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ABSTRACT. This paper explores the reconstruction of a space-dependent parameter in inverse diffusion
problems, proposing a shape-optimization-based approach. The main objective is to recover the absorp-
tion coefficient from a single boundary measurement. While conventional gradient-based methods rely
on the Fréchet derivative of a cost functional with respect to the unknown parameter, we also utilize its
shape derivative with respect to the unknown boundary interface for recovery. This non-conventional
approach addresses the problem of parameter recovery from a single measurement, which represents the
key innovation of this work. Numerical experiments confirm the effectiveness of the proposed method,
even for intricate and non-convex boundary interfaces.

1. INTRODUCTION

In this study, we are interested in inverse problems for the steady-state diffusion equation in a bounded
domain © C RY, where d € {2, 3}, with a Lipschitz boundary 9:

—div (a(z)Vu(z)) + p(x)u(z) = f(x), z€Q,

(1) a(z)Opu(z) + %u(x) =0, xz€df.

Here, ¢ > 0 and 0y, denotes the directional derivative with respect to the outward unit vector n normal
to 0. Furthermore, « is the diffusion coefficient while p is the absorption coefficient, and f > 0 is the
source term.

In diffuse optical tomography or simply DOT, coefficients of the diffusion equation are determined
from boundary measurements. Light propagation is most fundamentally governed by the radiative
transport equation. The diffusion equation is obtained by the diffusion approximation to the radiative
transport equation (see, e.g., [NWOI], Sec. 7.2, p. 163]). In [Arr99], the derivation is described for isotropic
media. In [HS02], the diffusion approximation for anisotropic media and the reconstruction of the optical
absorption coefficient in the presence of anisotropies are presented. Particularly, equation eqrefeq:main,
in which the time derivative term is absent, corresponds to the steady-state DOT. In the case of diffuse
light, u in means the diffuse fluence rate (energy density up to a constant). See [Arr99, [GHAOQ5| for
comprehensive overviews of optical tomography. A more recent review by Durduran et al. [DCBY10]
focuses on diffuse optics for tissue monitoring and tomography. We refer the reader to [ABCT24] for
mathematical and numerical challenges in inverse problems for DOT.

In this work, we focus on the reconstruction of the absorption coefficient, assuming that the diffusion
coefficient is known. The outgoing light intensity, denoted by u := u(z) for x € ¥ C 91, is measured on
a sub-boundary ¥ of the domain boundary 9€2. The central difficulty lies in recovering the absorption
coeflicient from a single boundary measurement — a problem that is notoriously difficult both in theory
and in practical numerical implementation.

The principal contribution of this work lies in the important observation that the absorption coeffi-
cient is piecewise defined, taking different values in distinct subregions of the domain. This structure
naturally places the problem within the framework of inverse geometry problems involving the simulta-
neous recovery of a coefficient. Motivated by this, we propose the use of shape optimization techniques,
employing tools from shape calculus to guide the reconstruction process. To the best of our knowledge,
this is the first study to approach this reconstruction problem from a shape optimization perspective,
offering a novel and promising direction for addressing this class of inverse problems.

The diffusion equation , addressing the inverse problem of recovering the absorption coefficient,
has been studied [OH23|. In particular, it was recently examined by Machida in [Mac23], utilizing the
Rytov series for numerical solutions. As commented in [Mac23|, the Rytov approximation generally
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yields superior image reconstructions compared to the Born approximation (cf. [MSI15] for its appli-
cation in radiative transport equations). For further details on the Rytov and Born series methods,
we refer readers to the references in [Mac23] (see, e.g., [BV14] [HS22] [Kel69, Kir08| [Lak18]). Prior to
[Mac23], Meftahi in [Mef21] investigated where the excitation frequency is set to zero, focusing on
recovering both the diffusion coefficient o and absorption coefficient p in under Neumann boundary
conditions using the Neumann-to-Dirichlet map with f = 0. Meftahi established global uniqueness and
Lipschitz stability estimates for the absorption parameter assuming « is known and provided a Lipschitz
stability result for simultaneously recovering o and u. These results are applicable when parameters
are within known bounds and belong to a finite-dimensional subspace. The proofs rely on monotonicity
results and localized potential techniques detailed in [Mef21]. For a comprehensive list of works on the
development of this method, see the references cited in [Mef21]. The list includes recent studies that
use monotonicity and localized potentials to establish uniqueness and Lipschitz stability results for the
inverse optical tomography problem. We note that in the time-dependent case the global Lipschitz sta-
bility in determining coefficients can be proved in more general settings using Carleman estimates (see
a review in [Yam0Q9]).

Besides optics, the model equation arises in geophysics, such as in reflection seismology, assuming
a description in terms of time-harmonic scalar waves (see, e.g., [Pot06, [YYP13]). It is also commonly
encountered in medical imaging (see, e.g., [GFB83, [SAHD95| [Arr99, INHE™T00]).

A few remarks on boundary conditions are necessary.

Firstly, it is worth noting that the Robin boundary condition originates from the Fresnel reflection
[EHT9]; see also [JMT21]. When light is absorbed at the boundary, the appropriate boundary condition
is the Dirichlet boundary condition.

Secondly, in [Mef21], Meftahi addresses the inverse problem numerically by proposing two cost func-
tions that are domain integrals. The problem is reformulated using the Neumann-to-Dirichlet operator,
which allows the author to derive the optimality conditions through the Fréchet differentiability of this
operator and its inverse. In our study, we adopt a different approach in three significant ways: (1) We
utilize the conventional boundary data tracking method in a least-squares sense. (2) We rely on a single
measurement on the boundary instead of multiple measurements or inputs. Naturally, a single boundary
measurement is insufficient for accurately reconstructing the absorption coefficient. Therefore, the cen-
tral question we aim to answer in this work is: How can the absorption coefficient be effectively recovered
using only a single measurement? (3) To address the aforementioned issue, we employ shape optimiza-
tion techniques to simultaneously recover both the unknown absorption coefficient and the boundary
interface. This method is more intricate and requires the expression of the shape derivative of the cost
function. Nevertheless, it allows us to avoid using multiple measurements in our numerical procedure
and instead depend solely on a single boundary measurement for the reconstruction, which we consider
to be a novelty and an advantage of our procedure over conventional approaches.

Thirdly, beyond the two main points outlined above, we highlight that using a single measurement
is the most sensible approach here, given the absence of boundary input data. Notably, unlike [Mef21],
which assumes f = 0, we consider a non-identically zero source term f. Additionally, we impose a
homogeneous Robin condition, which is more accurate and relevant from a modeling standpoint (see
INWO1, Sec. 7.2, p. 163]). As a result, boundary input data cannot be controlled, allowing only for a
Dirichlet measurement. Consequently, using multiple Cauchy pairs to recover the absorption coefficient is
not feasible. However, the placement of the source term will be crucial in the numerical implementation
of our proposed method. It is worth mentioning that flux measurement (Neumann measurement) is
also feasible. However, we will employ shape calculus, which typically demands higher regularity in the
solution to the state system. Note that insufficient regularity often leads to instability in numerical
approximations.

Fourthly, building on the previous points, we will develop an iterative method to update the absorption
coeflicient and boundary interface at each step, using a Lagrangian approach within the finite element
framework. This approach contrasts sharply with [Mac23|, which utilizes nonlinear reconstruction based
on the inverse Rytov series, yet it bears some similarity to the method in [Mef2I]. Our technique
enables us to examine both convex boundary interfaces and those with non-convex features. In essence,
we assess our numerical method’s effectiveness in reconstructing absorption coefficients for complex
boundary interfaces, differing significantly from [Mac23, IMS09|, where only 2D radial geometries were
considered.

Finally, the most notable distinction of our work compared to previous studies is that our recon-
struction method achieves a precise delineation of the boundary interface, as opposed to conventional
approaches that yield only a blurred or diffuse boundary (see, e.g., [Mef21]).



Consequently, from a theoretical standpoint, the main contribution of this paper is the rigorous
computation of the total derivative of the least-squares functional .J with respect to the sub-domain w
and the absorption parameter u, given by

, 0J 0J
J (wau)[av V] = %(wa ‘U,)e + ailu(wwu‘)l@

under a mild regularity assumption on the unknown boundary interface (refer to succeeding sections for
the exact meaning of the terms). For the shape derivative, our main result is provided by Theorem
(see also Theorem in subsection @L For the optimality condition with respect to x, the main result
is given by Theorem in subsection E On the numerical side, we propose a new reconstruction
procedure for estimating the unknown boundary interface.

The new idea will be further detailed and exploited in the aforementioned section where the choice
and positioning of the source function f will be the central focus of the numerical studies, particularly
when dealing with non-convex boundary interfaces.

We further comment on the numerical aspects of this paper and the limitation of the present work
in comparison with [Mef2I]. In [Mef21], two numerical methods were examined. The first method
focuses on recovering the absorption coefficient 1 assuming a known diffusion (or scattering) coefficient
«, employing a Newton method. The second method aims to reconstruct both o and g by minimizing
a Kohn-Vogelius functional with a quasi-Newton approach [Kel99], utilizing the analytic gradient of the
cost function and updating the approximation of the inverse Hessian with a BFGS scheme [Kel99).

In this work, our focus will solely be on recovering the absorption coefficient p, assuming a known
diffusion coefficient «e. In contrast to [Mef21], where more extensive computations were necessary, here,
the knowledge of the gradient of the cost function with respect to variations in the absorption coefficient
and the boundary interface is sufficient for obtaining a reasonable reconstruction of the unknowns.
As previously emphasized, the reconstruction will rely on a single measurement instead of multiple
measurements, thereby avoiding the need to compute solutions of the state and associated adjoint states of
more than one pair of given data (or Cauchy pair). The numerical aspects of this work will predominantly
focus on cases where the boundary interface is non-convex, in contrast to previous works such as [Mac23),
Mef21]], which primarily examined convex boundary interfaces.

We conclude this section by introducing necessary notation. For open bounded set Q@ C R?, d € {2,3},
with (at least) Lipschitz boundary 992, the standard L?(2)-, L>=(Q)-, H*(Q)-, L?(09)-norms will be used
frequently in this paper. Throughout the paper, ¢ will denote a generic positive constant that may have
a different value at different places. We also occasionally use the symbol ‘<’; which means that if x < y,
then we can find some constant ¢ > 0 such that x < cy. Of course, y 2 x is defined as x < y.

2. RECOVERY OF THE ABSORPTION COEFFICIENT

2.1. Settings. Let f :  — R be a non-constant function, and w € {2 an open connected set with a
piecewise smooth boundary dw. We assume a = agxo\w + @1Xw With ag,a1 > 0, or, for simplicity,
a = constant > 0 when unspecified. Let fimin, ftmax € R4 and, for a bounded domain Q C R?, let
LE(Q):={n € L*(Q) | n > n > 0a.e. in Q}. In this work, we assume that 4 € A, where

(2) A= {:u’ € L—Di-O(Q) | Pmin < < Mmax}'

As mentioned in the Introduction, we aim to recover u using additional boundary data on 9f2. These
measurements can be taken either on the entire boundary or on a subset. Given «, ( € Ry, a sufficiently
regular function f, and u € A, we define the Dirichlet measurement as h = u|0f), where u : @ — R
satisfies equation .

The inverse problem we are interested in is stated as follows.

Problem 2.1 (Absorption coefficient recovery). Let  be a domain with Lipschitz boundary. Given
parameters o, € Ry and 0 Z f: Q — R with sufficient reqularity, find u € A and a function v : Q2 — R
that satisfy equation , with the condition

u=h on 0.

