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Abstract

The present article is devoted to the study of two well-known inverse problems, that is the
data completion problem and the inverse obstacle problem. The general idea is to reconstruct
some boundary conditions and/or to identify an obstacle or void of different conductivity which is
contained in a domain, from measurements of voltage and currents on (a part of) the boundary of
the domain. We focus here on Laplace’s equation.

Firstly, we use a penalized Kohn-Vogelius functional in order to numerically solve the data com-
pletion problem, which consists in recovering some boundary conditions from partial Cauchy data.
The novelty of this part is the use of a Newton scheme in order to solve this problem. Secondly, we
propose to build an iterative method for the inverse obstacle problem based on the combination of
the previously mentioned data completion subproblem and the so-called trial method. The under-
lying boundary value problems are efficiently computed by means of boundary integral equations
and several numerical simulations show the applicability and feasibility of our new approach.

Keywords: Cauchy problem, Data completion problem, Inverse obstacle problem, Laplace’s equation,
Kohn-Vogelius functional.

AMS classification: 35R30, 35R25, 35N25, 49M15.

1 Introduction

Electrical Impedance Tomography (E.I.T.) is used in medical imaging to reconstruct the electric
conductivity of a part of the body from measurements of currents and voltages at the surface (see,
e.g., [33]). The same technique is also used in geophysical explorations. An important special case
consists in reconstructing the shape of an unknown inclusion or void assuming (piecewise) constant
conductivities.

We deal in this article with the inverse obstacle problem which is defined as follows. Let {2 be a
bounded connected Lipschitz open set of R¢, where d = 2 or d = 3, with a boundary 9. For some
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nontrivial Cauchy data (fin,gm) € H/2(9Q) x H-1/2(9) on the outer boundary, which corresponds
to a pair of current/voltage measurements, we consider the following inverse problem:

Find a set w* € D and a solution uw € H' (Q\w*) N C <Q\F)

of the following overdetermined boundary value problem:
U = fm on 0f),
Ontt = gm on 0f),
u = 0 on Jw,

where D = {w € Q, Jw is Lipschitz and Q\w is connected}. In other words, we want to detect an
inclusion w* characterized by a homogeneous Dirichlet boundary condition from the knowledge of the
Dirichlet and Neumann boundary conditions on the exterior boundary 9€2. Then the problem under
consideration is a special case of the general conductivity reconstruction problem.

It is known that problem (1.1) admits at most one solution, as claimed by the following identifiability
result (see, e.g., [10, Theorem 1.1] or [19, Theorem 5.1]).

Theorem 1.1 The domain w and the function u that satisfy (1.1) are uniquely defined by the non-
trivial Cauchy data (fm, gm)-

It is also well-known that problem (1.1) is severely ill-posed: the problem may fail to have a solution
and, even when a solution exists, the problem is highly unstable (see, e.g., [4, 20]).

This inverse problem has been intensively investigated by numerous methods. We can cite for exam-
ple sampling methods [34], methods based on conformal mappings [2, 26], on integral equations [32, 36],
methods using the full Dirichlet-to-Neumann map at the outer boundary [11, 12], or level-set methods
coupled with quasi-reversibility in the exterior approach [10]. We also refer for example to [17, 28] for
numerical algorithms and to [5, 23] for particular results concerning uniqueness.

In [35], the problem under consideration has been reformulated as a shape optimization problem
for the Kohn-Vogelius functional. Then, seeking the unknown inclusion is equivalent to seeking the
minimizer of an energy functional. Much attention has been spent on the analysis of this approach
(see, e.g., [3, 21]) and its comparison with a least-squares tracking type functionals. These kind of
methods have some advantages such as being adaptable for several partial differential equations, such
as the Stokes system (see, e.g., [13, 15, 25]), and for obstacles characterized by different boundary
conditions, such as Neumann or generalized boundary conditions (see, e.g., [6, 14]).

In this article, we propose a new point of view to numerically solve this model inverse obstacle
problem. We build an iterative sequence of domains using the combination of a data completion
subproblem and the so-called trial method which is used to control the evolution of the inclusion
boundary. This means that, given an inclusion w, we compute an harmonic function u € H'(Q\w)
which admits the Cauchy data (fy,, gm) at the outer boundary 9Q2. With the help of the Cauchy data
at the interior boundary dw, we aim at updating the interior boundary such that the desired Dirichlet
condition u = 0 holds at the new interior boundary. The data completion problem is solved by
minimizing a Kohn-Vogelius functional using a Newton method, which is efficient since the functional
is quadratic.

