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Abstract. This paper deals with an inverse potential problem whose forward problem is
governed by the Helmholtz equation. The inverse problem consists in the reconstruction of a
set of anomalies embedded into a fluid medium with the help of partial measurements of the
associated potential. We rewrite the inverse problem as a topology optimization problem
which allows us to solve it by using the concept of topological derivatives. The resulting
algorithm is able to reconstruct the anomalies in one step and is independent of any initial
guess. A numerical example is presented to show the effectiveness of our reconstruction
method.
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1 Introduction

In this paper, we deal with an inverse potential problem in R? whose corresponding
forward problem is governed by the Helmholtz equation. The inverse problem under
consideration is about the reconstruction of a set of anomalies embedded in a geometrical
domain with the help of partial measurements of the associated potential taken on its
boundary. More precisely, let £ C R? be an open and bounded domain with smooth
boundary 92 where the measurements of a scalar field of interest are taken. We assume
that there may be an unknown number (N* € Z1) of isolated anomalies w} within the
domain (2, i.e., there is a set w* = Uf\:lw;‘ , with open connected components w; which
satisfywifﬂwi;f: 0 for i # j and wf NI = for each i, j € {1,..., N*}.

We consider the domain 2 as a bounded region representing a fluid medium which
contains a different fluid substance within a subdomain w*. For a given Robin data ggr
imposed on 052, the resulting substance concentration (potential) z in €2 is observed on
0. In this set up, the inverse problem consists in finding k,+ such that the substance
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concentration z satisfies the following boundary value problem

Az+k2z = 0 in £,
Onz+1ikz = gr on 09, with kg« = {
z = gp ondf,

ko inQ\w*, (1)
vik inw,i=1,...,N*,

where gr and gp are the boundary excitation and boundary measurement, respectively;
and ¢ is the imaginary number. In addition, k,7; € RT, where 7; is the contrast with
respect to the material property of the background k. Now, for an initial guess k,, of k.=,
we consider the substance concentration field u to be the solution to the boundary value
problem

{Au—f—k‘gu =0 in Q

, k. inQ\w,
Opu+tku = gr on 01,

with kw:{')/zk inwi,i:L..-,N.

(2)

Since we want our guess k,, to be close to the unknown k,~, it is natural to wish that
the scalar fields w and z have the same measurement on 0f). Keeping this objective in
mind, we rewrite the inverse problem in the form of the following topology optimization
problem given by

M
Minimize J,(u!,...,u™) = Z Aﬂ(um — 2™ (u™ — zm), (3)
m=1

wC

where M € Z™ is the number of observations, 2™ and u™ are the solutions of the boundary
value problems (1) and (2), respectively, corresponding to the Robin data g} with m =
1,...,M. Moreover, (-) represents the complex conjugate of ( - ). Notice that, the
minimizer of the topology optimization problem (3) produces the best approximation to
w*, solution of the inverse problem (1), in an appropriate sense. In particular, problem
(3) is minimized with respect to a set of ball-shaped anomalies by using the concept of
topological derivatives [4]. It means that the shape functional J,,(u', ..., u) is expanded
asymptotically and then truncated up to the desired order term. The resulting expression
is trivially minimized with respect to the parameters under consideration, leading us to a
noniterative second-order reconstruction algorithm.

The remaining part of this paper is organized as follows. Since the proposed inverse
problem is to be solved by using the concept of topological derivatives, we present in
Section 2 the shape functionals corresponding to the unperturbed and perturbed domains
as well as the ansdtz for the scalar field associated to the topologically perturbed domain.
In Section 3, the asymptotic expansion of the shape functional is presented. Based on such
asymptotic expansion of the shape functional, a noniterative reconstruction algorithm is
devised in Section 4 and a numerical example is presented in Section 5. Concluding
remarks are discussed in Section 6.

2 Topology optimization setting

The inverse problem (1) has been written in the form of the topology optimization
problem (3). It is well known that a quite general approach for dealing with such class
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of problems is based on the concept of topological derivative, which consists in expanding
the shape functional J,(u!,...,u™) with respect to the parameters depend upon a set
of small inclusions. The reader may refer to the book of Novotny & Sokotowski [1] to be
familiar with the notion of topological derivatives. Since the topological derivative does
not depend on the initial guess of the unknown topology w*, we start with the unperturbed
domain by setting w = (). More precisely, we consider

Tolud,. Z / = =), (4)

where ' be the solution of the unperturbed boundary value problem

Aul + k2w = 0 in Q,
{ 0 0 (5)

Opuy’ +tkug' = gf on 09,

Here, we are considering the topology optimization problem (3) for ball-shaped per-
turbations and hence we define the topologically perturbed counter-part of (5) by intro-
ducing N € Z* number of small circular inclusions Bc,(z;) with center at z; €  and
radius ¢; for i = 1,...,N. The set of inclusions is denoted as B.(¢) = UN, B, (%),
where £ = (z1,...,zy) and € = (¢1,...,en). Moreover, we assume that B. N 9§ = () and
B, (zi)N B, (x;) = () for each i # j and 4, j € {1,..., N}. The shape functional associated
with the topologically perturbed domain is written as

