM(wxanquzaA<anqu3)>H1/2XH—l/QdJ(x)'
0 N1=1RNo=1N3=1

Since the ay are independant, one has
E(ax, an,on,) = 0 except if 8) = Ng = N3, (24)

We then arrive at

1 2
A =B Y L) [ o) + 5HOOwW| R

Ay = E( ) L(fN)<anqu7A(anqu)>Hl/2><Hfl/2.

e -

i
I

Gathering A; and As, we obtain the claimed result. If the random variable « is symmetric, then
E(a?) = 0 and both terms A; and Ay vanish. [ ]

Finally, using the Bienaymé-Chebychev inequality, we obtain intervals in which the Dirichlet energy
takes its values with a fixed probability. For example, fixing a desired probability p, we get the bounds

iy <|J(D) _E(J(D))| < W) > p.

Thanks to the asymptotic expansions (21)—(22), we obtain then
P (Jop(D) < J(D) < J2,(D)) 2 p (25)

where we have set

Jsi,a<D) = J(DO) +

w\m

N E(ag) N
a®) > B(fx, fx) £ ZL(fN)B(fN,fN)> +0(e%).

11



6 Numerical illustrations

We now present numerical validations of the proposed asymptotic expansions. We will consider two
dimensional cases for the Dirichlet energy and the first eigenvalue of the Dirichlet-Laplace operator.
Numerical resolution of the boundary values problems is made either with the finite elements either
with boundary integral method. We will consider both uniform and Beta distribution. During the
Monte-Carlo simulations, the random generator has been restarted after at most 10000 samples.

6.1 The Dirichlet energy around disk in dimension two

6.1.1 The random domains

We consider the unit disk in the plane and random perturbations of the type

N
D.(w) = {(7“, 0):0<r<l4ef(f,w)and f(0) = ZaN(w)fN(x)} (26)
R=1

where the ay are i.i.d. In the following computations, we have taken N = 11 and the fx are the first
normalized fonctions in the Fourier basis that is

fi=1, f2(6) = cos(8), f3(6) =sin(0), f1(0) = cos(20)/4, f5(0) =sin(20)/4,..., f11(0) = sin(56)/25.

Let us present some realisations of such domains with various values of € and various distributions. In
Figure 1, we present some realisations of such random domains for « following the uniform distribution
on [—1/2,1/2]: note that the range of « is [—1/2,1/2].

Four realisations of the random domain - epsilon=1/8 Four realisations of the random domain - epsilon=1/4
90

270

(a) e=1/8. (b) e =1/4.

Figure 1: Some realisations of domains according to (26) with the unifom distribution.

In Figure 2, « follows the centered and normalized Beta distribution of parameter (2,5) in order to
use a non symetric distribution. Note that the range of this distribution is larger (it can take values
greater than 4), so for the same value of the parameter ¢ the perturbations can be wider for the beta
distribution than for the unifom distribution. Therefore, we will consider a smaller range of value of
epsilon.

12



Some realisations of the random domain - Beta law - epsilon=1/8 Some realisations of the random domain - Beta law - epsilon=1/4
90 90

270 270

(a) e =1/8. (b) e =1/4.

Figure 2: Some realisations of domains according to (26) with the beta distribution.

6.1.2 Monte-Carlo simulations

To check our expansion, we proceed to simulation with the Monte-Carlo method. For each value of
in abcisse on the graphs, we proceed to 4 000 simulations using P1 finite elements over around 2 000
triangles each made with the FREEFEM-++ code. The convergence is illustrated in Figure 3. It seems
that a visually correct asymptotic regime is reached for some thousand of simulations.

6.1.3 Comparison with the asymptotic expansions

Finally, we compare with the asymptotic expansions obtained in Proposition 5.1. Let us emphasize
that the coefficients appearing in (5.1) are computed numerically. The first step is to compute the
state equation in the reference domain, then the shape gradient is obtained via the computation of
an integral over the boundary. Finally, the computation of each term B(fy, fx) requires the solution
of a boundary value problem of the same type than the one solved for the state equation. Therefore,
the computation of these coefficients is cheap since it requires only N + 1 resolutions of a boundary
value problem. The results for both the uniform distribution and the Beta distribution are presented
in Figure 4.

We can also use (25) to obtain bounds of intervals of values taken by the Dirichlet energy. In Figure
5, we have plot both the graphs of the functions pr and the empirical quantiles. Notice that the
bounds which are obtained through the asymptotic expansions of the expectation and the variance
are better than expected.

Such a nice behavior may depend on the specific choice of Fourier basis, since the shape gradients
and Hessian evaluated at the fy decrease fastly as shown by the following computed values:

L(f1) = —0.786069 B(f1, f1) = —2.35621
L(f2) = —1.74702.10° B(fa, f2) = —0.392049
L(fs4) = 4.71636.10°6 B(f4, f4) = 0.0246288
L(fs) = 3.00416.107 B(fs, f) = 0.0145671
L(fg) = 4.24149.1078 B(fs, fs) = 0.00767894
L(f10) = —1.48682.10~7 B(fi0, f10) = 0.00440313

13



Expectation of the Dirichlet energy — uniform law Variance of the Dirichlet energy - uniform law