Organization of the article. The rest of the article is organized as follows. In Section 2, we
introduce the data completion problem which we intend to solve by means of the minimization of



a Kohn-Vogelius functional, also introduced in this section. We additionally provide all the general
notations and assumptions used throughout the article. In Section 3, we provide some properties
concerning the considered boundary value problems and compute the gradient and the Hessian of the
Kohn-Vogelius functional. Then, in Section 4, we introduce the Tikhonov regularization term needed
to numerically minimize the functional. The minimization of this regularized functional is considered
by means of a Newton scheme. Especially, numerical results are presented, which demonstrate that
our approach yields an efficient solution of the data completion problem. In Section 5, we focus on
the numerical resolution of the inverse obstacle problem. To this end, we present the so-called trial
method, used to update an approximated inclusion’s boundary from the information obtained from
the previous data completion step. Numerical results validate that the proposed approach is feasible
to reconstruct inclusions in Electric Impedance Tomography (E.I.T.). Finally, in Section 6, we state
concluding remarks.

2 Introduction of general notations and of the considered problems

Introduction of the general notations. For a bounded open set Q of R? (d € N*) with a

(piecewise) Lipschitz boundary 02, we precise that the notation / u means / u(x)dx which is
Q

Q

the classical Lebesgue integral. Moreover we use the notation u to denote the boundary integral
o0

/ u(z)ds(z), where ds represents the surface Lebesgue measure on the boundary. We also introduce
00

the exterior unit normal n of the domain Q and 0,u will denote the normal derivative of u.

We denote by L2(2), L2(952), H'(Q), HY(99), the usual Lebesgue and Sobolev spaces of scalar
functions in Q or on 9. The classical norm and semi-norm on H!(Q2) are respectively denoted by ||-||
and |-|. Moreover (-, -) denotes the following product, for all u,v € H' (),

(u,v) = /QVu - V.

Introduction of the data completion problem. We recall that we consider in this article a
bounded connected Lipschitz open set Q of R?, where d = 2 or d = 3, and an inclusion w € D,
with D = {w CC 2, dw is Lipschitz and Q\w is connected}. Let us consider some nontrivial Cauchy
data (fin, gm) € H/2(00) x H-Y/2(Q).

The data completion problem consists in recovering data on Ow, from the overdetermined data
(fm, gm) on 0L, that is:
Find u € HY(Q\w*) such that
Au = 0 in Q\w*,
U = ¢gp on 01},
Ontt = ¢gnN on 0f).

(2.1)

Of course, the previous problem is not standard. In general, it admits only a local solution (that
is defined in the neighborhood of 02 under regularity assumptions) by the Cauchy-Kowalevskaya
theorem. Since we are interested in global solutions, this result is not satisfactory and we have to
define the notion of compatible data.

Definition 2.1 A pair (fm,gm) € H1/2(8Q) X H_1/2(89) is said compatible if the Cauchy prob-
lem (2.1) has a (necessarily unique) solution.



When data is compatible, the unknown u is uniquely determined by either its Dirichlet trace or
its Neumann trace on the inner boundary dw. The property of being compatible is not open: indeed
the set of compatible pairs is dense in H'/2(9Q) x H~'/2(dw). Hence, if a given pair (fy,, gm) is not
compatible, we may approximate it by a sequence of compatible data. Typical density results have
been stated by Andrieux et al. in [1, Lemma 2.1] or Fursikov in [24], where the following result is
given.

Lemma 2.2 We have the two following density results.
1. For a fized f,, € H'/2(0%), the set of compatible data g is dense in H-Y/2(9Q).
2. For a fized g, € H™1/2(0Q), the set of compatible f is dense in HY/2(9Q).

Therefore, any numerical scheme should incorporate a regularization step. Several approaches have
been considered to solve the data completion problem. Among others, we mention the works of Kozlov
et al. [30], Cimetiere et al. [18], Ben Belgacem et al. [7, §].

We shall follow the energy based strategy introduced by Andrieux et al. in [1] by the minimization
of the Kohn-Vogelius like functional which admits the solution of problem (2.1) as minimizer, if such
a solution exists. Notice that such a functional turns to be quadratic and convex. Surprisingly, to the
best of our knowledge, only gradient based numerical schemes have been studied for the resolution
of this problem. We will describe in this article the Newton method that is completely suited for
quadratic objectives.

In order to deal with the ill-posedness previously mentioned, we consider a Tikhonov regularization
of the functional which ensures the existence of a minimizer even for not compatible data thanks to
the gained of coerciveness and, in case of compatible data, the convergence towards the exact solution
(see, e.g., [16, Proposition 2.5 and Theorem 2.6]).

The Kohn-Vogelius functional. As mentioned, the data completion problem (2.1) can be studied
through the minimization of a Kohn-Vogelius cost functional (see [29]). To this end, we introduce the
two maps upy and uyp defined as follows

upy : HY2(00) x H'?2(dw) — HYO\w), -
wyp + H200) x B (00) — H'(Q\D), 22)

where upy (f,1) € HY(Q\w) solves the boundary values problem

Au = 0 in Q\w,
u f on 012, (2.3)
Opu = 1 on Jw,

and where unp(g, ¢) € H'(Q2\©) solves the boundary values problem

Au = 0 in Q\w,
Ot = g on 01}, (2.4)
u = ¢ on Jw.

Notice that the indices mean the type of boundary condition, where the first one indicates the outer
boundary and the second one the inner boundary.



