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ABSTRACT. In this paper, we deal with the topological asymptotic analysis of an
optimal control problem modeled by a coupled system. The control is a geometrical
object and the cost is given by the misfit between a target function and the state, so-
lution of the Helmholtz-Laplace coupled system. Higher-order topological derivatives
are used to devise a non-iterative algorithm to compute the optimal control for the
problem of interest. Numerical examples are presented in order to demonstrate the
effectiveness of the proposed algorithm.

1. INTRODUCTION

Optimal control problems have a very long history and at the early stage it was seen
as the advancement of the calculus of variations introduced by Euler. Classically, the
control used to be considered in a subset of functional spaces, but later mathematicians
started to consider more general control functions. See the references [6, 18, 19, 20,
21, 30] for optimal control problems and derivation of optimality systems. We consider
the control related to the topology of the subdomains of a domain in R%. To be more
precise, we are dealing with an optimal control problem where the admissible set of
controls contain the topological objects which do not have an algebraic structure which
makes the problem more sophisticated.

Among the methods dealing with optimal control problems where the controls are
geometrical objects, we want to draw the attention of the readers on the level-set
methods [16, 28, 29, 33] and the methods based on asymptotic expansions. In this
paper, we are interested in a method of the second type based on the concept of the
topological derivative. This concept was introduced by Sokotowski and Zochowski [34].
It has been successfully applied to many relevant scientific and engineering problems
such as inverse problems [1, 7, 8, 12, 14, 31|, topology optimization [3, 5, 22, 23],
fracture mechanics [38, 39], multi-scale constitutive modeling [4] and image processing
[13]. According to Rocha and Novotny [31], the topological derivative leads to first-
order iterative methods, but in contrast to the level-set methods, they are free of initial
guess. In addition, the notion of second order topological derivative (see [11]) has been
used to devise a class of second order non-iterative methods [7, 8, 13, 24] which, in
turn, are also free of initial guess. It motivates us to analyze this problem using
higher-order topological derivatives. For more details related to asymptotic analysis
of optimal control problems in the case where the control is a geometrical subdomain,
we refer the reader to [17, 35, 40]. For the theoretical developments on the concepts of
topological derivatives, one can see for instance [2, 27, 32].

In this paper, we study an optimal control problem of constructing an optimal ge-
ometrical object embedded in an open and bounded domain 2 C R? with smooth
boundary 0f2. We analyze the optimality of the cost evaluated in a subdomain €, of
the domain €2 which is relatively compact in €2. The state corresponding to a particu-
lar control in this optimization problem is considered to be the solution of a coupled
Helmholtz-Laplace system posed in the domain €2 with Robin boundary condition on
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FIGURE 1. (a) Domain © with a set of perturbations w and (b) Domain
) without perturbations.

09). On the other hand, the control problem to be investigated can be seen as an
inverse problem consisting in the reconstruction of a geometrical object from partial
measurements of the solution to a coupled Helmholtz-Laplace system taken in €2,. The
associated inverse problem is motivated by the open problem proposed by Isakov [15,
pp. 126, Problem 4.2]. See Remark 9 in Section 6.2.

The Helmholtz Equation appears in the study of acoustic waves. If the medium of
propagation of sound wave is homogeneous, the wave number is a positive real number
representing the property of the material. Similarly, if one studies the propagation of
sound waves in an inhomogeneous medium, the wave number is a function away from
zero. In the latter case, the mathematical analysis inherits the complication from the
nature of the problem. One can see the book by Colton and Kress [10] for details. In
this article, our objective is to study the topological asymptotic behavior of an optimal
control problem. Therefore, for the sake of simplicity, we consider the wave number to
be an indicator function, which gives rise to the fact that the state satisfies a coupled
Helmholtz-Laplace system. This simplification, actually helps up to understand the
deeper difficulties involved in the inverse problem whose forward equation is modeled
by the inhomogeneous Helmholtz Equation with Cauchy data which will appear in our
forthcoming projects.

The paper is organized as follows. The notion of topological derivatives is briefly
recalled in Section 2. The optimal control problem is described in Section 3 where we
also introduce some relevant cost functionals and auxiliary boundary value problems in
order to use the theory of the topological derivatives to solve the problem of interest.
The topological asymptotic expansion of the cost functional is presented in Section
4, which is the main result of this article. A complete proof of the main result is
provided in Section 5, which includes the a priori estimates of the remainders obtained
in Section 4. The computational part of this paper is presented in Section 6 where
the non-iterative algorithm is devised and some numerical experiments showing the
effectiveness of the proposed algorithm are presented.

2. TOPOLOGICAL DERIVATIVES

The topological derivative is the first term of the asymptotic expansion of a given
shape functional with respect to the small parameter which measures the size of sin-
gular domain perturbations, such as holes, inclusions, source-terms, cracks, etc. To
be familiar with the concepts of topological derivatives, the reader may refer to the
book by Novotny & Sokotowski [27]. However, for the sake of completeness of the
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manuscript, we briefly present below the main definitions and characteristics of the
topological derivatives.

In general, an open and bounded domain 2 C R? d > 2, is perturbed by introducing
nonsmooth features confined in a small region w. (§) of size £ > 0 centred at £ € (2 such
that w. (§) C €. We define a characteristic function having support in the unperturbed
domain 2 of the form y = 1. Similarly, we introduce a characteristic function x. (§)
associated to the topologically perturbed domain. For example, in the case of holes as

the perturbation w, (£), we can write x. (§) = 1g — 1 and the singularly perturbed

domain can be represented by €. (§) = Q \ w. (§). Further, one assumes that a given
shape functional ¥ (x. (§)) associated to the topologically perturbed domain €. (&)
admits the following topological asymptotic expansion

¥ (xe (€)) =¥ (x) + [ (e) Drp (§) + 0 (f (¢)), (2.1)

where 1 (x) is the shape functional associated to the reference (unperturbed) domain €2
and f (¢) is a positive function depending upon the size € of the topological perturbation
such that f () — 0 when ¢ | 0. The function { — Dt (€) is called the first order
topological derivative of the shape functional ¢ at £&. Mathematically, we can express

it as
e e ©) — v ()
DTw (g) T l%O f (5) .