A Z/ Jam — 2 (6)

with u" be the solution of the perturbed boundary value problem

Aum™ + k2™ = 0 in Q, (7)
Opul” +ikul = gF on 09Q,

where the parameter k. is defined as

_ ko inQ\ Ui]\;lBgi (z4),
ke = { vik in Be,(x;). (8)

In order to obtain the topological derivatives of the shape functional J. at u., we start
by simplifying the difference between the perturbed shape functional 7. (ul,...,u}) and
its unperturbed counter-part Jo(u, . .., ud!) defined in (6) and (4), respectively, as follows

Te(ue) — To(uo) Z/ PR{ (" — ) — ™)} + (u — ) — )], (9)

where u. = (ul,...,ul), uo = (uf,...,u}!) and R{ - } denotes the real part of { - }.

Moreover, we first introduce the quantity 8; = v? — 1 and the vector a € RY where each
entry «; denotes the Lebesgue measure (volume) of the two-dimensional ball B, (x;), i.e.,

a=(ay,...,ay) with o; =|B.,(z;)| =me?, for i=1,...,N. (10)
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Now, we propose the following ansdtz for the expansion of u]* with respect to the param-
eters corresponding to the small circular inclusions in the form

N
ul(x) = uf (x) + k2 Y iy () + k4zz%%5@ﬁghm( )+al(z),  (11)
i=1

i=1 j=1
where, for each i,j =1,...,N and m = 1,..., M, the functions h;"™", hfjm and ul* are the
solutions of
O™ +ikh,™ = 0 on 05},
ARG+ E2RST = —a7'hS M Xp. b D (13)
8nhj]1m + z‘kzhfjim =0 on 09,
and ~m 2~m m :
Azfg + l'fngg = & inQ, (14)
opul® +ikul = 0 on 012,

respectively. In problem (14), we have ®™ = —kS Z”l 1 ajalﬁzﬁjﬁlhﬂ XB., (z:)- Ir~1 order
to simplify further analysis, we write h™ as a sum of three functions pg, ¢f and h;"™ in
the form h"™ = uf*(z;)hs + h;™ with h$ = pf + ¢f. The function pf is solution of
ApE + k% pf = _ai—lesim) in Br(x;),
p; = A'Yo(kR) on OBg(x;),
with B, (z;) C Q@ C Bpr(xi), @ € Q, 0 < & < R. Moreover, A" denotes a constant

depending on ¢; to be presented next. Problem (15) can be solved analytically and its
solution is written in terms of Bessel functions, namely,

(15)

AT+ NS o (ke — in B, (z;),
A3 Yo(kl|z — 4|) in Br(z;) \ Be, (i),
with the following constants depending on the small parameter &;,
_ 1 1 ~c . 1 -
A= el 5= k‘27752 + A= 5 lnei + A5 and Aj = ~2 + A5 (17)

In (17), A = (2In2 — 2Ink — 2¢ + 1)/(47), ¢ is the Euler constant, A5 = O(e?) and
Ay = O(e?). Taking into account the solution pg of the problem (15), we write ¢f = A\j'q;,
where ¢; is the solution to the homogeneous boundary value problem

Agi+Kq = 0 in {3, (18)
Ongi +ikq = —(0nYo(k|lx — x4|) + tkYo(k||lx — x4]|)) on 09,
and fom solves the boundary value problem
ARS™ 4 B2RST = —ag (- uf (i) XB., () 0 (19)
Ouh™ + kRS = 0 on 0.

Moreover, we also introduce an adjoint state v™ as the solution of the following auxiliary
boundary value problem
{ Av™ + k2™ = 0 in £,

O™ —tkv™ = —(ug' —2™) on 09. (20)
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3 Topological asymptotic expansion

Now, we have all the elements to evaluate the difference (9) explicitly. We proceed
accordingly to the following sequence of steps: (i) the scalar field u!* in (9) is replaced
by the expression given by the ansdtz introduced in (11); (ii) the weak formulations of
the problems (12), (13) and (20) are used in order to rewrite the integrals defined over
the boundary 092 by integrals defined over the ball B, (x;); and (iii) the decomposition
RS = () (pF + A5iqi) + B is then used taking into account the analytical solution
for pZ, given by (16)-(17), together with Taylor’s expansions for the functions u(’, v and
p5 around the point z; (the center of the ball Be,). As a result, we obtain the asymptotic
M

)

expansion of the shape functional J,(u}, ..., ) in its matrix form given by

P(xe(€)) = ¥ (x) — - d(§) + G(§)a - diag(a @ Ina) + %H(f)a ato(ja?),  (21)

where 1(x:(€)) := J-(u:) and 9(x) := Jo(uo); the entries of the vector d € R and the
matrices G, H € RV*Y are defined as

d; := 2k>B; % R{ug' (i)v™ ()}, (22)
m=1
Gis = 2 gj R{u ()0 (2:)}, Gy =0, if i4j (23)
27 —
and
1 M _ 1 M _
H;; = ﬂk4ﬁin;9‘i{u81(xi)vm(:ri)} — ;k%i mz%%{vugb(%) Vo (z;)}