Then, we focus on the following optimization problem

(¢",9") € argmin K(¢, ),

(p,))EHL/2(0Q) x H=1/2(98)

where K : HY/2(0w) x H~Y/2(0w) — R is the nonnegative Kohn-Vogelius cost functional defined by

1

K(6,9) =

1
/Q\ IVupn (fms$) = Vunp(gm, ¢)|* = 5 [uDN (fm, ) = unD(9ms O) i (onm) - (25)

Indeed, for a given and known inclusion w, if the inverse problem (2.1) has a solution, then the
identifiability result Theorem 1.1 ensures that KC(¢,1) = 0 if and only if (¢,¢) = (¢*,¢*) with
upnN (fm, ") = unp(gm, @*) be the solution of the Cauchy problem in Q\w*.

Remark 2.3 Note that the two problems (2.3) and (2.4) are well-posed for any given boundary
conditions (¢,v) € HY2(0w) x H™/2(dw), without additional compatibility conditions between fy,
and Y for the first problem and between g,, and ¢ for the second. This is of particular interest for
numerical implementations, as the considered setting allows to consider the classical Sobolev spaces
and, therefore, the implementations can be done with classical finite element method softwares without
any additional adjustments.

3 Some properties concerning the data completion problem
3.1 Properties of the maps upy ant uyp

Let us first emphasize some properties of the maps defined in (2.2) we should use.

Proposition 3.1 (Properties of the boundary values problems) We have the following state-
ments.

1. The maps upy and unp are linear: for all (fi,1) and (fa,19) € HY2(0Q) x H™1/2(dw), there

holds
upn(fi + fo, 1 +v2) = upn(fi,¥1) +upn(f2,¥2) = upn(fe,¥1) +upn(fi,2),
unp(g1 + 92,01 + ¢2) = unp(g1,01) +unp(g2,¢2) = unp(g2,¢1) +unp(g1,¢2).

2. There are constants C1 and Co such that

ool /290
ol ll-1/2(p)

Cilldlnzgn < lluvp(0,9)n@w)
Cildllg—r20) < lupn(0,9)[110\)

IAIA

for all (¢,1p) € HY/2(dw) x H~1/2(dw).



3. There holds
(upn(fi,¥1),upn(f2,02)) = 6Qf18nuDN(f2,1/12)+/a upn (f1, V1)V
= fzanuDN(f17¢1)+/ wupn (f2,¥2)1,
o0 O
(upn(fi,¥1),unp(g1,01)) = flgl-l-/ upn (f1,%1)0nunp(91,01)
00 o
= / UND(gla¢1)anuDN(fla¢l)+/ P11,
o0 Ow
(unp(91,91), unp(g2, P2)) = / UND(91a¢1)92+/ $10nuND (g2, P2)
o0 o
= / UND(92,¢2)91+/ $20nuND(91, 1),
o0 o

for all (fi,1), (f2,12) € HY2(0Q) x H~/2(dw) and (g1, ¢1), (g2, 2) € H/2(09) x H/2(dw).

Proof. The first assertion is a trivial consequence of the superposition principle. The second assertion
comes from usual a priori elliptic estimates and from the continuity of the trace operators. The third
assertion is a consequence of the Green formulae. O

Let us remark that the third assertion of Proposition 3.1 implies in particular the following formulae
which is useful to transform an integral over the outer boundary into an integral over the inner
boundary:

(upn (0,0), upn(£,0)) = 0 = /mfanum(o,ww /8 wpn(f,0)2,

/UND(07¢)3nUDN(f70) = /UDN(f,O)anuND(07¢)7

o0 Ow

(unp(9,0),unp(0,¢)) = 0 = / UND(07¢)9+/ $Onunp(9,0).
o0 Ow

Another consequence of these integration by parts formulae is the following alternative expression
of the Kohn-Vogelius objective:

K(6,4) = / (o — wnp (g 8)) (Fnwoy s ) — gm)

o0N

[ (ot ) — ) (6 — ntn(on. ). (52
Ow

Remark 3.2 Let us emphasize that we use the usual abusive notation since the boundary integrals
are to be understood as duality product between a Dirichlet trace in H'/? and a Neumann trace
in H-1/2.

3.2 Properties of the Kohn-Vogelius objective K

The main properties of the functional defined by (2.5) can be summarized as follow.

Proposition 3.3 (Properties of the Kohn-Vogelius objective) We have the following statements.



1. The functional K is conveze, positive and
inf { (6, )1 (6,0) € H/*(0w) x H™V/2(9w) } = 0.
2. The functional K is of class C with gradient
DK, 56,00) = | 1Ontnn(@ntipy (s 0). ) = 6166 + [up (wnp(gm: ). 4) - 0] 60,

Ow

and Hessian
D2K(¢, ) - ([0¢1, 1], [602, 6e2]) = (wpn(0,6¢1) — unp(0,5¢1), upn (0,6¢2) — unp(0, ¢2)).

The first point of this statement is proved in [16, Proposition 2.2] but we recall the proof for reader’s
convenience.
Proof. We prove each statement.

