ARAB JOURNAL OF ") Arab J Math Sci 24 (1) (2018) 4362
MATHEMATICAL SCIENCES Check for

updates

Kohn-Vogelius formulation and topological sensitivity analysis based
method for solving geometric inverse problems

MAATOUG HASSINE®™, IMEN KALLEL"

4FSM, Monastir University, Tunisie
b Monastir University, Tunisie

Received 10 July 2017; accepted 14 September 2017
Available online 6 October 2017

Abstract. In this paper, we propose an alternative approach combining the advantages of
the Kohn—Vogelius formulation and the topological sensitivity analysis method for solving
geometric inverse problems. The Kohn—Vogelius formulation can rephrase the geometric
inverse problem into a shape optimization one minimizing an energy-like function. The
sensitivity analysis gives the leading term of the energy-like function variation with respect to
the presence of a small geometry perturbation inside the computational domain. The obtained
theoretical results lead to build a fast and accurate numerical reconstruction algorithm. The
efficiency and accuracy of the proposed algorithm are illustrated by some numerical results.
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1. INTRODUCTION

In this paper we consider a geometric inverse problem related to the anisotropic Laplace
equation. Let D C R? denote a bounded domain with smooth boundary X~ = 9D. Inside
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the domain D we assume the existence of a sub-domain 4* C D with boundary d.4*. The
geometric inverse problem that we consider can be formulated as follows.

— Given two boundary conditions on the accessible part 3, of the boundary J': an imposed
flux F € H~'/2(X%,) and a measured datum ¢,, € H'/?(X,).

— Find the unknown boundary 9.4* such that the solution ¢ of the anisotropic Laplace
equation satisfies the following overdetermined value problem

—div (u(x)Ve) = Q inD\ A*,
wx)Veén = F on X,

¢ = ¢@m On Eav (1)
¢ =0 onl;
¢ =0 ondA*,

where Y, and X; are two parts of the boundary X' (accessible and inaccessible parts) such that
Y =X,UX;and X, N X; = (. The parameter p is a smooth scalar positive function ( and
Vu belong to L>(D)) describing the physical properties of the medium D and Q € L*(D)
is a given source term. In this formulation the domain D \ A* is unknown since the free
boundary d.4* is unknown. This problem is ill-posed in the sense of Hadamard [14].

A standard way of solving this geometric inverse problem is to transform it into a shape
optimization one. Typically it leads to an optimization problem of the form

min EMD\ A, ¢a),
subjectto  E(¢p4) =0,

where A — £(D \ A) is a shape function depending on the domain A via the solution ¢ 4
to a given partial differential equation E(¢) = 0.
In [15], the shape optimization problem is formulated as follows

1
in — Von— F1’dX,
Elcl%zfzawx) ¢.n |

where ¢ is the solution to the Dirichlet problem

—div (u(x)Ve) = Q inD\ A,

¢ =@, on 2as
¢ =0 onlj,
¢ =0 ondA.

In [8,18], the shape optimization problem consists in minimizing the following boundary
quadratic function,

1 2
min — — Qm|dX,
AéD2/2a|¢ Pl

where ¢ is the solution to the Neumann problem
—div (u(0)V¢) = Q inD\ A,
wx)Veén = F on X,
¢ =0 onl,
¢ =0 ondA.

The majority of the developed methods for solving this optimization type problems are
based on the shape differentiation techniques. It is proved in [3,6] that this kind of geometric
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inverse problems are severely ill-posed (i.e. unstable), for both Dirichlet and Neumann
conditions on the boundary d.4. Thus they have to use some regularization methods to solve
them numerically.

We propose here an alternative approach combining the advantages of the Kohn—Vogelius
formulation [5] and the topological sensitivity analysis method [1,2,4,7,9-13,16,17,19].

The Kohn—Vogelius formulation is a self regularization technique and rephrase the
geometrical inverse problem into a shape optimization one. It leads to define for any given
domain A C D two forward problems. The first one is associated to the Neumann datum F,
which will be named as the “Neumann problem”:

Find ¢, € H'(D \ A) solving
—div (u(x)Vg,) = Q inD\ A

(Pn) uw(x)Veé,.n= F on X, 2)
¢ =0 onlj,
¢, =0 ondA.

The second one is associated to the Dirichlet (measured) datum ¢,,

Find ¢, € H'(D \ A) solving
— div (u(x)Vey) = Q inD\ A

(Pa) ¢a = ¢m on X, 3
¢a=0 onlj,
¢s =0 ondA.