We note that boundary measurements alone cannot uniquely determine a general coefficient, mak-
ing the problem ill-posed. This implies that existence, uniqueness, and stability of solutions are not
guaranteed [Had23]. Regularization methods, such as Truncated Singular Value Decomposition (TSVD)
[Isa06, [KS05], iterative regularization [AR06, [BK04, [KS05], and Tikhonov regularization [BK04, [EKN89,
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Isa06], [TATT], are commonly used to address this issue. In this paper, we use Tikhonov regularization,
transforming the inverse coefficient problem into a minimization problem:

(3) tp = argmin, e o {J (1) + Ry, p)}

where
1 2 Py 2
J(n) = 5 llun) = hllz2a0) and  R(u, p) := 3 ullz2(0) -

In this study, we will depart from the use of multiple measurements, which require solving several
partial differential equations, and instead employ shape optimization techniques to recover the absorption
coefficient from a single measurement. We focus on recovering the absorption coefficient when it is given
by 1 = poxo\w + #1Xw, Where po, 41 € Ry and x,, denote the characteristic function of w € ). For later
reference and technical purposes, we assume that p > p°, where p° is a positive constant.

In the following subsections, we present several preliminary results, with proofs in Appendix E The
main result is given in Theorem 2.11]

2.2. Well-posedness of the state and continuity of the coefficient-to-parameter map. Let us
define the following forms

1
a(u,v):/Q(onu~Vv+uuv)dx+z/(muvds, where u,v € V := H*(Q),

(4)
l(v) = / fvdx, wherev e V.
Q

Then, the weak formulation of can be stated as follows:
Problem 2.2. Find u € V such that a(u,v) =1(v), for allv e V.
We have the following well-posedness result with respect to Problem

Lemma 2.3. Let o, €ER,, p € A, and f € H-1(2). Then, there exists a unique weak solution u € V
to Problem [2.4.

The existence of a weak solution to Problem remains guaranteed when a € L(Q2). Based on
Lemma for each u € A, Problem is well-posed. We define the functional F' := F(u) as follows:

(5) F:A—V, A3u+—— F(p)=u(u) eV,
where u = u(p) solves Problem We drop g when there is no confusion.
Proposition 2.4. The map F is continuous in A and HF(ﬂ) — F(ﬁ)”v < Hﬁ — ﬁHLOO(Q).

The mapping (5] is differentiable with respect to u € A.
Let p € A. For all v € A with sufficiently small [[v||;« q), we have p+v € Aand F(p+v) € V. Let
dw = F(u+v) — F(p). By the definition of F', jw = dw(z) satisfies the equation

—div (aVow) + (u + v)dw = —vu, in Q,
(6) 1
aOndw + E(Sw =0, on JN.

In variational form, dw = dw(z) € V satisfies
(7) a(p + v, 0w,v) = —(vu,v)q, YveV.
We now state the following proposition.

Proposition 2.5. For any p € A, F(u) is differentiable with respect to u, and the sensitivity du :=
du(p)[v] = DF(u)v uniquely satisfies the equation

—div (aVou) + péu = —vu, x €,

8
® aOpou + %511 =0, x €,

with the variational form
9) a(p, du,v) = —(vu,v)q, Yv eV,

where w = F (). Furthermore, there exists a constant ¢ > 0 such that [[DF(p)| g4, < ¢
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For future needs, we compute the second-order derivative of F. For this purpose, let us denote §%w =
DF(u+vy)vs — DF(u)va, where DF(pu+v1)ve and DF(u)vs are the derivatives of the map F' at points
wu+ vy and p, respectively. In view of Proposition we can easily deduce that du = du(p) = DF (u)ve
satisfies the following

—div (aVou) + péu = —vou, in Q,

adpou + %(M =0, on 09,

where u = u(p) = F(u). A straightforward computation shows that
—div (aV&*w) + (u+ v1)8*w = —vou(p + 11) + vou(p) — vidu(p), in €,

1
adn 0w + zézw =0, on JN.

In variational form, we have §%w = 6%w(z) € V satisfies
(10) a(p + v1,8%w,) = —(valF (i + 1) — F(u)], ) — (1 DF(u)vs, v)a, Vo € V.
The above series of computations lead us to the next proposition.

Proposition 2.6. For anyu € A, F(u) is twice-differentiable with respect to p, and §%u = 6%u(u)[v1, ve] =
D2F(p)[v1, 0] € V uniquely satisfies the variational equation

(11) a(p, 6%u,v) = —(1LDF(p)vy,v)q — (M DF (), v)q, Vv € V.

with w = F(p). Additionally, there exists a constant ¢ > 0 such that DF(u) satisfies the estimate

(12) |D*F

('LL)HQB(AXA;V) se

2.3. Regularized problem: well-posedness and first-optimality condition. We now examine
the regularized version of Problem within the optimization framework . For all p € LL(Q), let
u(p) € V denote the weak solution of (1)), solving Problem for the given y. From (3], we define

1 p
(13) To(p) := () + Rlu, p) = 5 llulp) — Pl 7200 + 3 1l Z2 )
We make the following key assumption.
Assumption 2.7. The admissible set B is a finite-dimensional closed convex subset of A.

For example, B is the set of piecewise constant functions corresponding to a partition of (2.
We now define the following problem.

Problem 2.8. Find p, € B C A such that p, = inf,ep J, ().

In this section, we want to prove that the objective function is convex, and its minimizer in B is
unique. We start by noting that for any 4 € B and v € B with u + v € B, formally, we have

(14) Jo (v = (u(p) = h, 6u) g0 + p (1, v)q
(15) Jy (), v] = ||5“H2L2(aﬂ) + (u(p), 52“>ag +p ””Hi?(Q) ’

where du = DF(p)v is the unique solution to the variational equation (9) while 6w = D*F(u)[v, V]
uniquely solves the variational equation .

On a side note, we underline here that v € L>(Q) C L?*(Q) and M2 < \Q|1/2 [l 1o () (see
[Fol99, Prop. 6.12, p. 186] or [AH09, Thm. 1.5.5(c), p. 46]).

Proposition 2.9 (Strict convexity of J,). There exists a constant py > 0 independent of p € B C A,
such that for all p > po, J,(p) is strictly conve.

Remark 2.10. We emphasize that Assumption is essential for the proof of Proposition . The
inequality ||| ey S 2y generally does not hold (cf. [Fol99, Prop. 6.12, p. 186] or [AH09,
Thm. 1.5.5(c), p. 46]). However, for some functions ¢ on €1, the inequality [|¢llp<) < [[#ll12(q)
does hold. Specifically, for a fixred k and a bounded set Q, every ¢ € Pr(Q2) (the set of polynomials of
degree at most k on Q) satisfies |¢| 1 q) < cll¢llp2(q), where the constant ¢ > 0 depends on k.

Next, we characterize the minimizer of the Gateaux differentiable convex functional J, (see [AH09,
Thm. 5.3.19, p. 233]), which is the main result of this section. We provide a well-posedness result and
the first optimality condition for the solution of Problem as follows:
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Theorem 2.11. Let B satisfy Assumption and let p > 0 such that J, is strictly convex. Then,
Problem has a unique solution p, € B, which depends continuously on all data with h € Hl/g(aQ).
Moreover, i, satisfies the inequality

(16) (—up + pip, 0t — 1) =0, Vou € B,
where p = p(p,) € V is the solution to the following PDE system

—div (aVp) + p,p =0, inQQ,

17 1
(17) a@np—l—zp:up—h, on 09,

with u, = F(p,), where u, € V uniquely solves with p replaced by pi,.

Proof. Let u, € V be the unique weak solution of (1f) with absorption coeflicient 11, € B. For convenience,
we drop -, in p1, during the proof. By assumption, B is a closed, convex set in the Hilbert space A, and J,
is strictly convex (Proposition . Using the standard result for convex minimization problems [AHQ9,
Thm. 5.3.19, p. 233], there exists a unique stable solution p := p, € B to Problem characterized by
the optimality condition

(18) Jo(1)(0p —p) =0, Vop € B.

To verify this, we first calculate the derivative of J, with respect to u. Let v = du — p and
du, = DF(u)v. Then, du, € V solves @ with u = p,. From , the inequality becomes
(u(p) = hyduy) 9 +p (1, v)q = 0, for all du € B.

Next, we eliminate du, by introducing the adjoint system and multiply both sides of the first
equation by du,. Then, integrating over {2 and applying integration by parts gives (u(u) — h, du,) 5o =
a(p,p, ou,).

Finally, taking v = p € V in (9) yields a(u, du,,p) = —(vu, p)o. Since a(u, -, -) is symmetric, combining
the equations results in the inequality (—up+ pu, v)q = 0, which holds for all 6 € B, where v = dpu—p €
B and = p, € B. This proves the proposition. (Il

3. SHAPE RECOVERY OF THE BOUNDARY INTERFACE

The numerical solution of Problem using a gradient-based descent method with does not
provide satisfactory reconstruction of the absorption coefficient with a single measurement. A single
measurement is insufficient for reasonable recovery, requiring multiple measurements [Mef21]. Addition-
ally, domain integral-type cost functions are more effective than boundary integral-type ones for this
recovery process [ZCG20l [Mef21]. This study proposes using shape optimization techniques to improve
the recovery of the absorption coefficient, while maintaining the cost function form in and utilizing
a single measurement.

Following [Mac23|, we assume that po is known. Then, as a result of the proposed strategy, which
includes the regularization term R for p, we minimize the regularized objective functional:

(19) min J,(p1,w) = min {J(p1,w) + R(p, p)}

(11,w) (p1,w)
where J and R are defined in (13). Hereinafter, we write J(w) = J(u1,w), focusing on the variation of
J with respect to the sub-domain w.

Looking at , we highlight that the objective function J depends not only on p but also on dw
through the solution v = u(u, dw) to . The optimal solution w* = w*(u), if it exists, depends on
via the state equation .

Remark 3.1. The addition of R in addresses the ill-posedness of the minimization. Regularization
for both p and dw enhances stability and improves the approximation of the minimizer as a solution to
the inverse problem of recovering p and Ow. However, reqularizing only p is sufficient for stability in
numerical approximations, as shown in Section |Z|

We aim to find the minimizer of J as the solution to Problem where p is fixed in Q \ @ and w.
In numerical approximation, the state system can be solved iteratively after fixing p and w, then
updating both using the derivative of J with respect to p and w. This approach, based on variational
calculus, calculates the gradients of J with respect to both p and w in , accounting for w through pu.
Introducing an adjoint variable associated with the measurement h, we derive a kernel representation
of the total derivative, essential for gradient-based algorithms to minimize J. This also shows the
equivalence of the unique minimizer and the critical point of J.
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We underline here that the proposed approach eliminates the need to compute solutions for the
PDEs associated with various input data and multiple measurements. However, in exchange, along with
solving two PDE systems (corresponding to the state and adjoint state problems), we must also compute
the solution of a vector-type Laplace equation. This corresponds to the computation of the extended-
regularized deformations field characterized by the so-called shape gradient of J; i.e., the variation of J
with respect to the region of interest w.

To proceed, we have to make the following strong assumptions:

Assumption 3.2. We assume the following:

Q CRY, de {23}, is a bounded domain of class C*', k € N;

Q contains a C*' subdomain w € Q characterized by a finite jump in the coefficients of the PDE
such that Q\ @ is connected;

o /= fioXong + M Xw = p° > 0 for some constant p°, where po, 1 € C1(Q) and x., denote the
characteristic function of w;

o = aoXo\w + 01Xw, where 0 < ag, a1 € CH(Q);

f = foxa\z + fixw, where fo, fi € C*()).

3.1. Shape sensitivity analysis. The objective of this section is to calculate the shape derivative of J
with respect to w using the chain rule, assuming the shape derivative of the state u exists.

3.1.1. Notations and some definitions. Let us fix some notations. We denote by n the outward unit

normal to dw pointing into © \ @. Thus, dyu_ (respectively, Onu4 ) is the normal derivative from the

inside of w (respectively, 2\ @) at the interface Jw, and [-] . denotes the jump across the same interface.
We fix a small number §, > 0 and define the subdomain 0, € Q with C'* boundary as follows:

Qo :i={z € Q| d(z,00) > d}.