-0.19 0018
x x
x % x
W@Mm % o, X 0.016[ x|
B P x
02k xxxgﬁ%&*&&% N 1
XX KRS xx x Yoo
XX x % 0014 oo dl
x R X X x %ocx x x
x x x EaS T x % x
x CAGE X e
X o K x X « L
021} &2«&*% x 1 0012 g
o X x 3
PV fgn »xg?i x
< e g 001F ol 1
x o
g 0z22r > ’x“:&}x & Bk
X s
K % 8 ool Lt ,
x x S5 o
x L %3
-0.231 XX o 0.006 1
x x x
x x
0.004|- 1
—0.24F x
0.002|- 1
* Sample size 3998 < Samplo size 3998
x__ Sample size =250 x__ Sample size =250
025 . . . . . ; : : , : . . . ; : : ,
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 05
epsion epsion
(a) Expectation (b) Variance
Skewness of the Dirichiet energy - uniform law Kurtosis of the Dirichlet energy — uniform law
04 T T T T T T T T T 225 T T T T T T T T T
x 220 o
OF ki % e
0 « Sample size 3998 N
S x__ Sample size =2500 2151 ]
-0.1 P x %
% %o x
B 210 o
* x%x xx o
-02 X x: x LK x
& )Q‘(&xx 205 e X 1
o ot x T
] W X W e R 5
£ -03 R %25y Zxx xx 4
3 KA R x x ) xR
3 P I s x
i X S x i
~04 X x x o 2K X
XORORERR g % &, X7 % x
X x ) x
X &gxx)k F Ty g% 1
x X%
e ol . p
xS p 1
E B S DR T
-0t kg 5 ) b ]
X % * Sample size 3998
% x  Sample size =2500
07 . . . . . . . . 175 P . . . : ; ; d
0 005 01 015 02 025 03 035 04 045 05 0 005 01 015 02 025 03 03 04 045 05
epsion epsion
Q iQ
(c) Skewness (d) Kurtosis

Figure 3: Convergence of Monte-Carlo simulations for perturbed disks defined in (26).

6.1.4 With other boundary perturbations

In this second test, we change the type of random perturbations: instead of being decomposed on
Fourier basis, X (w) is now described by its zero mean and its covariance function. We shall next
consider models with standard covariance kernels, namely Matern kernels of smoothness class v.
Specifically, we choose v = oo which yields the Gaussian kernel koo (7,y) = exp(—|z — y|?/2), we
choose v = 1/2 which yields the exponential kernel ky j5(,y) = exp(—|z —y|), and we choose v = 3/2
which yields the kernel ko (z,y) = (1 — v3|z — y|) exp(—v/3|z — y|). The covariance kernels are
discretized by 500 periodic cubic B-splines on an equidistant subdivision of [0, 27| in accordance with
Subsection 4.3. The pivoted Cholesky decomposition with accuracy 10~° yields a rank of m = 13 for
ke, a rank of 83 for k35, and a rank of m = 500 for k5.

We still compare a Monte-Carlo simulation with the asymptotic expansions derived in this paper
for different values € < 0.2. For the Monte-Carlo simulation, we assume that X (w, #) could be written
as the following truncated Karhunen-Loéve type expansion:

X(w,0) =) on(w)v/ Anp(6),
N=0
where the random variables are assumed to be i.i.d. and modeled as uniformly distributed in [—\/3, \/3]
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Empirical variance vs asymptotic expansion — uniform law
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Figure 4: Comparison of the Monte-Carlo simulation with the asymptotic expansions for perturbed
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(b) p = 0.95

0.99

Figure 5: Comparison between asymptotic expansions’ bounds and empirical quantiles for perturbed
disks defined in (26).

Herein, the same accuracy is used as for the pivoted Cholesky decomposition which yields nearly the
same ranks m. The numerical computation of the shape functional, shape gradient and shape Hessian
is now performed by a fast boundary element method as outlined in [6]. The Monte-Carlo method
uses 10000 samples. As seen in Figures 6, 7, and 8, the asymptotic expansions fit well the behaviour of
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the expectation and variance of the stochastic shape functional under consideration for all covariance

kernels under consideration.

Expectation of the Dirichlet energy — Gaussian covariance X 10"
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Figure 6: Expectation and variance of the Dirichlet energy — Gaussian covariance kernel k.
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Figure 7: Expectation and variance of the Dirichlet energy — Matern covariance kernel k3 /5.

6.2 The first eigenvalue of the Laplace Dirichlet operator in a perforated ellipse

To consider another output function, we present simulations for the first eigenvalue of the Dirichlet
Laplace operator. Again, the related shape gradient and Hessian are obtained thanks to Lemma 2.2.
Here the reference domain D is an ellipse of semi axis 4 and 3 where a disk centered of the center of the
ellipse and of radius 1 are been removed. Random perturbations are applied to the disk’s boundary.
As in the first example, we take

N
F0) =Y an(w)fu(z)
N=1

where the ay are i.i.d. In the following computations, we have taken N = 21 and the fy are the
first normalized fonctions in the Fourier basis. We emphasize in Figure 9 the local character of the

approximation.
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Figure 8: Expectation and variance of the Dirichlet energy — Exponential covariance kernel k1 /5.
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Figure 9: Comparison between the asymptotic expansions and the Monte-Carlo simulation for the
eigenvalue problem — Uniform distribution.
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