Shape optimization for piecewise parameter identification in
inverse diffusion problems with a single boundary measurement
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Abstract

This paper explores the reconstruction of a space-dependent parameter in inverse diffu-
sion problems, proposing a shape-optimization-based approach. We consider a Robin bound-
ary condition, physically motivated in diffuse optical tomography to model partial reflection
of light at tissue boundaries [Arr99) [GFB83a]. This ensures well-posedness of the forward
problem, while related inverse problems with Dirichlet or Neumann conditions have also
been considered in previous studies [Mef21]. 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 Eulerian derivative with respect to the unknown boundary
interface for recovery. This non-conventional approach addresses parameter recovery when
only a single boundary measurement can be obtained, providing a method for its recon-
struction. 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 Q C R?, where d € {2,3}, with a Lipschitz boundary 9Q:

— div (a(2)Vu()) + p(2)u(@) = f(@), @€

a(z)Opu(x) + 2u(m) =0, z€dN. L)

Here, ¢ > 0 and 0, denotes the directional derivative with respect to the outward unit vector n

normal to 0. Furthermore, « is the diffusion coefficient while i is the absorption coefficient,
and f > 0 is the source term.

In this work, we consider the reconstruction of the absorption coefficient, assuming that
the diffusion coefficient is known. The outgoing light intensity, denoted by u := wu(z) for
x € X C 012, is measured on a sub-boundary 3} of the domain boundary 9f2. This work explores
one approach to recover the absorption coefficient with a single boundary measurement.

This work assumes that the absorption coefficient is piecewise defined, taking different val-
ues in distinct subregions of the domain. This structure naturally places the problem within the
framework of inverse geometry problems. Motivated by this, we propose the use of shape opti-
mization techniques, employing tools from shape calculus to guide the reconstruction process.
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To the best of our knowledge, this is the first study to approach this reconstruction problem
from a shape optimization perspective.

The diffusion equation governs light propagation in biological tissue [GFB83bl, [SAHD95,
Arr99, NHET00]. In diffuse optical tomography or simply DOT, coefficients of the diffusion
equation are determined from boundary measurements [Jial(O]. Particularly, equation , in
which the time derivative term is absent, corresponds to the steady-state DOT. In ({1)), v means
the diffuse fluence rate (energy density up to a constant). See [Arr99, I(GHAOQ5| for comprehensive
overviews of optical tomography. A 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.

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]).

A few remarks are necessary.

Firstly, in the case of near-infrared light, ¢ in the Robin boundary condition originates from
the Fresnel reflection [EH79]. When light is perfectly 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 functionals 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 boundary measurement rather than
multiple measurements or boundary inputs. While the absorption coefficient can, in principle, be
recovered from a single boundary measurement, achieving accurate reconstruction is challenging.
Accordingly, we ask: How can the absorption coefficient be effectively reconstructed when only
a single boundary measurement is available? (3) To address the aforementioned issue, we
employ shape optimization techniques to simultaneously recover both the unknown absorption
coefficient and the boundary interface. This method is more intricate and requires the expression
of the Fulerian 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, the placement of the source term will be crucial in the numerical implementation
of our proposed method particularly when dealing with non-convex boundary interfaces.

Fourthly, we will develop an iterative method to update the absorption coefficient and bound-
ary interface at each step, using a Lagrangian approach within the finite element framework.
Iterative schemes such as Gauss-Newton and conjugate gradient have been applied to determine
0 in . For these methods with L? penalty terms, high resolution of reconstructed images
cannot be expected |Arr99, BK04]. Our reconstruction method achieves a precise delineation of
the boundary interface, as opposed to conventional approaches that yield only a blurred or dif-
fuse boundary (see, e.g., [Mef21]). The proposed technique enables us to examine both convex
boundary interfaces and those with non-convex features.