Similarly, the second order topological derivative of the shape functional ¢ at £ can be
obtained by expanding the remainder term o (f (¢)) in (2.1). More precisely, we will
get the topological asymptotic expansion

Y (xe (§) =¥ () + () Dr (§) + fa (e) D1 (€) + 0 (f2 (), (2.3)
where f; (¢) is such that

(2.2)

. fa(e)
B7E
Thus, the second order topological derivative can be defined as
> o (X (§) — v () — [ (€) Dy (§)
D (§) = ll_,n% f2 () .

Furthermore, one can define higher order topological derivatives by arguing analo-
gously.

—0. (2.4)

(2.5)

3. PROBLEM FORMULATION

The optimal control problem, whose state is a solution of the Helmholtz-Laplace
coupled system, is formulated below. Some tools related to the theory of topological
derivatives are introduced in order to compute the solution of the problem of interest.

In this article, for a given positive number k& > 0, positive integer M € Z* and

desired target 2z, for m = 1,--- , M, we consider the optimal control problem
M
s 1 MY _ m m\ (,m _ om)
Mlggﬂm&) T (Ul Ju )—Z:l/o(u —2") (um — zm), (3.1)

where A is an admissible set of all relatively compact ball shaped subdomains of the
domain . Moreover, (u™ — z™) represents the complex conjugate of (u”™ — 2™). No-
tice that the state u™ = (u]",u}") is the solution of the following coupled boundary
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value problem

Aul + K ul = 0 in w,
Aul’ = 0 in Q\ @,
u' = ul on Jw, (3.2)
ou = 0O,uy on dw,

Opult + thuyr = g™ on 0f2,

for a given Robin data ¢™ € H~Y2(9Q) with m = 1,---, M. Here 4 is the imaginary
number, i.e., ¢ = /—1. Moreover, v and n are the outward unit normals to the bound-
aries Jw and 0f), respectively. The reader interested in the mathematical aspects of
such a boundary value problems may refer to the book by Nazarov and Plamenevsky
[26], for instance. Concerning the numerical issues related to the coupled system (3.2),
see [25]. Our objective is not to discuss the existence/uniqueness of the optimal con-
trol for the problem (3.1) using standard arguments. Instead, we are interested in
constructing the optimal control using the concept of topological derivatives which,
depending upon the desired target, ensures the existence of the optimal control. We
also demonstrate the effectiveness of the method through few numerical results.

In principle, when we analyze an optimization problem using topological derivatives,
we consider the unperturbed and the perturbed cost functionals to observe the rate of
change of their behaviour with respect to the introduced perturbation. In particular,
we introduce the unperturbed cost functional by taking w = () (see Figure 1(b)) from

A as
To (ug, - - Z / ) (ug — 2m) (3.3)
where, for m =1,--- , M, uf' is the solutlon of the boundary value problem
Aug® = 0 in{,
{ Doull + ikul = g™ on A9, (3.4)

Then, we introduce some perturbation B.(£) into the domain  and consider the
corresponding perturbed cost functional

T (ul, Z / =, (35)

where, m =1,---, M, u* = (uly,ul%) is the solution to the following boundary value
problem 7 7
Au +Euly = 0 in B-(§),
Aully = 0 in Q\ B:(§),
uly = ully on 0B.(§), (3.6)
duly = duly ondB(E),

Opul'y +tkul'y = g™ on Of).

We are interested in approximating the optimal control in problem (3.1) by a set of
circular subdomains of €2, using the concept of topological derivatives. This approach
provides us the explicit representation for the associated topological asymptotic ex-
pansion. Therefore, we consider an arbitrary number N € Z* of circular balls of the
form

B.(&) = B.(x1,...,an) = U B., (z;), (3.7)
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where B, (z;) is a small circular perturbation with center z; and radius ¢;, for i =
1,--+, N. Moreover, we assume that B, (§) N9 = 0, B. () N Q, = 0 and B, (x;) N
B, (x;) =0 for each i # jand 4,5 € {1,--- ,N}.

Our main goal is to measure the sensitivity of the cost functional J,, defined in the
optimal control problem (3.1) with respect to the parameters (e, §) related to the set
of small perturbations B.(£) using topological derivatives. In other words, our idea
is to approximate the optimal control of the problem (3.1) by getting the number,
size and location of the optimal perturbation. For this purpose, let us consider the

difference between the perturbed cost functional J. ( N T ) and its unperturbed

counter-part Jo (uf, -+, u)!) defined in (3.5) and (3.3), respectively, which yields to
the following simplified expression

Tz (ue) = To (uo) = Z/ 2R{(ul — i) (uf — 2™} + (ul = ug?) (u = ug)], (3.8)

where u, = (u;, e ,uéw), ug = (uo, RN ) and JR{ - } denotes the real part of { - }.
Since the control w is performed through a set of circular balls B (), we expand the
perturbed functional 7. ( Lo uM ) with respect to the Lebesgue measure (volume)

of the two-dimensional ball B, (z;), namely, | B, (z;) | = we?. To simplify the notation,
we introduce the vector

a=(aq, - ,ay) with «; =B, (z;)]. (3.9)