1. Convexity and positiveness are obvious. To prove that inf( ) K(¢,v) = 0, we have to consider
two cases. If the pair (f, gm) is compatible, we consider the solution u,, of the Cauchy prob-
lem (2.1) and we define ¢* = uez|g, and ¥* := Opuer|ow and then obtain K(¢*,¢*) = 0. Let us
now focus on the non-compatible case. Thanks to the density lemma 2.2, we can approximate f,,
by a sequence (f), in a way that the pairs (f, g )n are compatibles for all n € N. For each n,
consider (¢, 1) to be the minimizer of the Kohn-Vogelius function for the data (f}}, gm) which

n

implies that Vupn (fi, ) = Vunp(gm, ¢;,). Then, we have

K(G508) = 5w s 7) — (g 65 = 5l s 5) = s ()

1 n n
= 5 ’uDN(fm - m70)|2 < CHfm - mHI2r11/2(GQ) — 0,

n—oo

which concludes the proof.
2. An elementary computation shows that
K6+ 66,6 +00) = & funx(fm, ) — wn(am, ) + upx(0,56) — unn(0,56)
= K(¢,¥) + (upn(fm: ¥) — unD(gm, #), upn(0,6¢) — unp(0,69))
+;|uDN(O, 5) — unp(0,59)|*.
Hence, the objective K is convex and its derivatives are

DK(¢,7) - [0¢,6¢] = (upn(fm,¥) —unD(gm,?), upn(0,69) —unp(0,9)),
D?K(¢, ) - ([6¢1, 0], [0, 5%2]) = (upn(0,0¢1) — unp(0,6¢1), upn(0,0¢2) — unp(0,6¢2)).

However, this writing is not directly useful since the dependency in (d¢,0v) is not completely
explicit. We therefore expand the expression of the gradient

DIC(¢,v) - [0, 6¢] = (upn (fm, ), upn(0,6)) — (wpn(fm, ¥), unp(0,00))
— (unD(gm, #), upn(0,6¢)) + (unD(gm, &), unp(0,59)),



and use the properties of the maps upy and upy given in Proposition 3.1 to express each of
the previous expressions as integrals over the inner boundary. We first consider products of the
same map. One the one hand, we have

(upN(fm,¥),upn(0,67)) = /89 fmanuDN(Oa5¢)+/(9 upN (fm, ¥)0Y
_ / Wi (o 0)50 + / wow (fon )50
Ow Ow
- /8 upn (0, 4)50.

On the other hand, we get in a similar manner

(unp(gm, 9),unp(0,69)) = /UND(075¢)gm+ 6¢OnuND(Gm, @)
15)9) Ow

a0 Ow

— 660 [unD(9m: @) — unD(gm, 0)]
0

= / 6¢8nuND(O, (b)
o0

Then, we consider the cross products
(wow (s ) unp(0.60) = | unp(0.60)mupn(fm ) + [ 06
o0 Ow
=~ | Onunp(Onunn(fnr). 066 + [ s
Ow Ow
= | 1= duun @ (). 00 50

and in the very same manner

(unp(gm, @), upn(0,0¢)) = / UND(Gm, )Onupn(0,6¢) [ ¢
o0 Ow

= /a [¢ —upn(unD(gm, @),0)] 61).

Gathering the terms, we obtain the announced expression of the gradient.

Remark 3.4 As seen from the previous proof, we have

D*K(¢, ) - ([61,0¢1], [602, 0eba]) = DK(6¢1, 8¢ ).([062, 512]) = DK(8¢ha, 51)a).([6¢1, 6¢1]).
Thus, the Hessian does not depend on (¢, ). Especially, it holds

DK (¢, %) - ([661, 691, [6d2, 61a]) = /a [Onn D (Onupn (0,80%1), 5é1) — 61b1] 5y
+ [upn (unp(0,0¢2), 612) — 62] S¢bo.



4 Numerical resolution of the data completion problem

4.1 Newton scheme

As mentioned previously, a regularization process is needed for such a severely ill-posed inverse
problem. We use here the standard Tikhonov regularization as studied, e.g., in [16]. Therefore,
we consider a non-negative real number € and introduce the regularized Kohn-Vogelius cost func-

tional K¢ : HY/2(dw) x H~1/2(0w) — R defined by

K2 (9, 4) = K(o,¢) + T (,9), (4.1)

where the regularizing term 7 (¢, 1)) is defined by

To) = 5 (luxo@0P +lupx(©. )P+ [ o)

1

_ 2/ (6 + Onaun (0, 6))d + wpn (0, ).
Ow

Lemma 4.1 The reqularizing functional T is non-negative with the unique minimizer (0,0).
Proof. Assume that (¢, ) is such that
[unp(0,9)]* + [upn (0, 9)* = 0.
Then, unp(0, ¢) and upy(0,1) are constant functions. By exploiting the boundary conditions on dw,

we check that ¢ is constant and 1) = 0 on dw. Since [|¢[|12(g.) = 0, the proof is complete. O

Remark 4.2 This regularization permits to obtain the existence of a minimizer, for all € > 0, even
for not compatible data thanks to the gained of coerciveness and, in case of compatible data, the con-
vergence of these minimizers towards the exact solution when € goes to 0 (see, e.g., [16, Proposition 2.5
and Theorem 2.6]).