Finally, we rigorously compute the total derivative of the least-squares functional J with
respect to the sub-domain w and the absorption parameter p, given by

oJ oJ
J/(wnu’)[e)y] = aj(w7ﬂ)0 + %(%H)Va

under a mild regularity assumption on the unknown boundary interface (refer to succeeding
sections for the exact meaning of the terms). For the Eulerian derivative, our main result
is provided by Theorem (see also Theorem in subsection For the optimality
condition with respect to u, the main result is given by Theorem [2.12]in subsection



We conclude this section by introducing necessary notation. The standard L?(£2)-, L>(Q)-,
HY(Q)-, L?(0Q)-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 z < y, then we can find some constant
¢ > 0 such that z < cy. Furthermore, y 2 x is defined as = < y. Lastly, for economy of space,
we sometimes use the shorthand notation fQi = fQ+ + fQ_, and write fQ instead of explicitly
splitting the integral, assuming the context makes the division clear. For instance, the integral
Jo ¥(x) dz should be understood as [, ¥(z) dz = fﬂ+ U(x)dr+ [, ¥(zx)dx, where Q, = Q\@
and Q_ = w.

2 Recovery of the absorption coefficient

2.1 Geometric and coefficient setting.

Let Q ¢ R, d € {2,3}, be a bounded open Lipschitz domain such that R?\ Q is connected.
Let w € © be an open subdomain with piecewise smooth boundary dw, satisfying the same
connected-complement property, i.e., R? \ @ is connected. These assumptions are imposed
throughout unless stated otherwise.

Let f: Q — R be non-constant, unless stated otherwise. We assume a = apxo\w + @1 Xw;
g, a1 > 0, or, when unspecified, o = constant > 0. Let fimin, imax € Ry and define

L(Q2) :={n € L>(2) | Ino > 0 such that n > ng a.e. in Q} .

The admissible set is
A= {N S LiO(Q) | Pmin < p < Nmax} , (2)

and we denote its interior by A° := {,u € L(Q) ‘ Pmin < g < umax}.
Assumption 2.1. Unless stated otherwise, the following hold:
o we OisaClt subdomain of Q, where O is defined precisely in (20)).
o = paxa, +p-xa_, with pr € L2(Q) NWH(Qy).
o a=ayxa, +a_xa_, with ax € LL(Q) N WH>(Qy).
o FEL2)NHY(QL).

As mentioned in the Introduction, we seek to recover u from boundary measurements on
1), modeled via a Robin-to-Dirichlet map consistent with the imposed Robin condition. These
measurements can be taken either on the entire boundary or on a subset.

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

Problem 2.2 (Absorption coefficient recovery). Given parameters a,( € Ry and0 # f: Q — R
with sufficient reqularity, find p € A and a function u: Q — R that satisfy equation (1)), with
the condition

u=~h onO0f.

We note that boundary measurements alone cannot uniquely determine a general coeffi-
cient, making 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) [Isa06l [KS05], iterative regularization [AR0G, BK04, [KS05], and
Tikhonov regularization [BK04, [EKN89, Tsa06l TA77], are commonly used to address this issue.
In this paper, we use Tikhonov regularization, transforming the inverse coefficient problem into
a minimization problem:

pp = argmin,e 4 {J (1) + R(p, p)} (3)
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where )
p
J(p) = 3 (i) = 21200y and  R(u,p) = B l2ll7 26 -

Here, p > 0 is a Tikhonov regularization parameter that controls the relative influence of the
data misfit and the regularization term. This regularization is employed to mitigate the ill-
posedness of the inverse coefficient problem and to promote stable reconstructions.

In this study, we will depart from the use of multiple measurements, which require solv-
ing several partial differential equations, and instead employ shape optimization techniques to
recover the absorption coefficient from a single measurement. We focus on recovering the ab-
sorption coefficient when it is given by p = poxa\z + #1Xw, Where po, 1 € Ry and x,, denote
the characteristic function of w € Q.

In the following subsections, we present several preliminary results, with proofs in Ap-
pendix [A] The main result is given in Theorem [2.12]

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) = / (aVu - Vo + puv) de + — uvds, where u,v €V := H'(Q),
0 ¢ Jon (4)

l(v) = / fvdz, wherev V.
Q
For later reference, we write the bilinear form as a(y; -, -) to explicitly indicate its dependence

on the reaction coefficient u.
The weak formulation of can be stated as follows:

Problem 2.3. Find v € V such that a(u,v) = l(v), for allv e V.
We have the following well-posedness result with respect to Problem

Lemma 2.4. Let o, € Ry, u € A, and f € H-Y(Q). Then, there exists a unique weak solution
u €V to Problem[2.3

The existence of a weak solution to Problem remains guaranteed when o € LF(9).
Based on Lemma for each u € A, Problem is well-posed. We define the functional
F := F(u) as follows:

F:A—V, Asp+— F(u)=u(p) €V, (5)
where u = u(u) solves Problem [2.3] We drop p when there is no confusion.
Proposition 2.5. The map F is continuous in A and HF(/]) — F(ﬁ)”v < H,& — ﬁHLOO(Q).