Let k € N. We define OF as the set of all simply connected subdomain w with C*! boundary dw such
that d(z,98) > 0, for all z € w; i.e.,

(20) OF = {w e Q| d(z,09) > 6.,V € w,Q\ @ is connected, and w is of class C*11.

We call OF the set of admissible geometries or interface boundaries. Notably, the inclusions are assumed
to be far from the accessible boundary 02, and 2 \ @ is simply connected. Hereinafter, we call 2 an
admissible domain if Q contains a subdomain w € OF.

The admissible set of interface boundaries is described by a particular class of perturbations of the
domain Q. We denote by 8 a C*! regular vector field with compact support in €, and let ©F stands
for the collection of all admissible deformation fields; i.e., we define

(21) % .= {6 € CH(R?) | supp() C Q.}.

For exactness, we assume that {x € Q | d(z,0w) > §/2} C Qo C {x € Q | d(z,0w) > §/3}. For § € OF,
we let 0,, := (6, n) be its normal component.

Let us define T} : Q — Q as the perturbation of the identity id given by Ty = T;(0) = id + t0, where
0 := (01,...,04)7 € ©F is a t-independent deformation field. We define Q; := T;(Q), 98 = T;(00Q) =
09, and w; := Ty (w), i.e., Ow; := T;(Ow). In addition, Qp is such that the interface is given by Owy.

It can be shown that there exists a sufficiently small number ¢y > 0 such that for all ¢ € | := [0, ¢9),
the transformation T} is a diffeomorphism from Q € C*! onto its image (see, e.g., [BP13, Thm. 7] for
k = 1). Hereinafter, we let t; € Ry be small enough so that [t — T;] € CL(1,C*1(Q)?9) and [t —

e, (Q)?) (cf. [IKPO6, TKPOS]). In fact, here we assume that, for all ¢ € |, I := det DT} > 0.
Accordingly, we define the set of all admissible perturbations of {2 denoted by Okd as follows:

(22) O, ={TO)@Q) cD|Q=D\weC' me O tcl,0co).

It is important to note that the fixed boundary 9 only needs Lipschitz continuity, not C*:! regularity.
However, for simplicity, we assume higher regularity for some k& € N. The numerical scheme developed
in this study applies to domains Q with Lipschitz regularity.

The following regularities hold (see, e.g., [[KP0G, IKP08] or [SZ92, Lem. 3.2, p. 111]):

[t — DTy € C*(1,COY(Q)™*?), [t — (DT,)" "] € C(1,C(Q)Y),
[t = L] € C(1,0()), [t — L] € C'(1,6%'(Q)),
[t—= A eC'(1,C@)™), [t A € C(,C(Q)™),

[t by € CH(l,C(0w)).

(23)
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where A; = I,(DT; ")(DT;)~". The derivatives of the maps [t — I], [t — A, and [t — b] are
respectively given by

d . =1 .
%It’tzo = }g% =div 6,
d Ay —id
(24) tht|t=0 %gr(l) (div@)id — DO — (D) ' =: A,
d . obe—1 o
@bth:o = %g% = div,0 = d1V0|T — (D6n) - n.

where divy@ denotes the tangential divergence of the vector 8 on ¥. Furthermore, we assume that, for
any a € LY(Q),

(25) €? Sadig-€ <167, forall ¢ € RY

The functional J : OF, — R has a directional first-order Eulerian derivative at ) in the direction of

the field 6 € ©F if the limit
()~ Jw)
N0
exists (see, e.g., [DZ11], Sec. 4.3.2, Eq. (3.6), p. 172]). The functional J is said to be shape differentiable
at w if the limit exists for all € ©F and the mapping 0 +— d.J(w)[@] is both linear and continuous on
©F. In such a case, we call the resulting map as the shape gradient of J.
In the following subsections, we denote the function ¢; : Q; — R on the reference domain 2 using T}
as ol =@ 0T, : Q= R.

= dJ(w)[6]

3.1.2. Material and shape derivative of the states. The following proposition presents the first result of
this section, describing the structure of the material and shape derivatives of the state. We stress that
H' regularity of the state solution is insufficient to justify the existence of its shape derivative. In fact,
higher regularity is required. Therefore, we consider C*! bounded domains, for some k € N, k£ > 2, and
use an elliptic regularity result to obtain H**! (local) regularity for the state, which is sufficient to prove
Theorem If we only assume that Q is a Lipschitz domain, then u € H'(Q) globally. However, the
regularity of u improves locally, with u; € H?(Q2, \w) and u_ € H*(w), where uy = ulq,, Q4 = Q\Q_,
and Q_ =w € Q.

Theorem 3.3. Let the assumptions of Proposition and Assumption be satisfied, and assume
that Q € OF, and 6 € ©F, for some k € N, k > 2. Then, the state u € V, has the material derivative
u €V satisfying the following variational equation

/ (aVi - Vo + paw) de = — / (aAVu - Vo + div Quuv — div 0 fv) dx

—/ [Va-0(Vu-Vv)+Vu-0uw—Vf-0vlde, YveV.
Q
In addition, uy € H*1(Q, \ Q) and u_ € H**Y(Q_). If u satisfies the continuity conditions

(27) [ul, =0 and [aau} =0 on Ow,
Nl

then u is shape differentiable and its shape derivative u'(2)[0] € HY(Q\ w) U H'(w) solves
—div(aVu') + ppu’ =0, in Q\w and in w,

[U’/]ﬂ: = _9774 |:gz:| N ) on 8(4},
(28) [ au’}

ag-| = V- (6, [a]y Vru) = [p]y ubn + [f], 00 = K(u)[0], on dw,

+

1
alpu’ + EU/ =0, ondw.

A rigorous proof of Theorem is given in Appendix |B| In equation , the jump expression with
the normal derivative of u is given by:
{ o’

aa} =ayVu, n—a_Vu. -n=a Vi, -ng +a_Vu_ -n_,
n
+



where n = n, is the outward unit normal vector to 2, and n_ = —n is the inward unit normal vector.
For any function defined on 2, we denote its restrictions to 4 and €_ as us and u_, respectively,
and drop the subscripts when no confusion arises. The smoothness assumptions for the domain and
deformation fields in Proposition can be replaced by C®* for some A € (0,1).

Pr0p051t10n 3.4. Let the assumptions of Theorem[3.5 hold. Then, the least-squares misfit functional

J(w fag lu — h\ ds is differentiable with respect to the shape 2 € OF, (i.c., with respect to w) in the
dz'rection of @ € ©F, k > 2, and its shape derivative is given by
(29) 47 (w)[0] = /a (= [aly Vou- Vop — [y up + [f]s p) On ds.

where p € V satisfies the following PDE system:

—div (aVp) + p,p =0, inQQ,

(30) 1
aOnp + Zp =u, —h, on 0,

subject to the continuity conditions

_ op| _
(31) pl. =0 and {aan} =0 on dw.

Here, u= F(u), and u € V uniquely solves and satisfies the continuity equations in .

Before proving the proposition, we note that Assumption ensures the well-posedness of and
by the Lax-Milgram lemma.

Proof of Proposition[3.]} Let the assumptions of the proposition be satisfied. Then, we have sufficient
regularity of the domain and the state to apply Hadamard’s boundary differentiation formula (see, e.g.,
[DZ11, Thm. 4.3, Ch. 9, p. 486], [HP18|, Prop. 5.4.18, Ch. 5.4, p. 225], or [SZ92, Lem. 3.3, Eq. (3.44),
p. 112]). That is, we have d.J(w)[0] = [, (u — h)u' ds. We remove u’ from the integral expression above
using the adjoint method; that is, we introduce p as the solution of the adjoint problem and multiply
the main equation With u e V apply integration by parts, and use the boundary conditions to obtain
the equauon a( f S Olpds. Slrmlarly7 by applymg the same steps to the adjoint system (3
with v’ as the multlpher we obtaln a(p,u f BQ h)u'ds. Observe that — under the Contlnmty

conditions and (31)) — we have a(v/,p) = a(p, . Thus

47 (w)[0] = /8 - ds = /8 (divy (0 (0] Vouu) — [l upby + [f]s pby) ds

:/6 (_ [a]ivTU'va_ [N]i up + [f]ip) 0, ds.
This proves the characterization of the shape derivative of J as claimed in . O

We observe that setting k& = 2 is sufficient to establish the results in Theorem [3.3]and Proposition [3.4]
Furthermore, with  being Lipschitz and w belonging to the class C1'!, we can derive the shape gradient of
J as presented in . This implies that the assumptions outlined in Assumption can be relaxed. To
achieve this, we will employ the so-called rearrangement method in the spirit of [IKP06, TKP0S, [HIK™09].
The derivation is provided in the next subsection.

3.1.3. Computation of the shape gradient without the shape derivative of the state. In this subsection,
we provide a direct and rigorous computation of the shape gradient bypassing the need to compute the
shape derivative of the state. The method only requires the following mild assumptions:

Assumption 3.5. e O CRY whered € {2,3}, is a bounded Lipschitz domain.
e Q contains a CY' subdomain w € O}.

= piyxa, +p-xo_, where py € LP(Q) NWH®(Qy).

a=aixo, +a_xo_, where ay € LL(Q)NWH>(Qy).

feHY Q).

Although f is simplified in this section (and later « for convenience), the shape gradient computation
remains applicable even if f has jump discontinuities.

We have the following remark on the continuity conditions on the product of the normal derivatives
of u and p on the boundary interface Ow.
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Remark 3.6. The continuity conditions given in and , allow us to deduce that the product
[Onudnp| . 0y vanishes in the shape gradient’s kernel, which is the only part where these conditions are
applied. Indeed, the following implication holds for the jump operator [-], :

[ov]y = [Py s + o W]y = o4 Wy + [0l Y- = [l =0 if [p]L =[] =0.

Thus, by this identity, given that the conditions in hold, we infer that [«Onudnp] . = 0. On another
note, we comment that given the assumptions given in Assumption one can verify that the solution
ueV of Problem satisfies the local higher-regularity result ux € H?(Q4).

Theorem 3.7. Let Assumption be satisfied, and assume that Q € O}, and @ € ©'. Then, J is
differentiable with respect to w in the direction of @ and its shape derivative dJ(w)[@] is given by

(32) 47 (w)[6] = /8 (- (], (Vo - Vo) + [agz gﬂ iy fp) 0, ds,

where u € V' solves (1) and p € V satisfies the corresponding adjoint problem (cf. )

Proof. Assumption [3.5|ensures the boundedness of d.J(w)[6)] for any admissible domain €2 and deformation
field @ € ©'. For simplicity in the proof and to avoid lengthy expressions, we assume o € R, and that
1 is piecewise constant. This omits the corresponding computation for the spatial derivatives of o and
pin .