One can remark that if 3.4 coincides with the actual boundary d.4* then the misfit between
the solutions vanishes, ¢; = ¢,. According to this observation, we propose an identification
process based on the minimization of the following energy type functional

ED\A) = / 1)V — V.
D\A
The optimization problem consists in determining the optimal location and shape of the

domain A solution to the following minimizing problem

) Find the domain A* C D such that
E(D\ A*) < ED\ A), VACD.

To solve the minimization problem (O) we shall use the topological sensitivity analysis
method. It consists in studying the variation of the function £ with respect to a small geometry
perturbation of the domain D. More precisely, let x: , be a small hole created inside the
background domain D. We assume that the perturbation x¢ , is centered at an arbitrary point
& € D and has the form x: , = & + px, where p > 0 and x C R? is a given, regular and
bounded domain containing the origin (its boundary 9y is of class C').

The topological sensitivity analysis method consists in measuring the sensitivity of the cost
function £ with respect to the presence of a geometry perturbation. It leads to an asymptotic
expansion on the form:

ED\Xs.p) =ED) + f(P)SE) +o(f(p))., V& €D,

where p — f(p) is a scalar positive function going to zero with p and describes the behavior
of the variation £(D \ X ,) — £(D) with respect to p. The function & —— S(&) measures the
sensitivity of £ with respect to a geometry perturbation around the point &. The function S is
called the topological sensitivity or the topological gradient.
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In order to minimize the shape function &£, the best location to insert a small geometry
perturbation in D is where the topological gradient S is most negative. In fact if S(§) < 0, we
have E(D\Xe ,) < £(D) for small p. Particularly, the solution of the problem min,, ,cp&(D\
Xep)is given by x7 = &* + px, such that S(§*) < 0 and S(§*) < S(§), V& € D.

Based on this observation, we propose a simple and fast reconstruction algorithm for
solving the optimization problem (O). The function S is used as a descent direction in
the domain optimization process. The proposed process consists in building a sequence of
geometries (A;);>o with Ay = @. At the ith iteration, the domain .4;,; is constructed by
creating a new geometry perturbation ' in the domain D; = D \ A ie. Al = A; U '
The location and shape of the domain x' is obtained using a topological sensitivity analysis
for the energy function £ with respect to the insertion of a small geometry perturbation in the
domain D;.

The main contribution of this paper concerns the theoretical and numerical aspects. In
the theoretical part, we derive a sensitivity analysis for the considered energy like function
& with respect to the presence of a small geometry perturbation inside the domain D. The
established results are based on a rigorous and simplified mathematical analysis valid for a
large class of shape functions and an arbitrary shaped geometry perturbation. In the numerical
part, we propose a fast and accurate geometric reconstruction algorithm for solving the
shape optimization problem (O). The efficiency and accuracy of the proposed algorithm are
illustrated by some numerical results. Particularly, we will show that the regular and simple
shaped domain (disc or ellipse) can be reconstructed using only one iteration.

The paper is organized as follows. In the next section, we present the perturbed Neumann
and Dirichlet problems and we introduce the energy like function associated to a small
geometry perturbation. In Section 3, we discuss the influence of the geometry perturbation on
the perturbed solutions. Section 4 is devoted to a simplified formulation of the shape function
variation with respect to the creation of the hole x¢ , in D. The topological sensitivity analysis
for the function £ is derived in Section 5. The proposed numerical algorithm is described in
Section 6.

2. THE PERTURBED PROBLEMS

In this section, we present the Neumann and Dirichlet problems in the perturbed domain.
In the presence of a small geometry perturbation x¢ , inside the domain D, the Neumann
problem consists in finding ¢, € H'(D \ Xz.,) solution to

—div (u(x)Ve?) = Q in Dg,
wx)Ve? -n =F on X, @)
7 =0 on X
P =0 on dxe,,

9

with D¢ , is the perturbed domain defined as De , =D \ ¥¢ ,.
In the absence of any perturbation (i.e. p = 0), the Neumann problem reads: find
#° € H'(D) solution to

—div (u(x)V¢) = Q in D

(PY) w(x)Ve? -n =F on X, (3)
¢ =0 on X.
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Similarly, the perturbed Dirichlet problem consists in finding ¢ € H'(D \ ¥z.,) solution to

—div (u(x)Vey) =Q in Dg,

0
P ¢d = ¢n On Ea
(Pa) ¢ =0 on X (6)
0

¢y =0 on Jxe,.
The Dirichlet problem in the non perturbed domain reads: find ¢2 € H'(D) solution to
—div (u(x)V¢)) = Q in D

P $) = gm on X, 7
#) =0 on X.