The mapping is differentiable with respect to u for all p belonging to the interior A°.
We make the following key assumption.

Assumption 2.6. The admissible set B is a finite-dimensional closed convex subset of A.

For example, B is the set of piecewise constant functions defined on a fixed partition of €.
Let p € A°. Then, for any v € B such that u+ v € A, F(u+v) € V is well-defined. Let
dw = F(u+v)— F(p). By the definition of F, dw = dw(x) satisfies the equation

—div (aVow) + (pu + v)ow = —vu, in £,

1 (6)
aOpdw + zéw =0, on 09.



In variational form, dw = dw(x) € V satisfies
alp+ v;dw,v) = —(vu,v)q, YveV. (7)
We now state the following proposition.

Proposition 2.7. For any p € A° and v € B with u+v € A, F(u) is differentiable with
respect to p, and the sensitivity du = du(u)[v] = DF(u)v uniquely satisfies the equation

—div (aVéu) + péu = —vu, x €,
1
adndu + Eéu =0, xz €99,
with the variational form
a(p; du,v) = —(vu,v)q, Yo eV, 9)
where w = F(u). Furthermore, there exists a constant ¢ > 0 such thazﬂ
IDE) 5y < €

For future needs, we compute the second-order derivative of F'. For this purpose, let us
denote 6%w = DF(u+ v1)va — DF(p)ve, where DF (1 + v1)vy and DF (u1)vo are the derivatives
of the map F at points u + v and pu, respectively. In view of Proposition we can easily
deduce that du = du(u) = DF(u)vs satisfies the following

—div (aVéu) + pou = —rpu, in Q,

1
aOpdu + Z(Su =0, on 0f),

where u = u(p) = F(u). A straightforward computation shows that
—div (aV&*w) + (i + v1)6*w = —vou(p + v1) + vou(p) — v1du(p), in Q,
1
adnd?w + 65221) =0, on 0f.

In variational form, we have §%w = §%w(x) € V satisfies
a(p+v1;6%w,0) = —=(Wa[F(u+11) = F(p)],v)a — (L DF(p)rs,v)e, Vv e V. (10)
The above series of computations lead us to the next proposition.

Proposition 2.8. For any u € A°, F(u) is twice-differentiable with respect to p, and 6*u =
8?u(p)[v1, ve) = D?F(u)[v1, ve] € V uniquely satisfies the variational equation

a(p; 0%u,v) = —(uDF(u)v1,v)q — (L DF(p)va,v)q, Yv € V. (11)
with u = F(p). Additionally, there exists a constant ¢ > 0 such that DF (1) satisfies the estimate

2
|D FW)H@(AxA;V) S (12)
Let X and Y be Banach spaces. We denote by #(X;Y") the space of all bounded linear operators from X to
Y, equipped with the operator norm ||T'(| g,y == sup |[T%lly, T' € Z(X;Y).
; Dla <

Il x <1




2.3 Regularized problem: well-posedness and first-order optimality condi-
tion
We now examine the regularized version of Problem within the optimization framework .

For all p € L(Q), let u(p) € V denote the weak solution of (I]), solving Problem for the
given u. From , we define

1 p
Jp(p) = J () + R(u, p) = 5 llulp) — I 7200 + 5 1211726 - (13)
We now define the following problem.
Problem 2.9. Find pi, € B C A such that ju, = inf,cp J,(1).

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

J;/)(:u)l/ = <u(:u) - h7 6“)6(2 + P (M? V)Q ’ (14)
T (), v) = (16l 2200y + (uli) — by 8% o+ p )220 (15)

where du = DF (p)v is the unique solution to the variational equation (9) while §*u = D*F(u)[v, V]
uniquely solves the variational equation ([11)).

On a side note, we underline here that v € L>(Q) C L%(Q2) and 1V 20y < ]Q|1/2 1V oo ()
(see [Fol99, Prop. 6.12, p. 186] or [AH09, Thm. 1.5.5(c), p. 46]).