The proof essentially proceeds in two parts. Firstly, we evaluate the limit lim; ,q % (J(wy) — J(w)).
Then, using the regularity of the domain as well as the state and adjoint variables, we characterized the
boundary integral expression for the computed limit. We begin by applying the boundary transformation
formula

pds; = / ¢y o T,I, |DT; "n|ds = / by ds, (by = I, |DT; ")),
Owy ow ow

for a function ¢, € L1(9€;) [DZ11), Eq. (4.9), p. 484] and the identity n* — (2 = (n — ¢)? + 2¢(n — ¢) to
obtain the following calculations:

J(wr) = J(w)

o fo I =5 [ i
= - u —h| ds; — = u— h|”ds
289,,| [ ds 2 ag' |

e A (T R T M S P T
- %/m{“t‘ Dt = h|* = Ju =A%)+ (b = 1) [u— [} ds
+%[99{2(ut—h—(u—h))(ut—h)+‘ut_h_(u_h)’2}d8
- %/m{(bt —)(Ju’ = A" = Ju = )+ (b = 1) [u— b[* } ds
+%/m Lo —u)(u—h) + [ut —uf*} ds

= j1(t) + ja(t) + js(t) + ja(t).
At this point, we note that, following a similar line of argument as in the first step of the proof of
Theorem it can be shown that

Using this result, together with equation and the fact that @ = 0 on 012, it can be verified that
71(0) = j2(0) = j4(0) = 0, where j;(0) = %ji(mt:o’ for i = 1,2,3,4. For clarity, we comment that
j2(0) = 0 comes from the fact that j(0) = 3 Joq div. 6 |u — h|? ds, which is a consequence of and
the observation that div, 8 € C(dw) because x — n(z) € C%!(dw). This leads us to

fim 7 (7n) = J(@) = Ja(0) = Jim | <=1y as.
Let us consider the weak formulation of the adjoint problem : find p € V such

a(p,v) :/69 (u—h)vds, YvelV.
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Now, let us choose v = w* = u' —u € V and again define 2! = w'/t. Observe that the result in the first
step of the proof of Theorem remains valid under Assumption refer to (B.54)). This leads us to
the following series of equations

. — 1 t _ li t
73(0) fm e (u—h)ds tgr(l)a(p,z)

1
= lim / aVp -Vt + ppz') dx + 7/ pzt ds}
N0 { Q ( ) ¢ Jon
= —/ aAVu - Vpdx — / div Quup dx + / (Vf-0p+divOfp)dx
Q Q Q
=: Js1 + J32 + Jzs-
Using identity (B.56|), the integral expressions js2 and js3 can be expressed as follows, respectively:

(33) i == | div Opuup e = - / [ div (upb) — pu(Vp - 6) — up(Vu - 0)] i
(34) J33 = / (Vf-0p+ fpdivO)dx = / [div (fp@) — fVp- 0] dx.
Q Q

Next, let us expand j3;. From , we have

J31 = —/ adiv@Vu - Vpdx —|—/ aDOVu - Vpdzx —|—/ a(DO) ' Vu - Vpdz =: ky + ky + ks.
Q Q Q

We manipulate each term above. First, since ut,py € H?(Q4), we have Vug - Vpy € WH1(Q4). Thus,
we can utilize the following identity:

—/div@cpda::/9~V<pdx—/ 0 -nds
Q Q oQ

which holds for 8 € C1(Q)?, o € WH1(Q), and a Lipschitz domain 2, by assigning ¢ = Vug. - Vpy and
replacing 2 with Q4. Then, because 8 = 0 on 02, we get

k1 :/ a0~V(Vu+-Vp+)dx—|—/ af -V (Vu_ -Vp_)dz
Q4

+/ a(Vuy - Vpy)o,ds — / a(Vu_ - Vp_)0, ds.
Ow Ow
The product V(Vug - Vpy) - 6 can be expanded as follows:
V(Vuyg - Vpi) -0 = (Vps) ' VZur8+ 0 V2piVuy = (ViuiVpy + VpiVuy) - 6,

where the latter equation follows from the fact that the Hessian V? is symmetric. These equations yield
the following

ky = / a(Viuy Vpy +V3p,Vuy) - 0de +/ a(V*u_Vp_ +V?*p_Vu_) 0dx
Qp Q_

—|—/ a(Vuy - Vpi )b, ds —/ a(Vu_ - Vp_)0, ds.
Ow Ow
Next, we find equivalent forms of ks and k3. For this purpose, considering ko, we recall the second
identity given in (B.57)) to get
div((6 - Vus)Vps) = DOVps - Vuy + VpLV3ui 0+ (0 - Vuy)Apy.

Integrating both sides of the above equation over Q_, applying Stokes’ theorem, and utilizing the bound-
ary condition @ = 0 on 92, we arrive at the following results:

/ aDOVpy - Vuy dx = —/ Q {VpIVQUiB +(0- Vui)Api} de F / a(f-Vuy)Vpy -nds.
Q4 Q4 Ow

Interchanging u4 and p+ and noting that (D) Vp. - Vuy = (DO)Vuy - Vpi, we get a similar equation
for k3. Adding these computed expressions for ki, ks, and k3, and writing fQi = fQ+ + [ > we get

Ja1 = k1 + ko + k3

= / a(Viuy Vpy + V3, Vuy) - 0de +/ a(V*u_Vp_ +V?*p_Vu_) 0dx
Q4
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+/ a(Vug - Vpy)b, ds — / a(Vu_ - Vp_)8, ds
ow ow

— / o [VQUini -0+ (6- Vui)Api} dx $/ a(0 - Vuy)Onps ds
Q4 Ow

- / « [VzinUi -0+(0- Vpi)Aui} dx :F/ a(0 - Vpy)Onux ds.
Qi Ow

By utilizing the continuity equations for u given in and combining the resulting expression with
and , we obtain, after some rearrangements and applying Stokes’ theorem, the following result:

1O = [ fa(Vu- T o,as- [

(35) +/Q (—alAus + prus — f) (0 - Vpi)d +/Q (—alAps + pip+) (0 - Vuy) dz

[a(6 - Vp)Onu] . ds — / [(6 - Vu)Onp], ds

w ow

+ /a (= ol s

Since uy, p+ € H?(Q4), we have Vuy -V, Vpy - V € HY(Q4). By multiplying equation (I)) by Vp4 -V,
where a(z) = a € Ry and p is piecewise constant, we deduce that the fourth integral in (35)) equals zero.
Likewise, multiplying equation by Vus -V, we find that the fifth integral in also equals zero.
Therefore, we have

j3(0) = /8 [(Vu-Vp)], 0, ds _/a
+/E) (f = [pu]y )pfy ds.

As a consequence of (27)), we see that [V,u], =0 on dw. Similarly, [0ap], = [V,p], = 0 on dw. Using
these equations, we deduce that

[a(0 - Vp)Onu] , ds — /3 [a(0 - Vu)onp], ds

w

Oul | dpou op| | Oudp
{a(G . Vp)an] Lo [O‘anarJ N 6, and {a(@ Vu)an] Lo [aﬁnﬁn} N O

Thus, by using the identity Vu - Vp = Oqudnp + Vru - V.p, we finally obtain the desired expression for
the shape gradient:

Jdu Op

dJ(w)[0] = / {— ], (Vru-Vip)+ [O‘ananL — [pu] L p+ fp} 0., ds.

Ow

This concludes the proof. (I

4. NUMERICAL ALGORITHM AND EXAMPLES

In this section, we present the numerical implementation of the proposed approach. We begin by
discussing the computation of the forward problem and the selection of the regularization parameter p.
Next, we develop a numerical algorithm using a Sobolev-gradient descent scheme for boundary interface
variation. Finally, we validate the scheme with various numerical examples.

4.1. Forward problem. The computational setup is as follows: In the forward problem, all free pa-
rameters in the PDE system are specified, including the input source f and the exact geometry of w. We
emphasize that, in contrast to the usual approach based on non-destructive testing and evaluation, our
method does not rely on input data from the boundary; instead, we use the observed data — the single
measurement h. This data is synthetically generated by solving the direct problem .

To avoid ‘inverse crimes’ (see [CK19| p. 179]), the forward problem is solved using a fine mesh and
P, finite element basis functions, while coarser triangulations and P; basis functions are used in the
inversion. Gaussian noise with mean zero and standard deviation | k||, where 7 is a free parameter,
is added to h to simulate noise.

4.2. Choice of regularization functional. Regularization is commonly incorporated by adding spe-
cific terms to the numerical implementation, either during minimization or when addressing ill-posed
systems of equations. These terms often depend on the parametrization of the variable of interest or the
discretization of the ill-posed systems [Run08|, [Fan22].
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In our numerical experiments, we introduce a regularization functional that combines the perimeter
of Ow with Tikhonov regularization for p on dw:

P1 P2 P1 P2 2
Pip@w)+ 2Ry =2 | 1ds+ 22
5 (Ow) 5 R(p) 5 /8w ds 5 /Q,u dx,

where p; and p; are small positive constants.

In most cases, we omit the perimeter penalization and rely solely on Tikhonov regularization for p on
Ow, as this approach is sufficient for accurately reconstructing p and dw, even with noise-contaminated
data.

4.3. Choice of regularization parameter. In the reconstruction of noisy data, selecting the regular-
ization parameter p = po in is critical. This parameter is often determined using the discrepancy
principle, which relies heavily on accurate knowledge of the noise level. However, precise noise-level
information is often unavailable or unreliable in many applications. Errors in noise estimation can signif-
icantly reduce reconstruction accuracy when using the discrepancy principle. To overcome this difficulty,
we propose a heuristic rule for choosing p that avoids dependence on noise-level knowledge. This rule is
based on the balancing principle [CJK10b]: fix 8 > 1 and compute p > 0 such that

1
(36) (8= 1)J(u,w) = ER() = (8= 1) () = hlF200) — & Il 720 = 0.

This approach balances the data-fitting term J(u1,w) with the penalty term R(u), where 8 > 1 controls
their trade-off. It eliminates the need for noise-level knowledge and has been successfully applied to both
linear and nonlinear inverse problems [CJK10al [CJK10b| [Cla12] [CJ12] TJTTT] Mef21].

In the following numerical experiments, we explore two approaches: (1) directly assigning a fixed value
to p and (2) applying the heuristic rule (36)). Specifically, choosing p € (0, 1) indicates the first approach,
while selecting 8 > 1 corresponds to the balancing principle (36)).

4.4. Numerical algorithm. The main steps of our numerical algorithm follows a standard approxima-
tion procedure, the important details of which we provide as follows.

Choice of descent direction for the boundary interface variation. The domain w is approximated using
boundary interface variation, following an approach similar to domain variation in shape optimization
[DMNV07]. We employ a Riesz representation of the shape gradient G to suppress oscillations on
the unknown interface boundary during the approximation process. Rapid oscillations on the interface
boundary may destabilize the approximation and potentially halt the process prematurely.

To compute a Riesz representative of the kernel —Gn, we generate an H'-smooth extension of the
vector by seeking a weak solution 8 € H}(Q)¢ = {p € H'(Q)? | ¢ = 0 on dQ} to the variational
equation

(37) (VO,Ve)a + (6, ) = —(Gn, @)aw, for all ¢ € Hg(2)%.

In this way, we obtain a Sobolev gradient [Neud7] representation 8 € HA(Q)% of G, which is only
supported on dw. More importantly, this approach produces a smoothed, preconditioned extension of
—Gn over the entire domain 2. Such an extension allows us to deform the discretized computational
domain by moving the (movable) nodes of the computational mesh — thus moving not only the nodes
on the boundary interface but also all internal nodes within the discretized domain. Further discussions
about discrete gradient flows for shape optimization problems are provided in [DMNV07].

To compute the kth boundary interface dw”, we carry out the following procedures:

1. Initilization: Fix p € (0,1) (or B > 1) and choose initial guesses p° and dw°.
2. Iteration: For k =0,1,2,..., do the following:

2.1 Solve the state’s and adjoint’s variational equations on the current domain Q.
2.2 For a sufficiently small ¥ > 0, do the update p*+1 = pk — tljf’)(,uk).

2.3 Choose t5 > 0, and compute the deformation vector 0" using in QF.
2.4 Update the current domain by setting QF 1 := {z 4 t50%(z) e R? | 2 € QF).
3. Stop Test: Repeat Iteration until convergence.
Step-size computation and stopping condition. In Step 2.2, t¥ = t§ = t* for all k = 0,1,2,..., and ¢
is computed using a backtracking line search inspired by [RA20, p. 281], with the formula
t* = 5J(w*) /16" 311 (crya

at each iteration step k, where s > 0 is a scaling factor. While the calculation of t* can be refined, this
simple approach already yields effective results, as shown in the next subsection. To prevent inverted
triangles in the mesh after the update, the step size t* is further reduced.
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The algorithm terminates when t* < to, where ¢ty > 0 is a small real number, or when the maximum
number of iterations is reached. In all experiments, ¢, is set to 1072 for convex boundary interfaces
and adjusted to 10~° for noisy data. For non-convex interfaces, where boundary reconstruction is more
challenging under noise, the step size is further reduced when the cost value drops below 1073 to avoid
overshooting.