We are now ready to introduce the considered energy-like function £. For each created
geometry perturbation xg , inside the domain D, the function £ measures the difference
between the Neumann and Dirichlet perturbed solutions. It is defined as

EMD\Xe.p) =/D U@Vl (x) = VL () dx, Yy, C D.
§.p

In the non perturbed domain (i.e. when p = 0), the function £ has the expression
2
&®) = [ wwIvelen - Valmidx.
D

Then, the variation of the function £ with respect to the presence of a small geometry
perturbation is given by

EMD\ %z, — E(D)
= /D 1(X)| Vo (x) — VP () *dx — /D ()| VOx) — Vgl(x)| dx.
E.p

To drive the expected asymptotic expansion for the function £ and calculate the topological
sensitivity function S, we will start our analysis by studying the influence of the geometry
perturbation on the Neumann and Dirichlet problems solutions. We will derive in the next
section two estimates describing the asymptotic behavior of the variations ¢, —¢2 and ¢>5 —¢2
with respect to p.

3. ESTIMATE OF THE PERTURBED SOLUTIONS

In this section, we derive two estimates describing the perturbation caused by the creation
of a small hole x¢ , inside the domain D.

3.1. Estimate of the Neumann perturbed solution

From (P7) and (732 ), one can check that the variation of the Neumann perturbed solution
vy = ¢ — @Y satisfies the system

— div (u(x)Vvg) =0 in D\¥e
wx)Vol-n =0 on X, g
v’ =0 on J; ®)

v =0 —¢° on dxe,.
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Let &} be a scalar function defined by
BE(y) = [0(§) — PN og(ly]), ¥y € R”.
Then, the Neumann perturbed solution ¢F satisfies the following estimate.

Proposition 1. There exists a positive constant ¢ > 0, independent of p, such that

c

< — .
laDE,p VA log(lo)

Proof. Since & ¢ Dg »» we have A®; = 0in D . Then, the total variation r (x) =
o (x) — ¢2 (x)— @E (x — &) solves the following boundary value problem in D \ ¥ ,

1
oL — ¢y — Pi(x — £)

9
log(p) ©

log(p)
1
=iV OV ) = f s Vi) V(= 6) in D\,
W)V = Lu(x)vqﬁé(x—g) on 5
5P g(p) (10)
r = a6 %
e p = fog(p) 71 X on X
1
iy =0 =801 = [0 = () = i = O)/p) on xep

The condition imposed on the boundary 9 ¢ , is obtained using the log-function property
log(jx — &) = log(lx — £|/p) + log(p), Vx #&.

To derive the desired inequality (9), we will estimate the right hand side and the boundary
data in (10) separately. To this end, we introduce the following preliminaries results:

— From the fact that x is an open domain containing the origin, there exists » > 0 such
that:

BO,r) C x.

— The domain D is bounded in such a way that there exists R > 0 such that:

D C B, R), VE € D.

— From the fact that C(0, rp, R) = {y eR% rp < |yl < R} C R?\ {0}, it follows that
the function ¥ : y — log(|y|) is smooth in C(0, rp, R) and admits the estimate

VY llo.co.re.r) < €/ —1og(p),

where c is a positive constant, independent of p.
e Estimate of the right hand side: Using the smoothness of the functions u, o and ¢ near &
and the fact that D \ Xep— & C CO,rp, R), we deduce

VRV B = &) oz, = IVBNLD) [V B . c0,0p.0) = € V= ToZ(p).
Then, it follows

c
= O0(——). (11)
log(p) 0.D\Xe. v/ —log(p)

e Estimate of the imposed boundary data on X Let R > 0 such that Xe.p, C B(, I?) and
B(&, E) C D. By trace theorem we have

| oV e; 'an/z,Ea + |2 “1/2,& <c|a; ||1,D1;’

Vu(x)V &5 (x — £)
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where Dy = D\ B(&, E). It is easy to remark that the function x — 435 (x — &) is smooth
(of class C!) in Dy and the norm @,E, H b is uniformly bounded. Then, it follows
ER

—1
||,u(x)Vr§’p 'nH71/2,2a + Hrérl,p”uz,z,- = O(m)' (12)

o Estimate of the imposed boundary data on 9 x¢ ,: We have

”"g,p”uz,a)(g.p < [lo =110 - ‘1’3](5)”1/2,3;@4,

EACEVOI -

+ -1
log(p)
Using the trace theorem and the fact that x — (o — d)o)(x) is smooth in x¢ ,, one can deduce

[lo =1 =0 =@, 05, , = [lo = E1 =10 =81®), = OCp).