Now we introduce some auxiliary boundary value problems whose solutions are func-
tions which appear in the ansatz for the asymptotic expansion of u. to be defined next.
For each i,j =1,--- ,Nand m=1,---, M, h;"™ is the solution of

ARy™ = —(a) ' ul'XB. () 0 Q,
{ O h™ 4 GkhS™ = 0 on 99, (3.10)
the function h;;™ satisfies
. Ah;: = _(O‘i)_lhj’mXBEi(m in Q, (3.11)
Onhi" +ikh;™ = 0 on 012,
and ul* = ("}, ul"y) is the solution to the following boundary value problem
Aul + kPl = =@ in Bo(§),
Auly = 0 in Q\ B-(§),
aly = aly on 0B (&), (3.12)
8,,112}1 = 8,,112}2 on 0B.(§),

with
N N N
=KD DD X (3.13)
i=1 j=1 I=1
In order to simplify the analysis further, we write k"™ as a sum of three functions
p5, ¢; and h™ in the form

B = () 0 + i) + B (3.19)
The function p; is a solution of

Apf = _<&i>_1XBsi($i) n BR(.TZ‘), (3 15)
pi = —(Q27)'InR on 0Bg(z;), '
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with B, (z;) € Q C Bg(x;), x; € Q, ¢ < R. By solving problem (3.15), one can
observe that the solution p; does not depend on ¢ outside the ball B, (x;). Therefore,
we use the notation p;(x) := p5(x), Vo € Q\ Be,(x;). Additionally, ¢; is the solution to
the homogeneous boundary value problem

Ag = 0 in €2,
{8nQi : . (3.16)

+1ikqy = —0O.p; —tkp; on 09,
and hS™ solves the boundary value problem

AR = () (g — (@) X ) 0 S (3.17)
8h6m+’tkhf’m =0 OnaQ. .

From the decomposition (3.14) and the solution of the problem (3.15), we can introduce
the notation

em ul(x;)he + hS™ in B, (x;)
pom o= g o (B AZi), 1
! { ugt(x)h; + ;™ in Q\ Be, (), (3.18)

where
hi =p;+q and h;:=p;,+gq. (3.19)

Moreover, we also introduce an adjoint state v™ as the solution of the following auxiliary
boundary value problem

Av™ = (ul' —2") xq, in €,
{ o™ —tkv™ = 0 on 0. (3.20)

Finally, the ansatz for the asymptotic expansion of u. can be defined in the following
form

N
ul () = ug' (z) + k) aihi™ () + k* Z Z ajo b () + @ () (3.21)
=1 =1 j=1
with h;™, h;™ and s, the solutions to the boundary value problems (3.10), (3.11) and
(3.12), respectively.

4. MAIN THEOREM

In this section, we state our main result which consists in the closed form of the
topological derivatives that appear in the topological asymptotic expansion of the per-
turbed cost functional. The asymptotic development of the cost functional in terms of
the parameters related to N number of ball-shaped inclusions is completely described
in Section 5.1.

In order to state the main result, we first introduce the vector d € R" and the
matrices G, H € RV whose entries are defined as

_2k22m{u0 ;) o™ ()}, (4.1)

Zm{uo (z)0™(z;)}, Gy =0, if i#j (4.2)



1 + log m*

Hi; =
2m

Y R () o™ ()} — 4k Y R {ug () o™ (2)ai (2:)}

- % Z R{Vug(z;) - Vor(z;)} + 2k* Z /Q ul"(wi)h; ug(z)hi, (4.3)

M M
Hij o= —4k* Y R{uf () hy ()07 ()} + 26 ) /Q R{u () h; ul (z;)h; Y, (4.4)
m=1 m=1 o
if © # j; respectively, for ¢,7 =1,--- | N.
We are now in position to state the main result of this paper.

Theorem 1. Let ¢;, h; fori=1,--- N andug', v™ form =1,--- , M be the functions
defined in (3.16), (3.19) and (3.4), (3.20), respectively. Additionally, let d, G and H
be the vector and the matrices whose entries are defined in (4.1), (4.2) and (4.3)-
(4.4), respectively. Then, for the vector a introduced in (3.9), we have the following
asymptotic expansion for the topologically perturbed cost functional 1 (x: (§)) := Tz (ue)
defined in (3.5):

V(6 (6) = ¥ (1) — a-d(€) + (o ding(a ® log ) + L H(€)aa+ oljaf) , (45)

where ¥ (x) := Jo (ug) is the topologically unperturbed cost functional from (3.3).

5. PROOF OF THE MAIN RESULT

The proof of Theorem 1 is demonstrated in three steps. Firstly, we develop the
asymptotic expansion of the topologically perturbed cost functional. Next, we prove
a priori estimates related to the auxiliary states hS™, hS™, h;™ and @ for i,j =
1,---,N and m = 1,--- , M. Finally, in the last part of this section, the previously
obtained results are used to estimate the remainders appeared in the first step. These
estimates justify our topological asymptotic expansion (4.5).