1 402 J m —m 402 U m —m
—5-0k6; zzlm{uo (wi)o™ (i)} + K B; Z:lfﬁ{uo (@s)o™ (i) g (i) }

M
1
+§/€457;2§ ug (zi)ul (x;) Li, (24)

m=1

M M
Hij = K'8iB; > R{ug (w))v™ (we)Vig} + K BiB; > R{ug ()v™ (i) g; (1)}

m=1 m=1
1 M _
+k BBy Y R (wi)ug () Zig} (25)
m=1

if i # j; respectively, for 4,7 = 1,..., N. In addition, the entries (24)-(25) are written in
terms of the constant o = 1 —4¢ + In(1672/k%), the number V;; = Yo(k||z; — z;||) and the
integral

Lij = / Yo(kllz — @ill) + qi(@)]Yo(kllz — ;) + gj(2)], (26)
o0

where Y, denotes the Bessel function of the second kind and zero order.
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4 Reconstruction algorithm

The expression on the right-hand side of (21) depends on the number of anomalies N,
their sizes a and locations £. Thus, by desregarding the terms of order o(|a|?) from (21),
we define 0J(a,§, N) := —a - d(§) + G(§)a - diag(a @ Ina) + 1/2H (§)a - . The derivative
of the function §J(«, &, N) with respect to the variable « yields the first-order optimality
condition, namely, (D,0.J,3) = 0,V3 € RY, which leads to the non-linear system of the

form (H(€) + G(€))or + 26(¢)ding(a ® Ina) = d(€) (27)

with the entries of the vector d € R" and the matrices G, H € RV*VN defined in (22),
(23) and (24)-(25), respectively.

The quantity « solution of (27) becomes a function of the locations &, namely o = a(§),
and its value is obtained by using the Newton’s method. Now, let us replace the so-
lution of (27) into 6J(a, &, N) to obtain §J(a(€),&,N) = —2(d(&) + G()a(§)) - a(é).
Therefore, the pair of vectors (£*,«*) which minimizes 0J(a, &, N) is given by & =
argming x0J(a(§),€, N) and o* := «(£*), where X is the set of admissible locations
for anomalies. In other words, the minimizer of 6.J(«, &, N) is a set of ball-shaped disjoint
inclusions which is completely characterized by the pair (£*, *). In short, for a given num-
ber of anomalies N we want to reconstruct, our method is able to find in one step their
sizes o and their locations £*. For more sophisticated approaches based on metaheuristic
and multi-grid methods, we refer to [3], where the algorithm proposed in this section can
be found in pseudo-code format. For more applications of this algorithm, see [2] (Chapter
10), for instance.

5 Numerical example

A numerical example is presented here to demonstrate the effectiveness of the method
proposed in the earlier sections of this paper.

The reference domain is taken as a unitary disk centered at the origin, namely ) :=
Bi1(0), which is discretized using a three-node finite element scheme. The boundary of the
geometrical domain 0f is excited by imposing different Robin data whose mathematical
expression is given by g = exp(—ik(x cos by, + ysinb,,)) with 6, = (m — 1)7 /M, where
m =1,..., M. The associated potential g75, for m =1,..., M, is measured on the whole
boundary 90f2. For a number M of measurements, the objective is to reconstruct a num-
ber N* of anomalies with contrast 7, = v, v € R, for i = 1,..., N*, from the help of
measurements of the potential g7} taken in 9€). The auxiliary boundary value problems
are solved using the Finite Element Method. However, due to the high complexity of the
reconstruction algorithm, the sub-mesh X is defined over the finite element mesh where
the combinatorial search is performed in order to find the optimal size o* and the appro-
priate center £* of the geometrical domain w*.

The example: Two circular regions with centers located at ] = (—0.4,0.5), x5 =

(0.2,—-0.5) whose radii are given by e} = 0.03 and &5 = 0.05, respectively, are considered
as the target anomalies. See Figure 1(a). The geometrical domain €2 is disctretized into
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198912 elements and 99753 nodes. The combinatorial search was conducted on a sub-mesh
of 371 nodes distributed within the domain 2. In the current setting, the reconstruction
is performed by taking into account only one measurement obtained from the Robin data
gk (01 = 0). By comparing Figures 1(a) and 1(b), one can observe that we failed in the
reconstruction of both anomalies. In fact, although the obtained sizes are close to the true
ones, the centers do not match. This happens because the lack of information. Therefore,
we improve the number of measurements by considering three Robin data simultaneously,
namely, gk, g% (62 = 7/3) and g3, (03 = 27/3). In this case, anomalies are accurately
reconstructed, as we can observe by comparing Figures 1(a) and 1(c).

(a) Target (b) Result M =1 (c) Result M =3

Figure 1: Example: Target and results.

6 Conclusions

In this paper, a noniterative reconstruct method for an inverse potential problem
modeled by the Helmholtz equation is proposed. The method is based on the topological
derivatives of the shape functional associated with the inverse problem. The algorithm
devised is able to reconstruct the embedded anomalies in one step and is independent of
any initial guess. In addition, we conclude from the above example that more accurate
results may require more than one observation depending on the number of embedded
anomalies to be reconstructed.
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