Let x, = x \ B(0,r), we have & + px, C x ,. By the change of variable x = £ 4+ py and
the trace theorem, one can derive

H B, ((x — 5)/'0)”1/23;@9 ” SH] e
From the fact that y +— log(|y|) is smooth in y,, i | is
uniformly bounded and we have o
! | &5(x = €)/p)] = 0( ).
log(p) 1/2:0%s. log(p)
Consequently,
17851201, = ©Ciogey -

Finally, combining the estimates (11)—(13), one can deduce that there exists ¢ > 0 such that

1 C
- Pt = |r = ’
“p" " ot e, Feolo, = o

3.2. Estimate of the Dirichlet perturbed solution

From (P}) and (7?3), one can check that the variation of the Dirichlet perturbed solution
v = ¢! — @Y solves the following system

— div (w(x)Vv)) =0 in D\ Xep
P
V) =0 on X,
14
U5 =0 on E, ( )

0
v, =0 —¢; on dxe,.

Similar to the Neumann case, we introduce a scalar function @j associated to the Dirichlet
problem, defined by

D5(y) = [0(&) — g3 log(ly]), Vy € R,
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We have the following estimate.

Proposition 2. There exists a positive constant ¢ > 0, independent of p, such that

1
P 40 @E
%1 =94~ og(py Y

<<
1.0e, +/—log(p)

Proof. The proof of this estimate can be established using an adaptation of the proof
developed in Section 3.2.

as)

Remark 1. If the physical property w is constant in the domain D (i.e. D is a homogeneous
material), the source term in (10) vanishes and the asymptotic behavior (with respect to p) of
the perturbed solution will be O(m;ﬁ) instead of O(———).

A/ —log(p)

Corollary 1. If the domain D is occupied by a homogeneous material, then the Neumann
and Dirichlet perturbed solutions satisfy the estimates

B0 — 4 — —— ) o1
log(p) 1.0, log(p)
1 —1
e _ 40 _ - @E _ =0 .
‘ b1 = i log(p) ax = &) 1,Ds (log(l)))

4. VARIATION OF THE ENERGY-LIKE FUNCTION

We present in this section a simplified expression of the variation £(D\ ¢ ,) — £(D). The
obtained formulation plays important role in the topological sensitivity analysis of £.
The variation of the energy-like function & reads

ED\Ts,) — ED) = /

De.p

/.Dé,p
o,
De.p

—2[ / p(xX)Ve? - Vidx — / M(x)V¢2-V¢2dx:|.
Dgyp D

w0V — Vi dx — / W) V) — VeI dx
D
RIVOLPdx — [ ol vl
D

()| Vel dx — /D MESNLARE:

In order to derive a topological asymptotic expansion for the function £, we start our analysis
by the following preliminary result.

Theorem 1. The variation of £ caused by the presence of a small geometry perturbation
X&.p inside the background domain D admits the expression

ED\%e,) — ED) = / HEOV@, — 69 - n (@) — ¢ds

dxe.p

- fd 1LEOV(@L — @) -n(pf — ¢d)ds

XE.p
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+ /d WYY — 80 - n (@ — $O)ds

XE.p

+ / HEOV(@) — 80) - 1 (df — ¢0)ds.
a

X&,p
Proof. The variation £(D \ X; ,) — £(D) can be decomposed as
ED\ Xg,p) — ED) = Ju(p) + Ja(p) — 23,(p), with

3, is the Neumann term
- 2
Sa(p) = / 1) VeL | dx — / 1) Vool dx,
D\X:., D
34 is the Dirichlet term
~ 02 0.2
fdd(p)=/ wx)IVey | "dx —/ wX)|Veyl dx,
D\Xz, D
and J,, is the mixed term
S = [ unvey - Vajax - [ peovel e
D\Y&,p D

Next, we will examine each term separately.
— The Neumann term: we have

3a(p) = / (D) VP — VP dx +2 / WV (L — ¢) - Vgldx
Dé.p D.

&.p
- / w0 Vg0 dx.
X&.p

From the weak formulation of (8), one can derive

fD 1@)|Ve! — Vo dx = fa ROV — @) - n(pf — ¢d)ds

&p XE.p
and

[ v - - vt
D,

&p
= [ wwrvor - o nolds + [ urvias - o - nols.
a)(gtp Z‘,‘
The integral on the boundary 9 x¢ , can be decomposed as

| neovigr - o) ngtas
0

XE.p
__ / WY@ — 80 -0 (@ — @0)ds + / WOV — ¢0) - n@lds.
xe.p dxe.p
Then, it follows

3(p) = — /d WOV — ¢0) -0 (@ — ¢O)ds +2 f LY@ — ¢0) - n@0ds

XE.p i

51
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2 [ ueovigr — o) -nofds - [ wervelra. (16
Ixe.p XE,p
— The Dirichlet term: the term J,; can be decomposed as