5.1. Asymptotic development of the cost functional. Let us use (3.21) in (3.8),
to obtain

T ) — Jo (o) = 26233 o /Q R — 7))

m=1 i=1
M N N

+ 2k* Z Z Z ;0 / R{hg™ (ugh — 2m)}
m=1i=1 j=1 o

M N N

RIS ey |

m=1 i=1 j=1 Q

M 6
RETRET Y N &M (), (5.1)

m=1 (=1
where
&' (e) =2 g R{ul (ug' — 2m)}, (5.2)
N N N

E(e) =2k Y ) oy /Q R{h;" Y, (5.3)

i=1 j=1 =1 °
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& () =2k Y ar [ BT, (5.4)

i=1

N

N N
El(e) = k8 Z Z Z Oziozjozlozp/g hf}mw, (5.5)

i=1 j=1 =1 p=1

and
£ () = / A (5.7)

Now, let us introduce the weak formulation of the adjoint problem (3.20) to find
v™ € H' () such that

/va~Vﬁ—ik:/ vmﬁ:—/ (ug' — 2™)m, Vne H' (). (5.8)
0 o0 0
The weak formulations of (3.10) and (3.11) are to find h;™ € H' (Q2) such that
1
/ Vh™ - N7+ zk:/ e = — ug'n, Vne H'(Q) (5.9)
Q o0 Qi JB., ()

and hyi™ € H' (Q) such that

m — . m— 1 m—
/ Vhii™ - Vi + ’Lk/ hi"n = . heM, Yne H'(Q), (5.10)
Q o0 i JBe, (x:)
respectively.

By choosing n = h;™ in (5.8) and n = v™ in (5.9) as test functions and then

considering the real part of the respective resulting equalities, we obtain

S — 1 _

R{R" (upr — 2m)} = —— R{ug'v™}. (5.11)

Q Qi J B, (z;)

Similarly, if we choose n = hz;™ in (5.8) and 7 = v™ in (5.10) as test functions and
then we consider the real part of the respective resulting equalities, it gives

EM/  m  m) 1 EM
/ R{AE™ (] —zm)}:—f/ R{AE" 0T} (5.12)
Qo ? BEZ(IZ)

By using (5.11) and (5.12) in (5.1), we get

T (ue) = Jo (ug) = =2k > ) / R{ul"v™}

m=1 i= =i (@)
M N o M N N
S Y S [ RIS Y i, [ 6T
m=1 i=1 j=1 Be, () m=1 i=1 j=1 Qo
6

+) N & (). (5.13)

m=1 (=1



Taking into account the notations of (3.18), we get

- (us) — To (ug) :-%222 / . R{uTv™}

m=1 i=1

Here, for m =1,---, M, the new remainders are defined as

—2k422% / m{ﬁ;v%—m}, (5.15)

=1 j=1
JF#i

N
g) = —2k4 Z ai/ Sﬁ{ﬁfmv_m}, (5.16)
i=1 e (i)

& (¢) —2/’{;422&2(1]/ R{ug' (2 hhsm} (5.17)

i=1 j=1

N N
Em (e ZZ a]/ PR, (5.18)

The result (5.14) can be simplified further by noting that, in the first and the second
terms of (5.14), we can consider the Taylor’s expansions of the functions wug', v™ and
h; around the point z;, with ¥ being an intermediate point between = and z;. Let us
denote the last nth term of the Taylor’s expansion of a function f(z) around z; by
D" f(Z)(x — x;)", n > 1, n € N. In addition, in the third term of (5.14), we can use
the explicit expression for the analytical part pf of AS in (3.19) inside the ball B, (z;).

Finally, after taking into account the above mentioned observations along with the
decomposition (3.14) with the fact that u{' and v™ are harmonic outside €,, (5.14)
takes the form
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Je (ue) — ~7o (UO) =
— 2k? Z Z a;R{ug" (x;) o™ (x;) 2— Z Z “log a;R{ug (z;) 0™ ()}
ﬂ#k‘lzz:az%{uo (z;) 0™ ()} — 2k* ZZ Rl () v (23) @i (25)}
_57 D aIR{Vu () VO (2)} =26 > 0D avaR{ug (x5) hy () 07 (2:)}
m=1 i=1 m=1 i=1 ]]7;
+ K Z Z Z a;Q; / ug () hy (z) uf’ (x5) hy (z) + Z Z El(e). (5.19)
m=1 i=1 j=1 o m=1 (=1

Now we have new remainders, namely,

EM(e) = —2k” Z / R{[Vul (z;) - (x — 2;)][D°07 (Z) (x — 2:)°]},  (5.20)
£ (e) = —2? Z / (20) (@ — 21D () (= )]}, (5.21)
0= -2y [ T ) =D @) @) (522
£fie) = -2 /B MO @) = DT @) @)l (52

IR [ R )T @) Dy D)) (520
5

Em (e —-21&22% / m{uo z;) by (z;) D07 (Z) (x — 2;)°},  (5.25)

Em (e ——2k4ZZa]/ ‘ﬁ{uo ;) [VO7 (2;) - (x — 23)|[Vhy () - (x — x)]},  (5.26)
=

&z (e) = 2"‘?422% / f"‘t{uo 1) [D*07 (2) (2 — 2:)°)[Dh; (7) (z — )]}, (5.27)
s

Ep(e) = —2k* Z Z 042/ fR{uO x;) (@™ — q; (x;) v™ (x3)) }, (5.28)

m=1 i=1
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_2]{;42204,/ xl)iﬁ{uo () pi (0™ — ™ (x;)) }, (5.29)

m=1 =1

form=1,--- M.
Remark 2. From the final expansion (5.19) we can obtain an estimate of the form
| T (ue) — To (uo) | < CK|e], (5.30)

which corroborates with the result obtained in [37] in the context of singular domain
perturbation. In addition, the topological derivatives in (5.19) are written in terms
of point-wise values of the solutions ug', v™, h;, q; and the gradients of ugy', v™. As
suggested in [36], these values can be replaced by equivalent integrals over circles around
the centers x;, i =1,--- | N, allowing for overcoming reqularity issues, if any.

5.2. Preliminary lemmas. In this section, we prove some estimates for the auxiliary
states and residual terms which will be useful to get bounds for the remainders in the
next section. We denote a positive constant independent of ¢, : and m fori =1,--- | N
and m =1,---, M by C whose value changes according to the place it is used.