In the following subsections, we first test the proposed scheme with exact measurements in a simple
setting, then extend it to more complex setups with noisy data. In all experiments, we set uo = 1. For
the initial value ©°, one can simply refer to the history plots of ji1.

4.5. 2D radial problem. We first consider a series of 2D radial problems, similar to the test setup in
IMS09, Mac23]. We let g € Ry, n > —1, and suppose that

(38) pu(x) = g(1+n(x))
where 7 is supported in a closed ball B, of radius a, i.e., supp n C B, C €.
Let us assume the 2D radial geometry and consider . In the polar coordinate system we have
x = (r,0), where r is the radial coordinate and 6 is the angular coordinate. Let Q be the disk of radius
R centered at the origin. Assuming that 7 has the radial symmetry, we write n(x) = n(r), for r € (0, R).
Let 0 < Ry < R and n, > 0. We suppose that n(r) = n, for r € (0, R,) and 0 for r € (R,, R).
Hereinafter, we write g = k2, k > 0. We define | = (a, set a = 1, and consider Q_ = {xz | |z| < R,}
and Q4 = {z | R, < |z| < R}. We put -* when referring to the exact parameter value; e.g., we denote
the exact absorption coefficient by pu* = ugxo\w + ¢ Xw- We consider the form u* = pxo\w + piXw =

90xave + (L +72)Xw)-
In all experiments, we set k =1, R =3, = 0.3, and R} = 1.5 for the axisymmetric case.

4.6. Numerical tests with a constant source function. We consider a constant source function
f =1. We take s = 0.1 and choose dw" = B, := {z € R? | |#| = r = 2.8} as the initial guess for the
boundary interface. The numerical results with pj = 1.2 are shown in Figures [1| with fixed p and f.
The reconstructions show precision, and the plots indicate that when using a constant source function,
the regularization parameter selection is almost the same, regardless of whether the balancing principle
is applied. This suggests that we can choose a suitable value for p to obtain a reconstruction of p
consistent with the case when is used.

— exact o p=0.00018
3 0w p=0.00018 —x- B=1.075
‘3\\ - B=1.075 101 ‘v\

X
costs

teration " leration
FIGURE 1. A radial problem in 2D with u} = 1.2 and source function f =1

We repeat the experiment with higher values of n*. Using the balancing principle (36), we obtain
the results in Figure Accurate identification of p and dw is possible for higher n* values when an
appropriate § is chosen with exact measurements.

4.7. Numerical tests with a point source. We next consider the case of a point sourcd specifically
when f = §(z—xq), where xq is the position of the point source within 2. The boundary data for optical
tomography can be specified as all possible Cauchy pairs along the boundary. The inverse problem which
is considered here is related to fluorescence diffuse optical tomography.

We set 9 = 0 and (ug, 1#7) = (1, 1.2). Without applying , we obtain the results shown in Figure
The leftmost plots correspond to s = 1, and the middle plots correspond to s = 10. As expected,
increasing the step-size parameter s accelerates convergence toward the exact solution. However, in both
cases, the boundary interface approximation is inaccurate. We then repeat the experiment with a new
initial guess, 0w’ = By, yielding a highly accurate approximation of the exact solution, as shown in
the rightmost plot of Figure |3l The scheme depends on the initialization, as anticipated. By selecting
a good initial guess for p and Ow, an accurate identification of the unknown coefficient and boundary
interface can be achieved.

Note that this violates our regularity assumption on the source function.
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(n},B)=(2,1.875) (nZ,B)=(5,4.075)

(n¥.B)=1(1,2.425)

(n%.B)=1(2,1.875)

— exact — exact
x x- approximation x-approximation
g x 3 x g .

(n.B) = (5,4.075)
— exact
x- approximation

(n*.B)=(1,2.425)

iteration iteration iteration

FI1GURE 2. 2D radial problem with source function f =1 and varying u}

(n3,p)=1(0.2,4.9e - 05) (n¥,p)=(0.2,4.9e - 05) (n¥,p)=(0.2,1e - 05)

(n¥,p)=1(0.2,1e - 05)

(n%.p)=(02,4.9e = 05) (n3.p)=(02,4.9e - 05)

;3:35, e — exact o] e — exact w0 X
17k o - approximation 17n10" B - approximation x|
e . fbplst ]
Laxao _— Loxao e el — exact
13x20° o . 1310 . . . x~ approximation
e 0 o & g ! £ W R N T T

W @
iteration iteration iteration

FIGURE 3. Results for a 2D radial problem with f(x) = §(x)

We repeat the experiments with slight modifications to p*. Specifically, we examine the main case
with varying n* = 0.2, 1,2, 5, but using a point source instead of a spatially oscillating source term.
With s = 100, the results are summarized in Figure (4). By carefully selecting initial guesses for the
unknown parameter and boundary interface (see also Figure , we achieve precise identification of
and OJw.

(n},p)=(1,1.15e - 05) (n3, p)=(2,5e - 06) (n¥, p)=(5,8.15e — 07)

(n%,p)=(02,1.43e - 05)

— a0 — a0
— W’ — W’
ow® ow®

— owf

— ol

(n%.p)=1(0.2,1.43e - 05) n*,p) =(1,1.15e - 05; (n2.p) = (2,5¢ - 06) nZ.p)=(5,815e 07
2x10° exact 5. exact 107 —— exact m — exact N
- approx. - approx. - approx. % - approx.
0 * 4x10° 10 % 107
i 80 S S ] H 5 \ %
w g 8 '\ g
12x10° X X x *
100 2 10 — 2 x10t
iteration iteration iteration iteration iteration iteration iteration iteration

FIGURE 4. Results for a 2D radial problem with f(x) = §(x) and varying n}

The previous tests were based on precise measurements. For noisy data, we summarize the recon-
structions of dw* = Bj 5 and identifications when n* = 0.2,5 in Figure [5| Despite high noise levels, the
identifications of both values and shapes were satisfactory. We used the same p as in the non-noisy case
to demonstrate the impact of noise under a fixed Tikhonov regularization parameter. As expected, the
reconstructions were less accurate than with exact measurements, as shown by the cost value history in
the rightmost plots of Figure |5} The reconstructions can be improved by adjusting p.
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FIGURE 5. Results for a 2D radial problem with f(z) = 6(z) under noisy data, with
n* = 0.2 (left three plots) and n* =5 (right three plots)

4.8. Numerical tests with a constant source function and non-circular boundary interface.
We repeat the experiments from subsection but with the exact boundary interface given by:

duw* = {5(0.4 +0.06 cos(3t)) <Z?j§> WVt e [0, QW)} .

This boundary is non-convex with minor concavities. As before, weset f =1, k=1, R=3,and [ = 0.3,
and show the results for 0} = 0.2 in Figures |§| with p = 0.0002 and s = 4. Though the reconstruction
misses the concavities, it closely matches the exact boundary, and the method accurately identifies p;.

(n%,p)=(0.2,0.0002) (n¥, p) =(0.2,0.0002)

— 22x10° —— exact

— W’ x- approx.
300 2x10° PP

e owf

180100 1072

Liexio0

Lax10°

12x10°

£

E) o B E)
iteration iteration

FIGURE 6. An example featuring a non-circular boundary interface

We perform another set of experiments with noisy data at two different levels. The numerical results,
displayed in Figures [7] show the results when v = 0.5,0.10. As expected, the reconstructions are less
accurate compared to those with exact measurements but are still reasonable, as seen in the figures. The
relative errors of the computed absorption coefficient and boundary interface are close to the specified
noise levels.

(n3,p)=(02,0)

nr=02

—— y=000,p=2x10"
10 —— y=015,p=35x10"
—— y=030,p=225x10"*

T 2 3 4@ s w0 T 2 3 4 5 &
iteration iteration

FIGURE 7. An example featuring a non-circular boundary interface with noisy data

Next, we conduct experiments by varying 7} with exact measurements, where the initial guess is
smaller than the exact boundary interface and positioned inside Ow*. Specifically, we use dw® = By 5 as
the initial boundary geometry and set s = 10. The results, including the histories of p; and cost values,
are shown in Figure [8l The method successfully identified the boundary interface, including its concave
parts, and the values for p; closely match the exact values, demonstrating the approach’s robustness.

For the reconstruction with noisy data at v = 0.05,0.10 and n* = 5, the results are shown in Figure[J]
The Tikhonov regularization parameter p is chosen based on the noise level, and a large step-size pa-
rameter s = 5 is used. Despite the noise, the method successfully reconstructed the boundary interface
and identified the absorption coefficient with good accuracy. The histories of ;1 and the cost are also
shown, with higher noise levels corresponding to larger cost values.

We repeated the experiment using a peanut-shaped boundary interface and fixed p at 0.0001. The
results, shown in Figure demonstrate that despite the complex shape, the recovery of the absorp-
tion coefficient and boundary geometry remained accurate, even with high noise. This highlights the
robustness of the method for constant source.
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FIGURE 8. Results for a non-circular boundary interface with varying n} values
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FIGURE 9. An example featuring a non-circular boundary interface with noisy data

To further assess robustness, we examined the impact of different initial guesses with noisy data at
~ = 0.10. As shown in Figure the reconstruction accuracy depends on the initial shape position, as
expected. However, the reconstruction converged to an almost identical exact shape, even under high
noise. Similar results can be expected with varying initial shape geometries.

(n3,p)=(5,0)

3x100 — exact

5 m T 5 %0 3 a RO

5 0 7
iteration iteration

FI1GURE 10. An example of a peanut-shaped boundary interface with noisy data

4.9. Numerical tests with point source and non-circular boundary interface. We conduct nu-
merical experiments using a point source to reconstruct a non-circular boundary interface, based on
the setup from subsection with some modifications. Using f(x) = 100§(z) as the point source, we
reconsider the reconstruction problem shown in Figure [6] The results, in Figure [I2] compare scenarios
with and without noise, with the regularization parameter p set to 10~7. The problem becomes more
ill-posed, as small perturbations in the measurements lead to significant discrepancies in the reconstruc-
tion. Apparently, reconstructing a non-circular boundary interface with a point source is particularly
challenging.
We also test our approach with a more complex boundary interface, parameterized as:

Bt = {5(0.4 +0.12cos(3t)) (Zﬁfz) Yt € [0,277)} :

We set f(z) = 100§(x) and puj = 6. Reconstruction results using both exact measurements and noisy data
with v = 0.01 are shown in Figure Reconstruction is highly accurate with exact measurements, but
introducing noise (y = 0.01) makes it slightly more challenging. However, the reconstructed boundary
interface and coefficient p remain satisfactory. For exact measurements, we set p = 5 x 107%, and for
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FIGURE 11. Effect of choice of initial guess
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FIGURE 12. Results for a non-circular boundary interface with f(z) = 1006(x) under
exact (first three columns from the left) and noisy measurements (v = 0.01)

noisy data, p = 5 x 1072, These reconstructions, like the previous examples, depend heavily on the
initial guess.

y=0 y=0.01
y=0

y=001
— exact
= approx.

— exact
= approx.

I
cost
m

cost

iteration

iteration iteration

FIGURE 13. Results for a smooth non-circular boundary interface with f(x) = 1000 (z)

and g7 = 6 under exact (first three columns from the left) and noisy measurements
(v=0.01)

Finally, we consider a smaller boundary interface in the last test of this subsection. This time, w* is
parametrized as:

ot — {8(2 + 0.6 cos(4t)) (Z:’;:) Vit € [o,%)} :

The computational setup remains the same, but instead of fixing p, we apply to evaluate its impact
and accuracy. The reconstruction results, shown in Figure were obtained with s = 10 for exact mea-
surements and s = 1 for noisy ones. As expected, reconstructing smaller boundary interfaces, especially
those farther from the exterior boundary, is challenging. Reconstruction accuracy decreases with even
small amounts of noise. However, the method successfully identified concavities in the boundary inter-
face, with the reconstructed geometry closely approximating the exact shape and providing a reasonably
accurate absorption coefficient. Figure[I4]also includes plots of the histories of values for 1, cost values,
and p.