Salp) = /D u(x)|Veh — VO ldx +2 /D pn(x)\V(gh — o9 - Veidx
&.p &.p

[ uwivesra.
Xg

P
Using the weak formulation of (14) and the fact that ¢/ — ¢2 = 0 on dD, we have

fD H()IV, — Vel dx = / WYL — D) -1 (gl — $ds
&.p

dXe,p
and

fD w@)V(ph — @) - Voldx

&.p
= Q (¢ — ¢dx + / w(x)Ve) -n () — ¢pYds.
Dt p Ixe,p
Then, we derive

Sa(p) = /3 WOV, — ) n (@l —o0ds +2 [ Q6h — Ddx

X&.p De,p

2

+2 / n)Vey -0 (@) — gds — / ()| Vgl dx. (17)
dxe.p Xé.p

— The mixed term: this term can be written as

Sm(p) = /D LV - V(@) — $Ddx + /D ROV — ¢V ldx
£.p

§.p

- / RV Vidx.
Xé,p

Applying the Green formula for Eq. (4) and making use of the condition ¢/ — ¢2 =0ondD,
we obtain

[ werver - vos - dhrar = [ Q@g—ohax+ [ uwver i} - shas
De.p De.p xe.p
From the weak formulation of (8) and the fact that gbg — ¢2 = 0 on J, it follows
[ neovieg - ovaax
D

&.p

= f 1nx)V(g? — ¢)) - ng)ds + / n)V(gL — ¢)) - ngods.
il

XE,p P
Then, we deduce
S = [ Q@8 — #0dx + / W()VE - nglds + / WOV (SE — ¢°) -1 glds
De.p xe,p i
— f HOOV, - nghds — / HO)VeVedax. (18)
Oxe,p X&,.p
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— The total variation: exploiting the obtained expressions (16)—(18), it follows
EMD\ Xz.,p) — ED) = Iu(p) + Jalp) — 23m(p)
= [ wv; - - n (6} - gipas
d

XE.p

—AumWﬁ—ﬁmmﬁ—ﬁm

X&p

+Lumwﬁ—ﬁ»mﬁ+ﬁ—w%m

XE.p
[ nwives - vollax
Xg.p

Using Green formula and taking into account of the normal orientation

/mmwd—vﬁﬁx=j/mmwﬁ—ﬁ»mﬁ—ﬁws
X a

£,p X&,p

then, we deduce

Em\ﬂw—&m=fumwﬁ—ﬁwmﬁ—ﬁws

dxe.p

—AumWM—ﬁ»mw—ﬁm

XE.p

+Lumww—ﬁymﬁ—ﬁm

X&,p

+Aumwﬁ—ﬁ»mﬁ—ﬁM&

XE.p

5. TOPOLOGICAL SENSITIVITY ANALYSIS

We are now ready to derive the sensitivity analysis for the energy-like function £ with
respect to the presence of a small geometry perturbation xg , inside the domain D. As it
is described in the following theorem, the sensitivity function S depends on the physical
property of the domain, the boundary condition on dxg , and the solutions of the non-
perturbed Dirichlet and Neumann problems.

Theorem 2. The function £ defined by

Sm\np=]' WX Vel — V! Pdx,

D\Yé,p

admits the following topological asymptotic expansion

o _ —1
&D\xw)—&D%+Ei5&®+o(

with S is the topological gradient given by

500 = 2721940 — o)’ ~ 1900 — o ()| vx € D

-1 )
log(p) )’
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Proof. From Theorem 1, we have

EMD\ Xz, —ED) = / 1LEOV(@ — ¢9) - n(df — dds

dxe,p

- fa HEOVEE — 80 - (gl — $0ds (19)
X&,p

+ /3 WYY — 60 - n (@ — $Ods

X&.p

+ / mX)V() — ) -n(pf — ¢D)ds. (20)
dxe,p

Next we will derive an asymptotic expansion for each term.
— Asymptotic expansion for the first term in (19):
Using the fact that ¢; = o on dxg¢,,, we have

/8 1OV — ¢9) -n () — dds

Xé,p

_ P O_L &y . _ 40
_fz;xgp(X)V(d)d P4~ og(ey T4 MO T G0

wx)V &, -n(o — ¢Y)ds. Q21

+
log(p) IXEp

By trace theorem, it follows

dﬁ) -n(o — ¢2)ds

\v/ e _ 40 _ -
A Xgp(x) (g — Pq log(p)

P 40 £y . _ 40
= [PV =i - oy 20| e = dul e,
p__ 40 1 & 40
= %0 % gy Y wH: Pl

Using Proposition 2 and the fact that o — ¢2 is uniformly bounded in x¢ ,, one can easily

deduce
()
=0 .
log(p)