Lemma 3. Fori=1,--- N andm =1,--- M, let 5™ be the weak solution of the
problem (3.17). Then, there exists a C' such that

175 | iy < Cedt, Vi=1,---,N and m=1,---,M, (5.31)
for any 0 < §; < 1.
Proof. Let us choose izfm as a test function in the variational formulation of the problem
(3.17) to get
~ -~ _ ~ -~_ ]_ -~_
/ Vh™ - Vh™ + zk/ "Ry = — (Ul — u () hS™. (5.32)
Q i9) Qi J B, (z;)

Using the Cauchy-Schwarz inequality and the interior elliptic regularity of the function
ug', we get

Vhy™ -V hy™ k?/ hehE™ < O ugt - Ugl(%')||L2(Bsi)||ﬁf’m||L2(Bg,.)
Q o9
< Celw = will 2105 M 22 5.,
< CWE?MHLQ(BQ)y (5.33)

since o; ~ 2. Holder inequality and the Sobolev embedding theorem provide us the
inequality
A5 ™ | 2B,y < O/ RS ™ | L2n s,y < CEX RS o). (5.34)

for any 1 < ¢ < oo with 1/p+1/q = 1. If we denote §; = 1/q, we have 0 < §; < 1.
Combining (5.33) and (5.34) with the coercivity of the Robin boundary value problem,
we get the desired estimate (5.31). O]

Corollary 4. For any 0 < 6;,0; < 1, there exists a C such that
||il;:7m||L2(st) SC&‘?E?, \V/Z,] = ]_, ,N and m = 1, ,M, (535)
where hS™ is the weak solution of the problem (3.17).

Proof. We can prove the desired result using Holder inequality, Sobolev embedding
theorem and Lemma 3. OJ
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Lemma 5. There exists a C' such that
1B |r2p.,) < Cleilloge;| +€7%), (5.36)
£, M . 5]' . . .
17 2.,y < Cle;+ele?), if i#3], (5.37)

for any 0 < 0;,0; <1 withi,j=1,--- N andm = 1,--- , M where h™ is defined in
(3.14).

Proof. Using the definition (3.14) with the triangular inequality, we get

10 z20m) < C (0 laeoy) + Nailizeo + 15 r2sy)) - (5:38)

Since the equation satisfied by p; can be solved explicitly, we can establish the following
estimates

19| 22(5.,) < Ceillogei] (5.39)
and

D5l 2B,y < Cej, for i # j. (5.40)

The interior elliptic regularity of function ¢;, Corollary 4 and the estimates (5.39)-(5.40)
give us

1B |25,y < Cleslloges| + e + €7), (5.41)
Hh’f’mHLQ(st) < C(&j—i-g?ig?j), if Z;féj, (542)
for any 0 < 0;,0; <1 with¢,7=1,---,N and m=1,---, M. Hence the fact. O

Lemma 6. Fori=1,--- ,N andm = 1,--- , M, let h;"™ be the weak solution of the
problem (3.10). Then, there exists a C' such that

155" @) < C(V[Mog il + 57 %), (5.43)

for any 0 < 9; < 1.

Proof. Let us take h;™ as a test function in the weak formulation of (3.10) and use
Cauchy-Schwarz inequality with the interior elliptic regularity of the function (' and
Lemma 5 to get

/ Y A / BT < O g | DS o2
9] o0
< Ce 'y 2,
< CO(|loge;| 4 27 1). (5.44)

Similar to the argument used in the proof of Lemma 3, we can use the coercivity of
the Robin boundary value problem and (5.44) to have the desired result. 0J

Lemma 7. Fori,j=1,--- , Nandm=1,--- , M, let hfjm be the weak solution of the
problem (3.11). Then, there exists a C' such that

1B @) < Ced'(|logei| +&771), (5.45)
Ihs ™ ey < Cel(1+el'ey), if i, (5.46)

for any 0 < 6;,0; < 1.
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Proof. Let us take ;™ as a test function in the weak formulation of (3.11) and use
the Cauchy-Schwarz inequality with Lemma 5 to have

[ VR ek [ BT < el (g + ) I azqe, . (547
o0

&,m 7 E,m e,mye,m — — 5
/Vh - Vhy; +k:/mhij hii" < 05z1(1+5 le i) ||h HLQ(BE,')’ (5.48)
if i # j. Holder inequality and the Sobolev embedding theorem can be used to derive
115" 2,y < Cei RS | ee(s.,) < CeX RS Loy, (5.49)

for any 1 < ¢ < oo with 1/p+ 1/q = 1. Like earlier, we denote §; = 1/¢ which implies
0 < 0; < 1. Combining (5.47) and (5.49) with the coercivity of the Robin boundary
value problem, we obtain the desired estimate (5.45). Analogously, we can obtain the
estimate (5.46) from (5.48). O

Lemma 8. For m = 1,---, M, let " be the weak solution of the problem (3.12).
Then, there exists a C such that
||ﬂ?||L2(Q +Ck’2 Z E25l ngl 2|10g51| +525 i1 +€ +€ 715? +2) (550)
i,7,0=1
or any 0 < 0;,0;,0; < 1 with € = max g2y ori,j,l=1,--- N.
J 7

Proof. Let us choose 4! as a test function in the weak formulation of (3.12) for m =
1,---, M to get

/vu Vum—k:QZ/B ( umu_erzk/aQu @:/ﬂ@;ﬂ@. (5.51)
7] xl

Considering the real and imaginary part, we have

van - vam — k? Z/ aum = R {/ @g@} (5.52)
_ Q

k / A = Jm{ / @;ﬂ@}, (5.53)
0N Q

where Jm{ - } denotes the imaginary part of { - }. By summing (5.52) and (5.53), we
get