From this point forward, all reconstructions use the balancing principle . The source is fixed as
f(z) =1006(x), pf = 6 and noisy measurements mean the noise level is set to v = 0.005.

4.10. Numerical tests with point source and boundary interface with sharp edges. For the
next experiment, we consider boundary interfaces with sharp edges, which violate our regularity assump-
tion. However, we include these cases to test our numerical method. The setup remains the same as in
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FIGURE 14. Results for a smooth non-circular boundary interface with f(x) = 1006(z)
and p7 = 6 under exact and noisy measurements (y = 0.005)

the previous subsection, with the only change being the modified boundary interface geometry that needs
reconstruction. Specifically, we test a square boundary interface and an inverted T-shaped polygon.

The reconstruction results are shown in Figures and for exact and noisy measurements. In
Figure reconstructing the square’s vertices is challenging. Even so, the method successfully detects
the edges with good accuracy. Noise significantly affects the reconstruction, making it hard to accurately
deduce the boundary geometry, but the method still identifies the interface and nearly reconstructs uj
accurately.

A similar observation is made for the inverted T-shaped polygon in Figure which is more chal-
lenging. Although the vertices and edges are not reconstructed, the method accurately determines pj,
even with noise, and identifies concavities within the boundary interface. These examples demonstrate
the method’s effectiveness in reconstructing non-smooth boundary interfaces.
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FIGURE 15. Results for a square boundary interface

4.11. Numerical tests with sources close to the boundary. To conclude our numerical examples,
we consider cases with multiple (point) sources. The sources are positioned near the boundary and we
define f as follows:

(39) f(x)ZZeXp(l—(x_xi) t(y—yz) )7

€

where € > 0, M € N, and (x;,y;) = (Rjcosf;, Rfsin6;) with ¢; € [0,27] and R; € (0,R). We set
R ¢ =2.99, and in this subsection, noisy measurements mean v = 0.1.

Figure [L7] presents results for a circular boundary interface with parameters (ug, #7) = (1, 1.2) under
exact and noisy measurements. Thick black dots indicate the source positions, which remain consistent
across all cases, and reconstructions are achieved without perimeter regularization. Reconstruction
accuracy decreases with fewer sources, as expected. For instance, when 0; = (27/3)i for i = 1,2,3 (first
column in Figure , the reconstructed shape deviates more from a circle compared to cases with more
sources. Nonetheless, the results remain reasonable, even with noise. For these cases, we set € = 0.5 in

(39)-
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FIGURE 16. Results for an inverted T-shaped boundary interface
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FIGURE 17. Results for a circular boundary interface with f (given by with e = 0.5)
of various positions and instances near the boundary and parameters (i, i) = (1,1.2),
under exact (first three columns from the left) and noisy measurements. No perimeter
regularization was applied in any of the cases.

Next, we revisit the problem with eight sources positioned at 6; = 74, where i = 1,...,8 and examine
the effect of varying € in . We consider € = 0.5,0.3,0.2 and apply perimeter penalization with a small
weight. For the remaining experiments, we set (ug, ui) = (1,6) and v = 0.1, using a peanut-shaped
boundary interface.

Figures [18] to [20| show the results. Smaller € values lead to less accurate reconstructions, making it
harder to capture concave boundary regions. These results confirm that e reflects the diffusion level of
the sources.

Finally, we analyze the reconstruction accuracy based on source positioning under noisy measure-
ments. Using eight sources (M = 8) with e = 0.5 in , we fix the penalization parameter p; to
6 x 1075, Reconstructions are evaluated for six configurations of source positions (see Figure 21| for two
illustrations):

Setup k : 01—3—1—8,

The reconstruction results are summarized in Figure Even with noisy data, the method recon-

structs the boundary interface and the unknown coefficient p effectively. Also, observe that source

positioning strongly influences accuracy, particularly for concave boundary regions. Reconstructions

are less accurate in areas farther from the sources, as expected. Overall, the proposed method is ro-

bust and highly effective in reconstructing boundary interfaces with complex geometries under noisy
measurements.

i=1,...,8, k=1,...,6.
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FIGURE 18. Results for a peanut-shape boundary interface with source f (given by
(39) with e = 0.5) near the boundary, under exact (top row) and noisy measurements.
Perimeter penalization was applied in all of the cases with p; = 0.00004.
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FIGURE 19. Results for a peanut-shape boundary interface with source f (given by
with € = 0.3) near the boundary, under exact (top row) and noisy measurements.
Perimeter penalization was applied in all of the cases with p; = 0.00003.
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FIGURE 20. Results for a peanut-shape boundary interface with source f (given by
with € = 0.2) near the boundary, under exact (top row) and noisy measurements. The
locations of the point sources are marked by thick black dots. Perimeter penalization
was applied in all of the cases with p; = 0.00003.

5. CONCLUSION

This study introduces a shape-optimization-based approach to tackle the complex, ill-posed problem of
space-dependent parameter reconstruction in inverse diffusion problems. By reconstructing the constant
w1 and the boundary interface with only one boundary measurement, we demonstrated the versatility and
robustness of this method, particularly in scenarios involving non-smooth, non-convex boundaries. De-
spite the difficulties in precisely capturing boundary vertices and edges, the method reliably reconstructs
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FIGURE 22. Results for a peanut-shape boundary interface with f (given by with
€ = 0.5) of various positions and under noisy measurements. Perimeter penalization was
applied in all of the cases with p; = 0.000006.

w1 and accurately identifies concave features of the boundary interface, even under noisy conditions. The
influence of point source placement on reconstruction accuracy, especially in concave regions, highlights
an expected spatial sensitivity. Overall, the results confirm that the proposed approach is practical and
effective for complex boundary interface reconstructions, emphasizing its applicability to various related
reconstruction problems that focus on parameter identification with jump discontinuities. A key insight
of the method is its non-trivial nature, as achieving an accurate reconstruction depends on a carefully
chosen parameter f.

In follow-up work, we will focus on stability analysis when the primary quantity of interest is the
jump in the absorption coefficient. Specifically, we will derive a local stability estimate for a parameter-
ized, non-monotone family of domains and provide a quantitative stability result for the local optimal
solution under perturbations of the absorption coefficient parameter. This investigation will extend the
current formulation by incorporating both the first-order and second-order shape derivatives of the cost
functional, offering a deeper understanding of the method’s robustness. Additionally, exploring other
objective functionals, including the well-known Kohn-Vogelius cost functional Mef21], will be the
focus of future investigations.

Harrach showed that two parameters can be uniquely determined using the time-independent diffusion
equation if the diffusion coefficient is piecewise constant and the absorption coefficient is piecewise
analytic [Har09)]. In this sense, the approach developed in this paper can be applied to the simultaneous
reconstruction of two parameters.

In addition to DOT, the present method can potentially be applied to other optical imaging techniques,

such as fluorescence DOT (FDOT) (see p. 165], [MOW* 03, MP03], and [DCBY12]), ultrasound-

modulated fluorescence techniques [Liul4 and ﬂuorescence molecular tomography (FMT) ﬂm
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APPENDIX A. APPENDICES

A. Proofs of some auxiliary results.

A.1. Well-posedness of the state.

Proof of Lemma |2.5 The proof follows from Lax-Milgram lemma. Indeed, it can be shown that the
following inequalities hold:

(A.40)

|a(ua U)| max{a, Mmax C_l} ”uHV |||v||V ’ (U'a v e V),

A\VARV/AN

a(u7u) min{auumin} ||u||%/ ’ (u € V)’
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W) <crlvlly, e =IMfllgr@, @eV).
The last two inequalities imply that

(A.41) llull,, < cpey, = m > 0.

The rest of the arguments are standard, so we omit it. O
A.2. Continuity of the parameter-to-state map.

Proof of Proposition[2.4] Let us write

(A.42) a(p, u,v) = /Q (aVu - Vv + puv) dx + %/89 wvds, pe€AuveV.

Now, since & = F(f1) a

d @ = F(j1), then, clearly, we have a(fi,@,v) = l(v) = a(fi,u,v), for all v € V.
We let w = w(x) u

(z) € V. It can easily be verified that
—div (aVw) + ,uw =—(i— )i, inQ,

u(r) -

a0 w—i—cw—O on 0f).

Using a in (A.42), we have the variational equation a(fi,u,v) = —((fi — 1), v)q, for all v € V. We set
v = w and apply (A.40)) and the Cauchy-Schwarz inequality to get

min{a, “mln} Hw||v H/‘ IU’HLOO(Q) H“Hm(ﬂ ||w||L2(Q) ||'“ “HLOO(Q H Hv lwlly -
Employing estimate , we obtain
(A.43) lwlly < cier A~ 'uHLOO(Q)
Taking ¢ = cfcf Hﬂ — ﬁuLw(Q) concludes the proof. (I

A.3. Differentiability of the operator F'.

Proof of Proposition[2.5, Let u € V be the unique solution to Problem Then, the existence of a
unique weak solution to the variational equation @D can be verified easily using the Lax-Milgram lemma.
We omit the proof since the argumentations are standard.

We subtract (9) from to obtain a(p,dw — du,v) = —(vow,v)q, for all v € V. Taking v =
dw — du, we obtain — appealing to (A.40) and employing Cauchy-Schwarz inequality — the estimate
min{a, fimin} ||0w — (5u||%/ = —(véw, 6w — du)o < [[V]| (g [[0w]ly, [[6w — dully, . Consequently, we get

[ow = bully, < e[Vl oo (o [0w]ly,. In view of (A.43) and with respect to (6), we find that ||dwl|;, <
cics [l 1 (q)- Combining the last two estimates lead us to [|dw — dufly, < cicy HI/H%OO(Q). This yields
[E(p+v) = F(p) = dully _ [|dw — du]|
< < oer il
||V||Loo(ﬂ) ||V||Loo(9)

(A.44) .

In conclusion, F is differentiable at p and DF(p)v = du.
Now, let us take v = du € V in (9)). Then, again, in view of (A.43) and by the Cauchy-Schwarz inequal-

. . 2
ity, we get min{a, pimin } [|0ully, < la(p, du, 6u)| = [(vu, du)a| < [Vl g o) llully [16ully, < cver [Vl o) 16wy -
This leads to the inequality

(A.45) [ully <e. e=cper vl

Thus, it follows that DF(u) is uniformly bounded, thereby concluding the proof. O

A 4. Second-order sensitivity analysis.

Proof of Proposition[2.6, The well-posedness of @ in Proposition implies the existence of unique
solution 6?u € V to (11)) by Lax-Milgram lemma. The proof is standard so we omit it.
Now, we subtract (11 from to obtain a(u + v1, 82w, v) — a(p, 6%u,v) = —(vo[F(u+11) — F(u) —
DF(u)1],v)q, for all v € V, or equivalently, after rearrangement,
alp, 8%w — 8%u,v) = —(|F(u +11) — F(u) — DF ()], v)q — (16w, v)q, Yo e V.