Remark 4.3 Notice that the usual regularizing term would have been ||(¢, ¥)|| but

2
H/2(8w)xH~1/2(dw)’
the two quantities are equivalent as claimed in the following lemma.

Lemma 4.4 There exist two nonnegative constants Cy and Co such that
2
01||1/1||%171/2(8w) < Jupn (0, 9) [ @\m) < 02||¢||%171/2(aw)

and
aw%mwsmm@@%mwﬁé&s@wﬁww,

for all (¢,1) € HY/?(0w) x H~1/2(dw).

Proof. Firstly, thanks to the continuity of the trace operator and thanks to Proposition 3.1 (see
equation (3.1)), there exists two nonnegative constants C; and Cy such that

ClHT/)H%I—uz(aw) < upn(0,9)]* < [lupn(0,9)]* < C2|W”%1—1/2(aw)v

for all ¢ € H™1/2(0w).



Secondly, using again (3.1) and the continuous embedding HY/?(dw) — L?(0w), there exists a
nonnegative constant Cs5 such that

unn @0 + [ 6 < Cllolfusa,

for all ¢ € HY?(0w).
Let us now show that there exists a nonnegative constant Cy such that

Ci|lunp(0,9)|]” < lunp(0,9)* + ; ¢?,

for all ¢ € H'/?(dw), which will complete the proof by using the continuity of the trace operator. To
this end, let us proceed by contradiction assuming that, for all n € N, there exists ¢,, € HY/ 2(0w) such
that

1
lon| =1 and — > \vn\g +/ 0721,
n Ow

unp(0,P)

lunp(0, )]
is bounded in H'(Q2\@) which is compactly embedded in L?(Q\w) and then, up to a subsequence, there
exists v € HY(Q\@) such that

where we have set v, = n

Hence, ||[Vu,|| el 0 and /(9 v2 N 0. Furthermore, (vy),,
w

v, = v in HH(Q\@) and v, »v in L}(Q\@).

Since Vv, — 0 in L*(Q\@), we conclude that v, — v in H'(Q\@) and Vv = 0. Therefore, v is

constant and
/U?L—)O:/ v? =% |ow|.
Ow Ow

Thus, v = 0 which contradicts the fact that |v,]| =1 — |jv|| = 1. O
We now compute the gradient of the objectives with respect to (¢, ).

Proposition 4.5 The derivative of T with respect to (¢,1) is

DT (6,1) - [66, 60 /8 56(6 + Onun (0, 8)) + upy (0, )50,

D*T(¢,9) - (561, 51), (3, 51a)] = / 3¢1 (062 + Onunp(0,0¢2)) + unp (0, 59b2) 341
Ow
Proof. We expand the quadratic quantity 7 and follow the proof of Proposition 3.3 to get the
announced result. g

The first idea to build a numerical scheme for minimizing the objective is to use a descent method.
This leads to a sequence (¢p,,) by the update rule

¢n+1 _ ¢n
(o) = (5 )+ radn

where 7,11 is a descent step and where the descent direction d,, is naturally chosen as the anti-gradient:

d = — < 8nUND(8n’U;DN(fm71/}n)7¢n) - wn ) +e < (bn + 8nuND(O7 (;5”) )
" upN (UND(Gm:Vn), ¥n) — bn upn (0, ¥n) '

10



However, this updates is not in the right spaces: while (¢,,1,) € HY2(dw) x H~V/2(dw), the
update d,, lies in H~1/2(0w) x HY/2(dw). In fact, d,, is not the gradient that should be computed with
respect to the scalar product on H'/2(dw) x H~'/2(9w) and not with respect to L?(dw) x L?(dw). The
true gradient is much more complex to compute. Therefore, we will not consider the gradient method
here and directly use the Newton method.

Proposition 4.6 The Newton update (5¢,5v) € HY?(0w) x H~Y2(dw) for the regularized Kohn-
Vogelius objective K¢ (¢n,n) is given by the linear system

OnUND (8nuDN(0, o), (5¢) — 0+ 8((5¢ + Onunp(0, 5g25))
= p — OnuUND (anuDN(fma ¢n)a an) - 5(¢n + 8n'U'ND(Oa ¢n))7

UDN (UND(O, 5¢), (WJ) —dp+ 5UDN(0, 51@
= ¢n — upN (UND(Gm> ¥n); ¥n) — eupn(0,4y).