/vag-v@w:/ a;ﬂ@:%{/ @g@}mm{/ @mum}+k22/
Q a0 Q B, (z1)

(5.54)

and

from which the following inequality holds

/vagﬂ-v@w/ agﬂ@gc'/@mum
Q 0N

Using the Cauchy-Schwarz inequality taking into account the definition of the function
O™ given by (3.13), we obtain

/ val-Var+k / aum < O
Q o0N

+ k2 Z ., (5.55)

le wl

N
Z eres|lhg " s,

i.jl=1

N
(@2l 2 + K 11225, )
=1

(5.56)
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Holder inequality and the Sobolev embedding theorem can be used to derive
10 |z, < Cet Nl | pens.,) < CeP Al |y, VI=1,---,N, (5.57)

for any 1 < ¢ < oo with 1/p+ 1/¢ = 1, where §; = 1/q which implies 0 < §; < 1.
Combining (5.56) and (5.57), we have

~m 19 m

a2 |70 +7€QZ€2 e Hfm(m] :

N
m ~m>=~m é ,m
/ Vi -Var +/<:/ a’um < C Z e etelng " | 2.,
o0 ijil=1

(5.58)

Defining € := max{el%’}, for [ =1,---, N, the last inequality can be rewritten as

/Vu Vum+k:/ arum < Z e eted||hs" |2 s.,)
o0
(5.59)

i,7,l=1
The coercivity of the Robin boundary value problem combined with the inequality
above gives us

|| g +7€25M?H?{1(Q)]-

N
~m 1 0 e,m
a0y < C <71 - Ck%) > ererelhg e s, (5.60)

ijl=1
Taking into account that

1

—— =1+ CKz+ OF 5.61
e = LT CRE+O@E), (5.61)
we obtain, from (5.60), that
@™ ) < C (14 Ck?*2) Z el'eres|1hs " (s, (5.62)
1,5,l=1

Analogously to the estimate obtained in (5.57), we use Hoélder inequality and the
Sobolev embedding theorem to derive

”h%mHLQ(le) < Cgll/q"hfjim|’L2p(le) < Cg?lﬂhfj’m”Hl(Q)7 Vi = 17 . ’N7 (563)

for any 1 < ¢ < oo with 1/p + 1/q = 1, where §, = 1/¢ which implies 0 < §, < 1.
Combining (5.60) and (5.61) with Lemma 7, we get

@[ 10y < C (1 + Ck%E) Z el (2] logey| + Xt 4 22 4 TR (5.64)
i,5,0=1

The desired estimate is obtained from (5.64), taking into account that |||l r2(q,)
@] 111 (-

LA

5.3. A priori estimates of the remainders. We will successively prove that |E]" (¢) | =
o (|e]?) for £ =1,...,20, where |¢| := €1 + -+ - + ex. For simplicity, we use the symbol
C to denote any constant independent of e.



15

5.3.1. Estimates for the remainders E)" (¢), £ = 1,...,10. We start by using the
Cauchy-Schwarz inequality and then we use the appropriate lemmas of Section 5.2.
Proceeding in this way, we obtain

&7 (&) < Clla |2 llug’ — 2™ 220,y = o (lel*) , (5.65)
for any 1/2 < 6 < 1, where we have used Lemma 8;

N
5" ()| < Clel® Y I1h ™ o ZZH i ey = o (lel) (5.66)
i=1

7=1 [=1

for any 1/8 < 6 < 1, where we have used Lemmas 6 and 7;

€57 (e) | < Clel* il || 2, leh‘gmHHl =o (el (5.67)

for any 1/10 < 6 < 1, where we have used Lemmas 6 and §;

7 ()| < ClePY > IIng ||H1mZZ||h ") = o (le]*) (5.68)

i=1 j=1 =1 p=1
for any 0 < 0 < 1, where we have used Lemma 7,
5" ()] < Clel'llal | 2o, ZZ 155" 0y = o (lel*) (5.69)
=1 j=1
for any 0 < 6 < 1, where we have used Lemmas 7 and §;
€5" ()| < Cllal ||z 12| z2(0,) = 0 (le]*) » (5.70)
for any 0 < § < 1, where we have used Lemma 8;
&7 (e) | < Clef’ ZZ 15 ™ |28,y = 0 (lel*) , (5.71)
i=1 j=1
J#i

for any 1/2 < § < 1, where we have used Corollary 4 together with the interior elliptic
regularity of the function v™;

&5 (e)| < Clel® ZHhE’”HB 5.y =0 (lel'), (5.72)

=1

for any 1/2 < 6 < 1, where we have use the same arguments as before;
N ~
&5 ()| < Clel* > N1B5™ i) = o (lel*) (5.73)
=1
for any 0 < 0 < 1, where we have used Lemma 3;

N N
€55 ()] < Clel* Y 1™ ey Y 115" ey = o (lel*) (5.74)
i=1 j=1

for any 0 < § < 1, where we have used Lemma 3.
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5.3.2. Estimates for the remainders £" (¢), £ = 11,...,19. For the remainders of this
section, the estimates are obtained as follows: we firstly use the Cauchy-Schwarz in-
equality and then we consider the fact that ||z — z;||725_ ) = O(|e|™™1), where n € Z+.

The estimates are

€ (o) ] <

€ ()] <
€3 (e)] <
€ (e)] <
€5 ()] <
€5 ()] <
€7 ()] <
€5 ()] <
and

€15 ()] <

<

where we have used the interior elliptic regularity of the functions ¢; and v™.