By taking v = z := 6%w — 6%u and then employing the Cauchy-Schwarz inequality as well as the
coercivity of the bilinear form a (cf. (A.40])), we obtain

1
(A.46) o 12115 < 12l oo gy 1 (1 + v1) = F() = DE(vally |12l + 1]l oo oy 16%0]]y 11211y -
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Utilizing estimates (A.44]) and (A.45]) — employing similar argumentations while noting (A.43)) — we have

2
|F (i + 1) = F(u) = DE(ully < iy [nllzeiy  and  [[6%w]], < ey [1ll o o) 12l oo g -

With these estimates, we deduce from (A46) the following bound ||z||} < ey ||1/1||2Loo(9) V2l oo 02y
from which we obtain the estimate
HDF(M +v1)va — DF (p)ve — 62uHV < H(52w - 52uHV

(A.47)

N

3
crer [l poe o 172l Loc @) -
11 oo () b 10l £oe (@) = L>=(Q) Lo(Q)

This shows that F' is twice-differentiable at p and 6%u = D?F(u)[v1, vo].
Now, choosing v = §?u in (L1)), and then utilizing estimate (A.45), we obtain

(A.48) [6%ul]y, < cgeg vl oo oy 172]l L () -
Choosing ¢ = cjcs V1]l o< () V2]l < (), We conclude that D?F(u) is uniformly bounded. This proves
the proposition. O

A.5. Strict convexity of the regularized functional.

Proof of Proposition[2.9 For brevity, we write u = u(u). Observe that the first and the third term
of J)(11)[v,v] are non-negative, hence, we only need to examine the second term. We claim that it is
positive. In view of (A.41]) and (A.48)), together with the trace theorem, we get

2
|<ua52u>aQ| < ||UHL2(BQ) ||52UHL2(BQ) S ||u||L2(Q) ||52UHL2(Q) < Cng ”uHV ||V||L°<>(Q)
2
< et [Vl -
Let po = C%C?{' > 0. Invoking our key assumption (2.7]), we get the following lower estimate

2 2 2 2
Jy (), v] = [0ullz200) — |<U;52U>3Q| +olWlr2) 2 10ullz2a0) + (P = po) V1 (o) -
Clearly, choosing p > po > 0, we get J;/(u)[v,v] > 0 — proving that .J, is strictly convex. O
B. Computation of the material and shape derivatives of the state.

Proof of Theorem[3.3 The proof consists of two primary steps: first, we characterize the material de-
rivative of the state, followed by the derivation of the shape derivative of the state; see [ADKOQT] for a
closely related derivation in the context of a transmission problem.

First step: Let u; = u(w;), where t € |, and Q € Osd, satisfying . To prove the given proposition,
we first show the existence of the material derivative @ of u which is defined as follows (see, e.g., [SZ92)
Eq. (3.38), p. 111]):

(B.49) i = a(Q)[0] = lim W) 0 Tt — ul€)
t\,0 4

provided the limit @ exists in H*(2) where (u(Q) o Ty)(x) = u(Q)(Ti(z)), = € Q.
Let us consider u; € V; := H'(£);), the solution of the perturbed problem for a given variation 8 € ©%
given by the solution of

(B50) at(ut,vt) = lt(’l)t), V’Ut S ‘/t
where .
a¢(ug, v) = / (s Vug - Vg + pryugvr) day + ugvg dsg, for ug, vy € V¢,
Q. ¢ Jaq,
li(v) = frvgdxy, for vy € V.
Q.

Here, a4, p¢, and f; are defined as «, p, and f but replacing €2 by the perturbed domain €2, and the
gradient, V, is taken with respect to the spatial variable x € €.
By applying the change of variables (cf. [DZII] subsec. 9.4.2-9.4.3, pp. 482-484]), one can write

equation (B.50)) as follows:
(B.51) a'(ut,v) =1l'(v), YveV,
where

1
at(ut,v) = / (@' AyVul - Vo + Lptutv) de + Z/ biulvds, for u',v €V,
Q G19)

lt(v):/Itftvdx, forveV, (o'=p 0T, :Q—=R).
Q
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Here, observe that b; = I, |(DTt)_Tn| = 1 because 0 vanishes on 9.

Now, for all ¢ € [0,t9), with ¢y sufficiently small, one can show that w® = u' —u € V is a unique
solution to the variational equation a®(u,v) —a(u,v) = I*(v) —I(v), for all v € V', which can equivalently
be written as
(B.52) a(wt,v) =I(v), Ywev,
where

1
a(w',v) = / (@'Vw' - Vv + plwtv) de + 2 wlvds, for wt,v eV,
Q ¢ Joo
I(v) = —/ (' — a)AVu' - Vudr — / a(Ay — id)Vu' - Vv dz
(B.53) @ &
- / Li(p' — p)utvde — / (I; — ) pu'v dw
Q Q

+/It(ft—f)vdx+/(It—l)fvdx, for u',v € V.
Q Q

The well-posedness of essentially follows from the Lax-Milgram theorem, by applying standard
arguments and noting that lim,\ g A; = id and limy\ o I; = 1 uniformly on (), as well as the regularity
assumptions on p and f given in Assumption As a consequence, one can deduce that [|w?||,, < [lull,,
(t €1=10,tp)). This means that the set {w’ | ¢ € I} is bounded in V for sufficiently small ;.

Let us define 2' = Jw’ for ¢ € (0, o) which also belongs to V. Then, we have

. .
a(z',v) = */ (a cv) A VUt - Vudr — / e (At Zd> Vul - Vovdz
Q t Q t
t— I —1
(B.54) —/It <M M) utvdz—/ ( L ),uutvdar
Q t o\ 1

+/th(ft;f>vdx+[2(lt;1)fvdx=ii(u) — L), (WweV).

By selecting v = 2’ as the test function in the equation above, we can infer the boundedness of the
sequence {z'} in V. Specifically, we consider a sequence {t,} such that lim, . t, = 0, and our goal is
to demonstrate that lim,,_, z'* exists. The properties of the transformation T} given in , together
with the boundedness of w! in V implies that Vz! is bounded in L?(Q)?, equivalently the sequence
{z!"} is bounded in V. Thus, there is a subsequence, which we still denote by ¢, with ¢, \, 0 and
an element 2z € V such that zi» — 2 weakly in V. Since Vul» — Vu in L2(Q)%, limy,~oI;, = 1 and
limy, \ o A¢, = id uniformly on ©Q, and the derivatives of the maps [t — I;] and [t — A;] given in we
get

1
ap(z,v) ::/Q(aVz-Vv—l—,uzv)dac—i—E/anvds

= —/ Va-0(Vu-Vv) +aAVu - Vv)de — / (V- Ouv + div Quuv) dz
Q

(B.55) Q

+ [ (Vf-0v+divOfv)dz
Q

=: j1(v) + j2(v) + j3(v) =: lp(v), (Vv eV).

In above, the limit equation

1 ¢ . .
(B.56) lg% n (L' — ) = div(eh) = pdivO + Ve - 0

was used which holds for any differentiable mapping ¢ ~ I’ from interval | to L?(Q) with ¢ € V
and 6 € ©F (cf. [IKP06, Cor. 3.1]). Since this equation has a unique solution, we deduce the weak
convergence z'» — z in V for any sequence {t,}. Meanwhile, the strong convergence follows from the
fact that ag(z, z) = limy,~ 0 a(z', z) = limg, ~ole, (2') = lo(v). together with the weak convergence
previously shown. This proves the characterization of the (unique) material derivative z = @ € V of
u € V given in equation .

Second step: Next, we shall derive the structure of the shape derivative of the state. First, we recall
that the function u has a shape derivative v’ at 0 in the direction of the vector field 8 € ©F if the limit

!

= 1 100 —u(©)
t\0 t

)
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exist. This expression and the material derivative @ are related by v’ = @ — (Vu - ) provided that
Vu - 0 exists in some appropriate function space [SZ92, Eq. (3.38), p. 111]. We comment that the shape
derivative «’ of ([I)) is not continuous across the interface dw. As a consequence, u' cannot be in H* ().
Nonetheless, it belongs to H'(Q,)U H*(Q_).

To proceed with the derivation of u’, we rewrite equation in another form. To do so, we observe
that by applying the chain rule in conjunction with 7 the following expansions and identities hold
(here w is restricted to Q4):

—(Va-0(Vu - Vo) + aAVu - V) = Vu - (a(D@ +DO") — div (ae)id) Vo
= div (a0 - Vu)Vv + a(8 - Vu)Vu — a(Vu - Vv)8)
— (0 - Vu)div (aVv) — (6 - Vv)div (aVu),
aV(Vu-8) - Vv =aV?ub - Vo +aVVu - Vv
= a(Vv)"V2u8 4+ aDOVv - Vu
= div (a(0 - Vu)Vv) — (0 - Vu) div (aVv),

(B.57)

where VO = (D) = 00, /0z; and V?u denotes the Hessian of u which is symmetric. On the other
hand, taking Vouy - 0 € H'(Q4), where vy € VN H?(Q4), 8 € ©F (ie., @ = 0 in Jw), as a test function
in Problem [2.2] yields the following equation

(B.58) /Q (aVu-V(Vv-0)+ pu(Vo - 0)) de = /Qf(Vv -0)dx.
Moreover, we have the following equivalent expressions
jo(v) = — /Q div (puv) dx + /Q (u(@ - Vu)v + pu(0 - Vo)) dz,
ja(v) = /Qdiv (fvl)dx — /Q f(Vv-0)dx.

Utilizing the above identities in (B.55]) with z replaced by i+ = v/, + Vuy - 0 € H'(Q4) (observe that
(Vu-0) ¢ HY(Q) but uy € H*1(Q4), k > 2), we get

ao(u',v) + /Q (aV(Vu-0)-Vu+ pu(Vu-0)v)de

(B.59) :/Q(W(vu-e)~w+u(vu-e)u)dx—/Q (6 - Vo) div (aVu) — pu(8 - Vo) + (Vo - 0)] do

+ / div (a(0 - Vv)Vu — a(Vu - Vv)0) dx — / [div (puv@) — div (fv0)] dx.
Q Q
In above equation (and also in other places when no confusion arise), it should be noted that the integrals
over each domain can be divided into two separate domain integrals. For example, we have

/ (aV(Vu-0)-Vo+ u(Vu-0)v)de = / (ayV(Vuy - 0) - Vo + puy (Vuy - 0)v) de
Q Q.

+ / (a_V(Vu_-0)-Vu+ u_(Vu_ - 0)v)dx,
where Q. = Q\wand Q_ =w.
For @ € ©F, observe that by using integration by parts, we have —fQ (0 - Vv)div (aVu)dz =
Jo@Vu -V (6 - Vv)dz. Then, in view of (B.58), equation (B.59) can be simplified as follows

(B.60) ao(u',v) = /Q [div (a(0 - VU)Vu — a(Vu - Vv)0) — div (puv) + div (fv0)] dz,

which provides an inititial characterization of the shape derivative of the state.

To complete the proof, we express the right side of as a boundary integral over dw. This
is accomplished by applying the divergence theorem after partitioning the integral into two domains
of integration: €\ @ and w. We then utilize the notation [-],, which denotes the difference between
the traces of a function at the boundary interface dw as we approach from Q \ @ and w, respectively.
Specifically, by applying the divergence theorem in both ©Q and Q \ @, followed by integration by parts,
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we obtain
: !/ !/ / 1 !/ 87'1/
(—div (aVu') + pu’)vdz + algtt' + <u' | vds — a—| wvds
Q o0 ¢ ow L On ]
1
(B.61) =ao(u',v) = / (aVu' - Vv + pu'v)de + = / u'vds
Q ¢ Jog

=— g {(6-Vv)[aVu], -n— [aVu], - Vob, — [pu], v, + [f], v6,} ds,

where 6, = 0 - n. By comparing the left-most and right-most sides of the equation, while varying v
(which we assume to be sufficiently smooth-at least in H?(2)) over Q = (Q\ @) Uw and the over 94,
we deduce that the following equations hold at least in distributional sense:

—div (aVu') + pu’ =0, in Q\w and in w,
1
adpu’ + Zu' =0, on 0.