Proof. The Newton scheme leads to the sequence (¢, ¥y,) such that the increment

(6¢7 6¢) = (d)n-l-l? Q/)n-i-l) - (d)na ¢n)

satisfies the weak problem
(DQIC + 5D2T)(¢na wn) ' ([5¢7 5w]7 [ha E]) = _(DK + 5DT)(¢H> wn) ’ [ha f]

for all [h,£] € H'/2(dw) x H~1/2(dw).
To solve this equation in the unknowns (d¢, 0t), we need to rewrite the left hand side in order to
make explicit the dependency on [h, f]. We proceed as for the gradient: we first expand

<’U,DN(0,5¢) —UND(O, 5¢),UDN(O,€) —UND(O,h)>
= (’U,DN(O,&,/J),UDN(O,g» + <UND(0,(5¢),U,ND(0, h)>
—(unp(0,90),upn(0,€)) — (upn(0,6¢), unp(0, h))

and then compute each term:
(wpn(0.50),upn(0.0) = [ won(0.50)
(wxp(0.60) uxp(0.0) = | Ouup(0.60)h
(o 0.0 up (0.0 = [ (50— wpx(un(0.60).0)]

(upn(0,0¢),unp(0,h)) = /a [6¢) — Onun D (Onupn(0,01),0)] h.
The weak problem reads: find (6¢, ) € HY?(dw) x H=/2(dw) such that
/a [upn (unp(0,60),81%) — 6¢ + cupn(0,00)] €
+ [8nuND (8nuDN(O, 5¢), (5¢) — 0 + 6(5(25 + 8nuND(O, 5¢))] h
== | [Bnunp @utepn (). 00) = v + (6 + Ot (0.0,)]

- /a [upn (UND(Gm:Vn), ¥n) — ¢n + eupn(0,1n)] €

for all (h,¢) € H'/?(dw) x H~'/2(dw). This implies the assertion. O
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4.2 Implementation

Our approach to determine the Cauchy data of the functions wpn(fm,?) and wunp(gm, d) relies
on a system of boundary integral equations arising from the direct formulation based on Green’s
fundamental solution.

In this section, in order to simplify the formulae, we use the following notation: > = 0Q and I' = Jw.

Assuming that v € H'(Q\w) solves Laplace’s equation, then Green’s representation formula implies

the relation 5 5G(2.3)
_ du, . 9G(z,y _
ww)= [ {ownew - 25E Vo, @ caw

where the Green function G is given by

1
— gl -y, ifd=2,
2

G(:L‘,y) = 1

. — if d = 3.
|z — y|

Using the jump properties of the layer potentials, we obtain the direct boundary integral formulation
of the problem

ou 1 0G(x,y)
= P Sule) - rUs. (42
u(x) s G(z,y) In (y)doy + 2’u,(alc) s Oy u(y)doy, zel'U (4.2)

We restrict ourselves to the two-dimensional situation d = 2.

Let A, B € {I',¥} which represent the boundaries. Then the expression (4.2) includes the single
layer operator defined by

S:C(A) > C(B). (San)(p)(@) = ~5= [ ogllz ~yl (o), (1.3
and the double layer operator defined by
Dict) +B), (Dan)p)e) = 5 [ FEE )0, (44)

with the densities p being the Cauchy data of u at the boundary A. The equation (4.2) in combination
with (4.3) and (4.4) amounts to the Dirichlet-to-Neumann map, which is given by the following system
of integral equations

[Srr SEF] [&w!r} _ FH—DFF Dsr ] [Uh“]
Srs Sex| [Onuls Dry, 1+ Dyx| |uls]”

Reordering this system of boundary integral equations yields the missing Cauchy data of the solu-
tion upn (fim, ) € HL(Q\W) of problem (2.3) by

[%I"‘DFF _SZF} [ ulr ] _ [ Srr —Dsr ] [¢] (4.5)
—Dry Sty | |Onuls —Srs; 31+ Dss| | fm '

and of the solution unp(gm, @) € H(Q\@) of Problem (2.4) by

[ Srr —Dsr ] [anuﬂ _ [%I‘i‘DFF —SEF} {¢] (4.6)
—Srs; 31+ Dsx| | uls —Drs  Ssxn | |9m] '
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The boundary integral operators on the left hand side of the systems (4.5) and (4.6) of boundary
integral equations are continuous and satisfy a Garding inequality with respect to L2(I') x H~1/2(%)
and H~1/2(T") x L2(X), respectively, provided that diam(Q) < 1. Since injectivity follows from potential
theory, these systems of integral equations are uniquely solvable according to the Riesz-Schauder
theory. With the help of the solutions given by (4.5) and (4.6), we can compute the Kohn-Vogelius
functional (3.2) and its gradient and Hessian. The same holds true for the regularized functional K¢.

The next step towards the solution of the boundary value problem is the numerical approximation of
the integral operators included in (4.5) and (4.6), respectively, which first requires the parametrization
of the integral equations. To that end, we insert parameterizations v : [0,27] — I" and o : [0,27] — X
of the boundaries. For the approximation of the unknown Cauchy data, we use the collocation method
based on trigonometric polynomials. Applying the trapezoidal rule for the numerical quadrature and
the regularization technique along the lines of [31] to deal with the singular integrals, we arrive at an
exponentially convergent boundary element method provided that the data and the boundaries and
thus the solution are arbitrarily smooth.