To examine the last term in (21), we begin by the following decomposition

/3 WOV — @) — —— &%) n(o — ¢Ods

Xep log(p)

fa wE)V - n(o — ¢ds = u(€) V&, - nds(o(E) — ()

X&p dXe,p

+/a V&, n[px)e — D) — wE)o — gNE)] ds.
XE.p
By a similar argument as in (13), one can establish

fa V&, -n [1(x)(o — ¢Dx) — uE)o — dNE)] ds = O(p).
Xé,p
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From the fact that y — — % log(]y]) is the fundamental solution of the Laplace operator and
taking into account of the normal orientation, one can derive

/ V&, -nds = —2n[o (&) — ).
dxe,p

Consequently, the first term in (19) admits the following expansion

p_ 40 o _ 40 —2n 0] —1
HEOV(S] — 99 18] — s = — ()]0 (€) = $)(&)| +o .
oxe.p og(p) log(p)
— Asymptotic expansion for the second term in (19):
The asymptotic expansion for the second term in (19) can be established with the help of
the same technique developed in the previous paragraph. Then, one can easily obtain

_ 0y, Co0ds = 2% i !
/sxi,‘,,(x)w’f 0 n0f — oo = o) - )] +o (i)

— Estimate of the term (20):
From the fact that ¢/ = q)g = o on dx¢, ,, the term (20) can be rewritten as

/B POV — ) - (@l — $Ods + fa WYY — 60 - n (@l — $Ods
X&,.p

X&.p

= /a pOV@) — ¢Y) -n Qo — ¢ — ¢2)ds.

X&p
Recall that — div (u(x)V(qbg — ¢2)) = 01in xg ,. Then, by Green formula one can derive
| nvigh - 9 o - o - gihas
dXe,p

= / 1EOV() — ¢°) - V(9) + ¢0 — 20)dx.
X

&.p

Finally, using the smoothness of the functions ¢2 , qbg and o near the point &, one can deduce
that the term (20) satisfies the estimate

/a WYY — 60 - n (@ — $Ods + /d WYY — 60 - n(@f — $0ds

Xe.p X&.p

(i)
=0 .
log(p)

6. NUMERICAL EXPERIMENTS

This section is devoted to some numerical investigations. In the first part of this section,
we present a numerical validation of the topological asymptotic expansion established in
Theorem 2. In the second part, we propose a fast and accurate reconstruction algorithm for
solving the geometric inverse problem.
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6.1. Validation of the asymptotic formula

It is proved in Theorem 2, that the variation of the function &, with respect to the insertion
of a small geometry perturbation ¢ , in the domain D, satisfies the estimate

-2
ED\ i) = ED) + ———8(¢) +o(

—1
log(p) log(p)) ’

with
500 = p()| 1950 — o @I’ — 1950 —o@I’]. Vx €D,

In this section, we present a numerical validation of this asymptotic behavior. It consists in
studying the variation of the following function

2w
Ve(p) = EMD\ Xe,p) — EMD) + ——5()
¢ o log(p)
with respect to log(lp 5 for some arbitrary locations of the perturbation x¢ , in the domain D.
We denote by o the unknown parameter describing the behavior of the function p +—
Ve (p) with respect to —log(p), i.e

V()| = O ((—log(p)®).

Then, one can observe that « can be characterized as the slope of the line approximating the
variation p — log(|Ve(p)]) with respect to log (— log(p)).

The numerical simulations are done using the following data:

— The background domain is defined by the square D = [—1, 1] x [—1, 1].

— The (arbitrary chosen) locations &; of the considered perturbation Xﬁi, =& + pB(0,1)are
described in the following table

Perturbation x /", X; X 5 X,g x;‘
Location &; £ =(02,02) & =(-04,03) & =(-05,-0.1) & =(0.7,-0.4)

Our numerical algorithm is based on the following main steps:

e Step 1:
— compute the solutions ¢2 and ¢! in the domain D.
— compute E(D).
e Step 2: for each perturbation X/i, =&+ pB0O,1),i=1,...,4:
— compute S(&;),
— choose pé = max{p > 0, such that & + ,oéB(O, 1) C D},
— compute an approximation of the function p — E(D \ X_,g), p €10, p(i)]
e Step 3: deduce a numerical approximation of the function p — log(|Vei(p)]), p €
10, pgl.

The obtained results are described in Fig. 1. For each considered perturbation X; =
&+ pB(0,1), i =1, ..., 4, we plot the variation of the function p > log(|Vsi(p)|) with
respect to log (— log(p)) using different mesh step.