We next derive the equation for v/ on Ow. First, let us note that, by elliptic regularity result, u+ €
HET1(Qy) (for d € {2,3}). Then, for some k € N, k > 2, we have u € C1*(Q1), 0 < a < k —d/2,
d € {2,3}, because of the Sobolev embedding H**1 () — C*(Q) (see, e.g., [DD12, Thm. 2.84,
p. 98] or [AF03, Thm. 4.12, p. 85]). Now, because [u], = 0 on Jw, we have [Vu], = [(Qu/On)n], on
Ow; that is, [V,u], =0 on dw. Hence, [4], =0 on dw, and so [v/], = [4], —[Vu 0], = —[Vu- 0], on
Ow. By these equations, we deduce that

ou

W], =—6, {} on Ow.
+ On]

Next, we note that, from tangential Stokes’ formula [MS76], we have f(’)w 0-V,pds=— f@w pdiv, @ds,
when 0 -n = 0 (i.e., 6 is a tangential field). Here, the operators V., and div, are respectively the tan-
gential gradient and tangential divergence operators (see, e.g., [DZ11l HP18| [SZ92]). We observe that
(([aVu]L -n)@ — 60, [aVu] ) -n =0 on dw. Hence, we can replace Vv by V,v. In addition, we know
that [V,u], = 0 on Ow which implies that

- On [0], Vru-Vods = — O [aVu], - Vvds
ow ow

=/ {(6-Vv)[aVu], -n— ([aVu], - Vv) 0, } ds

= / vdiv, (0, [o] . Vru)ds.
Ow
Using this identity, we arrive at the following equation
/
/ {aau} vds = / (divy (0 [a] L Veu) — [pu]y On + [f]4 0n) vds,
Ow on + ow

which holds for all v € V. By varying v, we deduce that
[ ou/

a Bn] = K(u)[0] = div, (0, [a] L V,u) — [pu] 6, + [f]L 0, on dw.
+

This finally establishes the structure of the shape derivative of the state given in equation . For
the more general structure of the shape derivative without the aforementioned continuity conditions, see
Theorem [3.71 O

C. Existence of a shape solution. In this appendix, we address the question of the existence of an
optimal solution to the optimization problem

C.62 min J(w).

( ) weo}, Qe0?, ( )

To establish this existence, we must impose a key assumption regarding the regularity of the boundary
interface, which is fortunately a consequence of the definition of the set of admissible domains O},
provided in . For the purpose of our analysis, it suffices to assume that 2 is Lipschitz continuous,
which allows us to establish the desired existence result (refer to Proposition [C.5)). In this section, we
assume that f € H~1(Q) and that « exhibits jump discontinuities at the boundary interface. Therefore,
without further notice, we consider Problem with « defined according to Assumption [3.5
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Because Problem [2.2] admits a unique weak solution by Lemma [2.3] we can define the map Q — u :=
u(w), and denote its graph by

G = {(w,u) : we O} and u solves Problem [2.2]},

The primary result we aim to establish is as follows:
Theorem C.1. The minimization problem (C.62)) admits at least one solution in G.

To demonstrate the validity of this assertion, we first need to endow the set G with a topology that
ensures its compactness and the lower semi-continuity of the functional J. To achieve this, we introduce

a topology on G induced by the Hausdorff convergence, denoted as (") M, Q. This framework enables
us to prove the existence of the optimal solution to across arbitrary dimensions (d € {2,3}).
To prepare for our discussion, we will briefly review the definitions of Hausdorff distance, Hausdorff
convergence, and the e-cone property. For further elaboration on these concepts, readers are referred to
[Pir84] Ch. 3].

Definition C.2 ([HPI8, Def. 2.2.7, p. 30]). Let wy and wy be two (compact) subsets of R, d >
2.  The Hausdorff distance distg(wi,ws) between wy and ws is defined as follows distgy(wi,ws) =
max{p(wi,ws), pwz,w1)} where p(wi,ws) = sup,e,, d(z,wa) and d(x,wz) = infyc,, [v —y|. Note that
disty defines a topology on the closed bounded sets of R%.

Definition C.3 ([HPI8, Def. 2.2.8, p. 30]). Let {w™} and w be open sets included in D C RY, d > 2.
We say that the sequence w™ converges in the sense of Hausdorff to w if distg(2\ w™, Q\ w) — 0

as n — oo. We will denote this convergence by w™ Ay oor simply by w™) — w when there is no
confusion.

Definition C.4 ([HPI8, Def. 2.4.1, p. 54]). Let ¢ be a unitary vector in R%, d > 2, ¢ > 0 be a real
number, and y € RY. A cone C with vertex y, direction &, and dimension € is the set defined by

C(y,&e)={x € R? | (x —y,&)pa = cos(e)||z — yllre and 0 < ||z —y|pe <&}y

where {-,-)ga is the Buclidean scalar product of R% and || - ||ga is the associated euclidean norm.

An open bounded set Q C R satisfies the e-cone property, if for x € 0Q, there exists a unitary vector
&, € R such that for all y € QN B.(z), we have C(y,&,¢) C Q, where B.(x) denotes the open ball with
center x and radius €.

Given the definitions provided above, we hereby assert the ensuing proposition, pivotal in substanti-
ating the proof of Theorem

Proposition C.5 ([HP18, Thm. 2.4.7, p. 56]). An open bounded set Q C R? has the e-cone property if
and only if it has a Lipschitz boundary.

Proposition guarantees that each admissible subdomain w € O} satisfies the e-cone property,
which is sufficient to establish Theorem m We emphasize that given a sequence of open sets {w(")}
in O}, there exists an open set w € O} and a subsequence {w(k)} such that w®*) — w. This convergence
implies Ow*) — Aw. These convergences also hold for characteristic functions and compact sets, as shown
in [HP18| Thm. 2.4.10, p. 59]. Moreover, the implied convergence “w(™ — o implies Ow™ — dw” holds
in the Hausdorfl sense for domains with Lipschitz boundaries [Hol0I, Ex. 3.2] or satisfying the cone
property [Che75]. For a detailed discussion on Hausdorff convergence, see [HP18| Sec. 2.2.3, Def. 2.2.8,
p. 30]. It is also worth noting that for a sequence of measurable sets {w(”)}, the corresponding sequence
of characteristic functions x ) is weakly-* relatively compact in L>°(R?). This means that we can find
an element y € L®(R?) and a subsequence {w®};>0 C {w(™},>¢ such that (cf. [API8, Eq. (2.3),
p. 27))

(C.63) for all ¥ € L*(RY),  lim X ¥ de = / Yot dx.

k—oo Jrd Rd
In the above, the limit x is generally not a characteristic function, as it takes values in (0,1) [HP18|
Prop. 2.2.28, p. 45]. However, if the convergence occurs “strongly” in the sense of Lj . for some p € [1, 00),
then y becomes a characteristic function in the limit. In this case, a subsequence can be extracted that
converges almost everywhere, implying that y takes on only the values 0 and 1, coinciding with the
characteristic function of the set where it equals 1 [HP18| p. 27]. This remark is precisely stated in the

following proposition.
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Proposition C.6 ([HP18, Prop. 2.2.1, p. 27]). If {w™},>0 and w are measurable sets in R? such that
Xo(m) weakly-+ converges in L= (R?) in the sense of (C.63)) to xw, then x,m — Xw in LfOC(Rd) for any
p < +00 and almost everywhere.

Now, with the previous results at our disposal, we can easily prove the following proposition.

Proposition C.7. Let the following assumptions be satisfied:

o {wW™Y C O is a sequence that converges to w* € O} in the Hausdorff sense and in the sense of
characteristic functions;
e for ecachn € N, QU € 0L QM .= (Q\ &™) Uw™, and u™ € H'(QM™) solves Problem
with Q = (Q\ ™) Uw™.,
Then, the sequence u™ € H'(Q) converges (up to a subsequence) to a function w* in H'(Q)-weak and
in L*(Q)-strong such that u* = u solves Problem in Q= (Q\w) Uw with w = w*. Moreover,
Yo Vul™ converges strongly in L2 ()¢ to X, Vu. In addition, if the following compatibility conditions
Xoom¥ — Ulovg and Xymu — uly, strongly in HY(Q\ @) and in H'(w), respectively, then the
convergence u™ — w also holds strongly in H' ().

Proof. Let the given assumptions be satisfied. To prove this proposition, we adapt the argument structure
used in the proof of [AR24, Prop. 2.2.3], reproducing key analytical steps where appropriate.
By definition of u(™), we have

A = / aoXQ\mn)Vu(") -Vudz —l—/ arxWvu™ . Vo dzx
Q Q

1
+ / XQ\w(mMoU(n)U dx + / Xi")ulu(”)v dx + 7/ u™vds = | fudz, forallveV.
Q Q ¢ Joq Q

Taking v = u(™) € H(Q) and using the equivalence between the norm |[v||, := IVl o) + 10l 2200
and the usual H'(2)-Sobolev norm, we obtain the inequality ||u(™ HHl(Q) S -1 (q)- Hence, {u(™}

is bounded in H'(Q). By the Rellich-Kondrachov and Banach-Alaoglu theorems, we may extract a
subsequence {u®} C {u(™} such that we have weak convergence u(®¥) — u* in H'(Q) and strong
convergence u(®) — u* in L?(Q), for some element u* € H' ().

We next show that the limit point u* € H'(Q) actually solves Problemin Q= (Q\w)Uw (i.e., u* =
u where u solves Problem by passing through the limit and using the pointwise almost everywhere
convergence of the characteristic functions Xovwm 0 xo\z+ and X, t0 Xw+. From Proposition

we know that x,,» almost everywhere converges to x,~ in L'(Q). As a consequence, we get (cf. [HIP18|
p. 130])

(C.64) Xovam V¥ — Xoxo* VY and Xy Vi) — X VY strongly in L?(€).

We show that u* = u actually solves Problem by proving that A — A as n — oo where

Al) = / aoXo\w VU - Vudz —|—/ a1XwVu - Vodx
Q Q

1
—l—/xg\wuouvdaﬁ—i—/Xw,uluvdx—i—f/ uvds:/fvd:r, for all v € V.
Q Q ¢ Joq Q

Using (C.64)), the weak convergence u(™ — u* in H'(Q), and the weak-* convergences Xanam —Xora-
and Y — X+ in L(9), we see that

/S aoxo\e+ Vu© - Vodz +/S a1 X+ Vu* - Vo dz
2 2

1
+/XQ\w*ﬂ0U*Udm+/Xw*lu,lu*’l]dﬂj—f‘*/ u*vdSZ/fvdas, for all v e V.
Q Q ¢ Joq Q

By the uniqueness of the limits (see Lemma [2.3), we deduce that A™ — A(). Thus, we conclude
that u* = u((2 \ @*) Uw*) — recovering Problem

The proofs of the final two statements Proposition follow a similar approach as the proof of the
last part of Proposition 2.2.3 in [AR24] (see also [HP18| Proof of Cor. 3.7.4., p. 130]), and are therefore
omitted. This completes the proof of the proposition. O

To close out this appendix, we provide the proof of Theorem
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Proof of Theorem[C1. Observe that the infimum of J(w) is finite. Hence, we can find a minimiz-
ing sequence {w™} C O! which is bounded such that lim, . J(w™) = inf,eor J(w). By [HPI18,
Thm. 2.4.10, p. 59], there exists w* € O}, and a subsequence {w®} C {w(™} such that w®) converges
to w* in the sense of Hausdorff (Definition and also in the sense of characteristic functions. This
implies that the first assumption in Proposition is satisfied. With the second premise of Proposi-
tion we know that (™ € H'(Q) (of functions u(™ € H'(Q) which solves Problem [2.2 on each of
its respective domain Q = (2 \ @™) Uw™) — taking a further subsequence if necessary — converges to
(the unique limit) u* € H'(Q) where u* = u((Q \ @*) U w*) solves Problem in Q= (Q\w")Uw*.
Now, to conclude, it is left to show that the shape functional J(w) is lower-semicontinuous; that is, we
have J(w*) < limg_o0 J(w™)) = infzeo1 J(@) < J(w). From Proposition we know that the maps
(Q\@) — u(Q\©) and w — u(w) are continuous. Therefore, the map w — J(w) is also continuous, in
particular, it is lower-semicontinuous. This proves Theorem O
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