Since the Hessian of the functional K¢(¢,) does not depend on the argument (¢,1)), the Newton
scheme converges in one iteration. Especially, the Hessian is positive definite since the functional
under consideration is convex. We can thus use the conjugate gradient method [27] to compute the
Newton update. Therefore, we can efficiently determine the functions (¢,v) € HY/?(T') x H~/2(I)
such that it holds wnp(gm, ) = upn(fm, 1) for the current boundary I' = dw.

4.3 Numerical validation

We shall validate the data completion approach by some numerical test examples. We choose € as the
ball of radius 0.4, which is centered in 0. If we take the Cauchy data of a known harmonic function u
at the outer boundary 9Q as data (fy, gm), the desired Cauchy data (¢,1) € HY/2(dw) x H=Y/2(dw)
at the inclusion’s boundary dw are just (u|gw, Ont|gy)-

The settings for the data completion algorithm are as follows. The regularization parameter & for
the data completion functional (4.1) is set to ¢ = 0.1, ¢ = 0.01, or ¢ = 0.001. We use N = 200
boundary elements per boundary for the discretization of the boundary integral equations in (4.5)
and (4.6), respectively. Hence, the computed Cauchy data (¢, 1) at the inclusion’s boundary dw
are represented by N = 200 boundary elements each.

-

Figure 1: The ball with ellipse inclusion (left-hand side) and with potato inclusion (right-hand side).
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In our first example, we consider the ellipse with semi-axis h;, = 0.25 and h, = 0.15 as inclusion w,
compare the left plot of Figure 1. In the second example, we have a potato shaped inclusion w,
compare the right plot of Figure 1. We moreover prescribe the Cauchy data (fy,, gm) of the harmonic
function u(x,y) = 22 — y2. The approximation errors for the different geometries and regularization
parameters are found in Table 1, where the respective Sobolev norms are computed by means of appro-
priately weighted Fourier series. In particular, we observe that the best choice for the regularization
parameter is € = 0.01 since therefore the approximation errors are the smallest ones. We like to stress
that an increase of the number N of boundary elements does not increase accuracy, which reflects the
severe ill-posedness of the problem under consideration.

regularization c=0.1 e =0.05 e =0.01 e = 0.005 e — 0.001
parameter
16—=ONT1/2m 1 . =) » -
o | e | 172561071 | 1.5610- 1071 | 1.4621-107" | 232441071 | 2.3302- 10
R Hl/2(1)
o,
S TN
T ”W”N”ﬂ 1.3689 - 1072 | 1.3586 - 1072 | 7.7903 - 1073 | 1.2139- 10" | 1.2085 - 10~*
L
o # 8.0964 - 1072 | 5.0993 - 1072 | 8.1978 - 1072 | 8.4939-1072 | 8.7713-1072
= H1/2(T)
T=PN T
g W 4.2829-107% | 2.6365- 1072 | 3.5529-107% | 3.6279- 1072 | 3.7131- 1072
H-1/2(n)

Table 1: The approximation errors for the data completion approach in dependence of the regular-
ization parameter.

5 Resolution of the inverse obstacle problem with the trial method

We now aim to numerically solve the inverse obstacle problem (1.1). The general idea is to use the
previous data completion step in order to reconstruct ulg,, and dnuls, on an approximation dw of the
real inclusion and then to use the so-called trial method in order to update the shape of the inclusion.

We first present the trial method and then illustrate the efficiency of our method with some numerical
simulations.

5.1 Background and motivation

The trial method is a fixed-point type iterative method, which is well-known from the solution of
free boundary problems (see, e.g., [9, 22, 38] and the references therein). In the context of inverse
problems, it has been used for example in [37].

We shall assume in the following that the domain w is starlike. Hence, we can represent the
inclusion’s boundary dw by a parametrization ~ : [0, 27] — R? in polar coordinates, that is

0w = {7(s) = r(s)er(s) ;s € [0,27]},

where e,(s) = (cos(s), sin(s))—r denotes the unit vector in the radial direction. The radial function r(s)
is supposed to be a positive function in Cpe; ([0, 27]), where

Cper([0,27]) = {r € C([0,27]); 7(0) = r(2m)},
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such that dist(052, dw) > 0.

The trial method to solve the conductivity problem problem (1.1) requires an update rule. Suppose
that the actual void’s boundary is dwy. Then the data completion problem yields a state uj which
satisfies

Aup, = 0 in Q\wg,
Uy = fm on 0f),
Onlk = gm on Of).
The new boundary dwy1 is now determined by moving the old boundary into the radial direction,
which is expressed by the update rule

Vit1 = Vit O e (5.1)

The computation of the update function dry is the topic of the next section.