From the plotted curves in Fig. 1, we deduce the slopes «;, i = 1, ..., 4 (see the
following table) describing the behavior of the function p +— Vi (p) with respect to —log(p).
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020 2peme=11 0403 peme=1.17 05,0.1)perte=-1.18 07,04 pente=12
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logtlog(a) logtlogo) logtog() logtlogo)

(a) Perturbation x ;. (b) Perturbation X3~ (c) Perturbation x;. (d) Perturbation x;‘.

Fig. 1. Variation of log(lvg,- (p)]) with respect to log (— log(p)).

The perturbation X,i;i X ; X 3 X 3 x;‘
The slope oj,i = 1,...,4 o = —1.1 a = —1.17 a3 = —-1.18 o4 = —1.2

The obtained slopes o; describing the behavior of the function p - Vi (p) with
respect to — log(p) for the considered perturbations X;;, i=1,...,4.

For each considered perturbation x ;, one can observe here that the obtained slope «; satisfies

the inequality: o; < —1, i = 1, ...,4, which confirm the behavior predicted by the
theoretical result
—1
Ve(p) =0 ( ) .
¢ log(p)

6.2. Reconstruction procedures

In this section, we aim to build a numerical procedure for detecting an unknown geometry
A* inserted in a given domain D from overdetermined boundary data on 9D. We start our
analysis by considering a simple and smooth shaped geometry. We will show in this particular
case that A* can be reconstructed using only one iteration. An iterative reconstruction
procedure is proposed in Section 6.2.2 for detecting more complicated geometry. The
proposed reconstruction algorithms are based on the topological asymptotic expansion
established in Theorem 2.

6.2.1. One-iteration reconstruction procedure
In this paragraph, we propose a fast and accurate reconstruction procedure for detecting
simple and smooth geometries A*. We will show here that circular and ellipse shaped objects
can be reconstructed using only one iteration. The main steps of the proposed procedure are
described in the following algorithm.

The one-iteration algorithm:

. Solve the problems (P?) and (773) in the initial domain D,

. Compute the topological sensitivity function S(x), Vx € D,

. Determine r* € [0, 1] such that ED \ A~) < ED \ A,), ¥t € [0, 1], where
A; = {x € D; S(x) < t8in} With 8,,;,, is the most negative value of the function S
in D.

In order to show the performances of the proposed one-iteration algorithm, we present
some numerical illustrations. We will consider three numerical examples. The first one
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concerns the reconstruction of circular-shaped objects. In the second example, we examine
the numerical reconstruction of various ellipses having different locations and sizes. In the
third example, we discuss the case of geometry with corners.

(a) Reconstruction of circular-shaped objects: the unknown domain A* is described by a
disc inserted in the square D = [0, 1] x [0, 1]. In this example, we examine the numerical
reconstruction of various discs having different radius r. The obtained results are illustrated
in Fig. 2. For each considered radius, we show:
— the negative zone (red zone) described by the function x — (x, S(x)), Vx € D,
— the iso-values of the sensitivity function S in the presence of the unknown boundary 9.4*,
— azoom on zone containing the isovalue of S (color lines) approximating the boundary 9.4*
(black line).

One can easily observe in Fig. 2, that the one-iteration algorithm gives quite efficient
reconstruction results for different sizes of circular-shaped objects.

(b) Reconstruction of ellipse-shaped objects: the unknown domain A* is described by an
ellipse inserted in the unit disc D = B(0, 1). In this example, we examine the numerical
reconstruction of various ellipses having different locations and sizes. The obtained results
are illustrated in Fig. 3. For each case, we plot the iso-values of the sensitivity function S
(color lines) in the presence of the unknown boundary 3.4* (black line). Here again, as one
can see in Fig. 3, the one-iteration algorithm gives quite efficient reconstruction results for
different locations and sizes of ellipse-shaped objects.

(c) Reconstruction of geometry with corners: We apply now the proposed algorithm to
detect more complicated geometry. Our aim is to reconstruct geometry containing straight
lines and corners from overdetermined boundary data. More precisely, we want to detect the
square A* whose vertices are the points (0.25, 0.5), (0.5, 0.25), (0.75, 0.5), (0.5, 0.75).

We see in Fig. 4 that the unknown square 4* is located in the zone where the topological
sensitivity function S is the most negative (red zone) but the boundary of A* cannot be well
approximated by any iso-value curve. One can remark here, that the one-iteration algorithm
detects the zone containing the unknown geometry but the reconstruction result is not good.
In order to perform this result and get an efficient reconstruction result for geometries with
corners, we suggest an iterative reconstruction procedure in the next section.