N
CY e = zill 2o,

i=1

N
CZ |z — xi”%ﬂ(Bsi)Hx - xz‘”%?(Bgi) = 0(le]%);
i=1

T — xi”iQ(Bgi) = 0(l¢]%);

N
CZ |z — $i||L2(Bgi)||x - xi”%?(BEi) = 0(le]°);

i=1

N
O Ml = aillag e = ilfia,, = O(l®);

i=1

N
Clel’ Y lle = zilfa. 1Ll 2s,) = O(el);

=1

N
CleP Y e - ailas,)

i=1

[1lz2(5.,) = O(el°);
N

Clel* Y e = @ill 2., e = @ill s,y = O(lel°);
i=1

N
Clel’ Y Nl = willfa. e = zillias.,) = O=);

i=1

N
Clel® > llav™ = qi(aa)v™ (@) |25 1Ll 225.,)
=1

N
Clel’ Y llz = will 2.,y = O(eP),
i=1

(5.75)

(5.76)

(5.77)

(5.78)

(5.79)

(5.80)

(5.81)

(5.82)

(5.83)

5.3.3. Estimate for the remainder £3 (). Here, the Cauchy-Schwarz inequality and
the explicit expression of p5 in the ball B, (z;), for i = 1,--- | N, are used to obtain
the estimate of the last remainder. Proceeding in this way, we get

€26 (€|

N

< Clel®> Pl o™ = v™ (@) [l 22s.,)
=1
N

< Clel?> eilloge] |z — illz2a.,) = o]

i=1

(5.84)



17

6. NUMERICAL RESULTS

In this section we describe the resulting algorithm based on the asymptotic expan-
sion (4.5) and some numerical examples are presented in order to demonstrate the
effectiveness of the method proposed in the earlier sections of this paper.

6.1. Non-iterative algorithm. By disregarding the terms of order o(|a|?) of the
expansion (4.5), we obtain the following truncated expansion d§.J(a, &, N) whose ex-
pression is

0J(a,&,N) == —a-d(&) + G(&)a - diag(a ® log o) + %H(f)oz co. (6.1)

Note that the expression on the right-hand side of (6.1) depends on the number of per-
turbations N, their sizes o and locations €. The derivative of the function §.J(«, &, N)
with respect to the variable « yields the first order optimality condition

(Dad ], B) = [(H(E) + G(§)) a + 2G(§)diag(a @ log o) — d(§)] - =10, V3, (6.2)

which leads to the non-linear system of the form
(H(§) + G(8)) o+ 2G(§)diag(a @ log o) = d(§) (6.3)

with the entries of the vector d € RY and the matrices G, H € RY x R defined in
(4.1), (4.2) and (4.3)-(4.4), respectively. The solution of the system (6.3) is obtained
by using Newton’s method. In addition, observe that if the quantity « is solution of
the mentioned system then it becomes a function of the locations &, that is, @ = a/(§).

Let us now replace the solution of (6.3) into 6.J(«, &, N) defined by (6.1). Therefore,
the pair of vectors (£*, @*) which minimizes (6.1) is given by

¢ o= argnin {07(a(€). €, ) = ~3 (0(6) + G(Oa(e) - a(©)| and o' i=ale),

gex

(6.4)

where X is the set of admissible locations of the perturbations. Thus, the optimal

control (or minimizer) of (6.1) is a geometrical subdomain denoted by w* which is
completely characterized by the pair (£*, a*).

The optimal locations £* can be trivially obtained from a combinatorial search over
all the n-points of the set X and the optimal sizes are given by the second expression
in (6.4). In summary, for a given number of perturbations /N, our method is able to
find in one step their sizes a* and their locations £*. On the other hand, according to
Machado et al. [24], since we are dealing with a combinatorial problem, such exhaus-
tive search becomes rapidly infeasible for n > N as N increases. In other words, the
combinatorial search over the set X for multiple perturbations increases the computa-
tional cost significantly. Despite this last fact, our approach can be used either as a
standalone tool to compute the control for the problem of interest or as an initializa-
tion for iterative approaches such as the ones based on level-set methods. For further
applications of this algorithm we refer to [8, 9, 12, 31], for instance. In order to deal
with a high number N of perturbations we refer to [24] where a multi-grid strategy has
been proposed. The algorithm proposed in this section can be found in pseudo-code
format in [24].

6.2. Numerical examples. Let us apply the proposed algorithm for solving some
examples. We consider the geometric domain as a unitary disk centered at the origin,
namely 2 := B;(0), which is discretized using a three-node finite element scheme. The
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subdomain €2, C €2, where the misfit between the state and the target is measured, is
defined according to the examples given below.

For a given geometrical subdomain w* C Q\ Q, and k£ € R, the desired target
2™ = (27", 25") is constructed to be the solution of the boundary value problem

Az + k22 = 0 in w*,
Azt = 0 in Q\ w,
2 = 2 on dw*, (6.5)
Ozt = 0,28 on dw*,

O 2yt +akzyt = g™ on 0S.

The control here, solution for the minimization problem (3.1), is given by the geometri-
cal subdomain w which is related to the state «™ by the boundary value problem (3.2).
Since the cost functional measures the misfit between the state v and the target 2™,
we desire to find the geometrical subdomain w such that u™ = 2™, form =1,..., M,
assuming that the parameter k is known.

Remark 9. The optimal control problem, we are dealing with, can be seen as an inverse
problem consisting in the reconstruction of the geometrical support w* of the potential in
(6.5), from partial measurements of 2™ taken within Q,. The resulting inverse problem
is closely related to the open problem mentioned in the book by Isakov [15, pp. 126,
Problem 4.2].