5.2 Update rule

The update function éry € Cper([0,27]) should be constructed in such a way that the desired homo-
geneous Dirichlet boundary condition will be (approximately) satisfied at the new boundary dwyg. 1,
i.e.,

Uk © Vig1 =0 on [0, 27],

where wuy, is assumed to be smoothly extended into the exterior of Q\wy if required.
The traditional update rule is obtained by linearizing wuy o (v, + d7x €,) with respect to the update
function dr. This yields the equation

8uk
Uk O Vg1 = UL OV + 9. C Tk 0.
T

We decompose the derivative of uj in the direction e, into its normal and tangential components:

0
n) + %(er,ﬂ on Owy,.

auk . 8uk

de, On (er,

0
Hence, defining F'(dry) = ug o v, + <8uk o *yk> org, we arrive at the update equation
e’!’

o) tersm) + (G o) enst) Lo (5.2)

ou
2 —
(07%) = up oy, + [( on

Remark 5.1 We mention that the solution of the data completion problem according to Section 4
immediately yields the quantities ug|ay, and Onuglaw, . Since ug|ay, is expressed in terms of trigono-
metric polynomials, it is also straightforward to compute

ouy, B 1 % .
(at”’“)(s) = el as

Consequently, all terms required in (5.2) are available.
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5.3 Discretization of the sought boundary

For the numerical computations, we discretize the radial function r}} associated with the boundary dwy,
by a finite Fourier series according to

n—1

ri(s) =ao+ Y _ {agcos(ls) + bysin(Ls)} + ay cos(ns). (5.3)
/=1

This obviously ensures that r}! is always an element of Cpe([0,27]). To determine the update func-
tion dr}, represented likewise by a finite Fourier series, we insert the NV > 2n equidistantly distributed
points sy = 2w¢/N into the update equations (5.2):

F(org) 20 in all the points  $1,...,SN.

This is a discrete least-squares problem which can simply be solved by the normal equations.

5.4 Numerical results

We shall illustrate our approach by some numerical test examples. We choose €2 as the ball of radius 0.4,
which is centered in 0. Knowing the inclusion w, we can compute the current measurements g,, from
a given voltage distribution f,,. For the specific voltage distribution f,,(z,y) = ylaq, we try to
reconstruct the inclusion w in the following by using the synthetic data (fp,, gm)-

The settings for the data completion algorithm are as in Subsection 4.3, i.e., the regularization
parameter € for the data completion functional (4.1) is set to 0.01, which turned out to be the best
choice. We use 200 boundary elements per boundary for the discretization of the boundary integral
equations in (4.5) and (4.6), respectively.

The reconstruction is performed by the trial method detailed previously. Precisely, the sought
inclusion is represented by a Fourier series with 10 terms, i.e., we have n = 5 in (5.3). The initial
guess is always a ball of radius 0.3 (always indicated via the red boundary in the subsequent figures)
and we stop the trial method after 20 iterations, where the damping factor h = 0.2 is used. This
means that the update from (5.2) is multiplied with A before computing the new iterate in accordance
with (5.1).

In our first example, we consider again the ellipse with semi-axis h, = 0.25 and hy, = 0.15 as
inclusion w, compare the left plot of Figure 1. In the second example, we have again the potato
shaped inclusion w, compare the right plot of Figure 1. We add 1% and 5% noise, respectively, to the
respective synthetic current measurement g,,.

The final reconstructions, indicated via the green boundary, can be found in Figure 2 for the first
example and in Figure 3 for the second example; on the left-hand side the reconstructions for the
noise level 1% are shown and on the right-hand side the reconstructions for the noise level level 5%
are shown. The intermediate iterates are indicated by the blue boundaries.

In order to better understand the reconstruction algorithm, we draw 25 realizations with noise
level 5 % for both obstacles. They can be found in Figure 4 for the ellipse inclusion on the left-hand
side and for the potato inclusion on the right-hand side. Since we are dealing with starshaped domains,
we can compute the mean of the realizations by taking the mean of the respective Fourier coefficients.
The mean shape is plotted in green. As one readily infers, the reconstructions vary around the mean
shapes which basically coincides with the sought inclusions.
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Figure 2: Iterates (in blue) and the final reconstructions for the first example (in green) with 1%
noise (left-hand side) and Wlth 5% noise (right-hand side).

Figure 3: Iterates (in blue) and the final reconstructions for the second example (in green) with 1%
noise (left-hand side) and Wlth 5% noise (right-hand side).

Figure 4: 25 reconstructions and mean shape (in green) in case of the ellipse inclusion (left-hand
side) and in case of the potato inclusion (right-hand side).
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6 Conclusion

In the present article, we solved the data completion problem for Laplace’s equation by the mini-
mization of the Kohn-Vogelius functional, which has been regularized with respect to the associated
energy norm. The minimization of the regularized Kohn-Vogelius functional has been performed by a
Newton scheme, which results in a direct solver. By employing a collocation method based on trigono-
metric polynomials, we arrive at a very efficient numerical method for the data completion problem.
We then combined this data completion algorithm with the trial method in order to solve an inverse
obstacle problem. It updates a given inclusion such that the desired inclusion’s homogeneous Dirichlet
boundary condition is approximately satisfied. This yields an iterative method for the detection of
inclusions in electric impedance tomography.
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