6.2.2. Iterative reconstruction procedure

In this section, we propose an iterative process for reconstructing the unknown geometry
A*. The topological sensitivity S is used to build a sequence of geometries (A;);>o, With
Ao = (. At the ith iteration, the geometry .4; 1 is obtained by creating a new hole x' in the
domain D; = D\ A;, i.e. A, = A; U x'. The location and shape of the created hole x’ is
defined by the topological sensitivity function S.

At the ith iteration, the topological sensitivity S’ describes the cost function variation with
respect to the insertion of a small geometry perturbation in the domain D;. From Theorem 2,
one can deduce

—1 ) —1
EDN\Yep) — D) = o=@ +o (1og<p>) ’

where the topological gradient S’ is given by

§'() = 27| 19400 — o @I’ = g(x) — o)’ Vx €D,
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r=0.1 : negative zone (red zone)

&

r=0.15 : negative zone (red zone)

r=0.25 : negative zone (red zone)

é&

r=0.35 : negative zone (red zone)

r=0.45 : negative zone (red zone)

iso-values of S in D

iso-values of S in D

iso-values of S in D

iso-values of S in D

iso-values of S in D

zoom showing the isovalue of &
approximating d.A* (black line)

zoom showing the isovalue of &
approximating OA* (black line)

zoom showing the isovalue of S
approximating dA* (black line)

zoom showing the isovalue of &
approximating 0.A* (black line)

i

u\%

zoom showing the isovalue of &
approximating d.A* (black line)

Fig. 2. Reconstruction of circular-shaped objects .A* having different sizes.
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Fig. 3. Reconstruction of ellipse-shaped objects having different locations and sizes.

Fig. 4. Iso-values of the function S (colors lines) and the unknown square (black line).

with ¢é, and ¢! are the solutions to the following problems

= div(u(x)Ve)) =Q in D\ A
(P w(x)Vegl -n =F on dD
¢)fl =0 on 0A4;,

= div(u(x)Vey) =Q in D\ A
(Ph) ¢y =¢m on 0D
¢, =0 on JIA.

In the proposed procedure, the location of the unknown geometry x' is given by the point
& where the topological sensitivity is the most negative i.e. S'(§*) < S'(x), Vx € D;. The
shape of x' is defined by a level set curve of the scalar function S':

x'={xeDi Sx) <¢ <0},
where ¢; is a constant chosen in such a way the cost function £ decreases as most as possible.
Our numerical implementation is based on the following main steps.
The iterative algorithm:
e Initialization : choose Dy = D, Ay = @, and seti = 0.
e Repeat until S’ > 0in D; :

. solve the problems (P!) and (P’) in D;,

. compute the topological sensitivity S',

. determine x’ andset Ay} = A; U x' and Djy; = D\ Ais1,
D <—i+1.
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Fig. 5. Iterative reconstruction of objects with corners.

(a) Iteration 1. (b) Iteration 2.

[ )N b

(c) Iteration 3. (d) Iteration 4.

Fig. 6. The geometry A; obtained during the optimization process.

In order to test the performances of this iterative process, we apply the proposed algorithm
for detecting objects with corners. The unknown domain is described by the square .4* whose
vertices are the points (0.25, 0.5), (0.5, 0.25), (0.75, 0.5), (0.5, 0.75). The obtained result is
presented in Fig. 5.

We see in Fig. 5, that the considered square is well approximated by a level-set curve of
the topological sensitivity function S*. One can remark here, that we have obtained a quite
reconstruction of an object with corners using only few iterations (only four iterations).

The geometry A; obtained during the optimization process is illustrated in Fig. 6.

7. CONCLUDING REMARKS

The presented work is focused on the detection of objects immersed in anisotropic medium
from overdetermined boundary data. The proposed approach is based on the Kohn—Vogelius
formulation and the topological sensitivity analysis method. The main contributions of this
paper concern the theoretical and numerical aspects.
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The theoretical part is devoted to a sensitivity analysis for an energy-like function £ with
respect to a small geometry perturbation of the background domain. An asymptotic expansion
is derived with the help of preliminaries estimates describing the influence of the geometry
perturbation on the Neumann and Dirichlet problems solutions.

The numerical part is concerned with some numerical investigations. The unknown
geometry is reconstructed using a level-set curve of the topological sensitivity function S.

In this part we have shown that the smooth and simple shaped geometry (like circular or
ellipse shaped geometry) can be reconstructed using only one iteration. In the case of more
complicated geometry, an iterative reconstruction process is proposed and illustrated by some
numerical results.

The considered model can be viewed as a prototype example of geometric inverse
problems arising in many industrial problems. The presented approach is general and can
be adapted for various Partial Differential Equations.
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