The auxiliary boundary value problems are solved using the Finite Element Method.
Special attention has to be given in the numerical solution of problem (6.5), since the
condition k%h < 1 must be fulfilled, where h is the size of the finite element mesh.
From these solutions the sensitivities can be numerically evaluated at any point of the
mesh which, in turn, is constructed according to each example. However, due to the
high complexity of the algorithm presented in Section 6.1, the sub-mesh X is defined
over the finite element mesh where the combinatorial search is performed in order to
find the optimal size a* and the appropriate center £* of the geometrical domain w*.

The boundary 052 is excited by using three functions as Robin data, namely, ¢g* = 1,
¢*> = z and ¢® = y. In the Figures 3-6, we represent w* as well as w* by black, the

subdomain €2, by gray and the remaining domain by white colors.

6.2.1. Example 1. In this example, we first analyze the optimal control (£*,a*) for
the minimization problem when different values of k£ are considered. A small set w*
located at z* = (0,0), with radius €* = 0.05, is considered to the construction of the
target 2. The information is collected in Q, = B;(0) \ B,(0) with p = 0.7. In the
current setting, we take only one observation by taking into account the Robin data g¢'.
The control was performed by considering k£ = 2° with s € {—4,-3,-2,—1,0, 1,2, 3}.
The geometrical domain 2 is discretized into 120320 elements comprising 60417 nodes.
The combinatorial search was conducted on the sub-mesh of 175 nodes within € \ €2,.
We successfully find the exact location of the center x* of the set w* for all values of
k. We plot the size of the obtained control €* on vertical axis against the value of
k on horizontal axis in Figure 2. We observe that the exact radius €* of the control
was accurately predicted by e* with k& € (0, 1], while for & > 1 the radius * was
overestimated. This phenomenon occurs because the parameter k£ present in topological
derivatives and the coefficient « are of similar order in equation (4.5). Hence, we take
k =1 for the forthcoming examples. See Remark 2.
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004 | | | 1 1 I

23 22 2! 20 27! 22 2% k2t
F1GURE 2. Example 1: The approximated solution £* for different values
of k.

Since the value of k is fixed (k = 1), we are now interested in investigating the ro-
bustness of the method with respect to noisy data. For this purpose, the measure-
ment 2™ is corrupted with white Gaussian noise. Therefore, 2z (x) is replaced by
zi (x) = 2™(x)(1 + pr(x)), where 7(x) is a function assuming random values in the
interval (0,1) and p corresponds to the noise level. Figure 3 illustrates the optimal
control w* for different levels of noise. We successfully find the exact location of the
center z* of the set w* for all noise levels considered. However, the higher is the level of
the additive noise, the more overestimated is the size of the obtained optimal control.

This statement is confirmed by the quantitative results presented in Table 1.

OO0

w=10.5% w=1%
w=2% pw=>5%

FIGURE 3. Example 1: Results w*.
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TABLE 1. Example 1: Size of the optimal control w* for different values
of pand M =1

w=05% pwu=1% pn=2% p=>5%
e* 0.0574 0.0636 0.0745 0.1

6.2.2. Ezample 2. Let the subdomain €, be a small circular region centred at (0.2,0.2)
with radius p = 0.3 in this example. The target z™ is constructed by considering a
geometrical subdomain w* consisting of two circular regions, wj and wj, with radius
ey = &5 = 0.1 and the centers located at =7 = (0.4,—0.5) and x5 = (—0.5,0.3),
respectively. The domain €2, subdomain €2, and the sets w] and w; are illustrated in
Figure 4. The finite element mesh for the geometrical domain 2 comprises 115712
elements and 58145 nodes. A sub-mesh of 193 points represents the combinatorial
search region inside the subdomain Q\ €,. Like Example 1, we again consider only one
observation with the help of the Robin data g'. By comparing Figures 4 and 5(a), one
can observe that the control w* is not satisfactory, since we certainly have u™ # 2™, .
This happens because of the lack of information. Therefore, we improve the number of
measurements by considering all the Robin data ¢!, ¢* and ¢* simultaneously. Finally,
in this case, we obtain the exact centers 7 = x] and x5 = z5. The associated optimal
radii were €7 = 0.10177 and €5 = 0.10168, which are approximately equal to the true
values. Since w* &~ w*, we have u™ ~ 2™ and then w* is the optimal control to the
problem (6.1). We demonstrate the numerical result in the Figure 5(b). We conclude by
noticing the need of more than one observation in the case of insufficient information.
This motivates us to collect data through three boundary excitations ¢!, ¢? and ¢> in
the forthcoming example where the sets wj and w; considered to the construction of
the target 2™ have different sizes.

FIGURE 4. Example 2: w* = wj Uws.
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- (b) M =3

FIGURE 5. Example 2: Results w* = w] Uws.

6.2.3. Ezample 3. Two circular regions w} and wj with centers located at x7 = (—0.4, —0.5)
and 3 = (0.7,0) with radii e] = 0.1 and &5 = 0.05, respectively, are considered to the
construction of the target 2. The subdomain €2, is the same of the previous exam-
ple. The domain €2, subdomain €2, and the sets w] and w3 are illustrated in Figure
6(a). The geometrical domain €2 is discretized into 142592 elements comprising 71593
nodes. Here, we consider the sub-mesh for the combinatorial search inside the subdo-
main Q\ €, which consists of 245 distributed nodes. Figure 6(b) shows us the optimal
control w*. In fact, we obtained the exact centers z7 = x] and x5 = x3; and the radii
e} = 0.10313 and €5 = 0.04796 which are approximately equal to the true values &}
and €3, respectively. This example shows us that our proposed algorithm computes the
optimal control efficiently in the case of a target constructed from geometrical domains
wj and wj of different sizes.

w* = wi Uws ) Result w* = wj Uws

FIGURE 6. Example 3
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