Proposition 2.10 (Strict convexity of J,). There exists a constant pg > 0 independent of
u€ B C A, such that for all p > po, J,(1) is strictly convex.

We emphasize that, since p is the regularization parameter, it cannot be chosen arbitrarily
large. Hence, the objective functional is not generally convex, and the uniqueness of Problem [2.9]
cannot be guaranteed, particularly in the presence of noisy measurements.

Remark 2.11. We emphasize that Assumption (2.6 is essential for the proof of Proposi-
tion|2.10L The inequality ||'”LO<>(Q) S ||'||L2(Q) generally does not hold (cf. |[Fol99, Prop. 6.12,
p. 186] or [AHO9, Thm. 1.5.5(c), p. 46]). However, for some functions ¢ on ), the inequality
6l ooy S @l L2(q) does hold. Specifically, for a fized k and a bounded set 2, every ¢ € Pp(£2)
(the set of polynomials of degree at most k on Q) satisfies |4l pe(oy < cll@llz2(q), where the
constant ¢ > 0 depends on k.

Next, we characterize the minimizer of the Gateaux differentiable convex functional J, (see
[AHO9, 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:

Theorem 2.12. Let B satisfy Assumption and let p > 0 such that J, is strictly convexz.
Then, Problem has a unique solution p, € B, which depends continuously on all data with
h e HY2(0Q). Moreover, I, satisfies the inequality

(—up + piip, opp — prp) = 0, Vou € B, (16)
where p = p(p,) € V is the solution to the following PDE system
—div (aVp) + pp =0, in Q,

1
alnp + Ep =u, —h, on 9,

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



Proof. Let u, € V' be the unique weak solution of with absorption coefficient p, € B. For
convenience, we drop -, in p, during the proof. By assumption, B is a closed, convex set in
the Hilbert space A, and J, is strictly convex (Proposition [2.10). Using the standard result for
convex minimization problems [AH09L Thm. 5.3.19, p. 233, there exists a unique stable solution
W=, € B to Problem characterized by the optimality condition

Jo(1)(Op —p) =0, Vou € B, (18)

To verify this, we first calculate the derivative of J, with respect to p. Let v = dpu — p and
du, = DF(p)v. Then, du, € V solves @ with p = p,. From , the inequality becomes
(u(p) = h, 0up) e + p (1, v)q = 0, for all 6u € B.

Next, we eliminate du, by introducing the adjoint system and multiply both sides of
the first equation by éu,. Then, integrating over €2 and applying integration by parts gives
(u(p) = hy 0up) oo = alp; p, ouy).

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

3 Shape recovery of the boundary interface

The numerical solution of Problem via a gradient-based descent method using fails to
provide a satisfactory reconstruction of the absorption coefficient from a single measurement.
A single measurement is insufficient for reasonable recovery, requiring multiple measurements
[Mef21]. Additionally, domain integral-type cost functionals are more effective than bound-
ary integral-type ones for this recovery process [ZCG20, Mef21]. This study proposes the use
of shape optimization techniques to improve the recovery of the absorption coefficient, while
retaining the cost functional form in and relying on a single measurement.

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

min J,(p1,w) = min {J(pu1,w) + R(p, p)} (19)
(n1,w) (11,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 functional J depends not only on p but also
on Ow through the solution u = u(u, dw) to . The optimal solution w* = w*(u), if it exists,
depends on p via the state equation (|1f).

Remark 3.1. The addition of R in addresses the ill-posedness of the minimization. Regu-
larization for both p and Ow enhances stability and improves the approximation of the minimizer
as a solution to the inverse problem of recovering p and dw. However, reqularizing only p s
sufficient for stability in numerical approzimations, as shown in Section [4)

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
w 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 @ and w in ,
accounting for w through p. 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.

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.

3.1 Shape sensitivity analysis

The objective of this section is to calculate the Eulerian derivative of J with respect to w using
the chain rule, assuming the Eulerian 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 Q \ @.
Thus, Opu— (respectively, Onuy) is the normal derivative from the inside of w (respectively,
2\ @) at the interface Ow, and [] | denotes the jump across the same interface.
We fix a small number J, > 0 and define the subdomain €, € 2 with C*° boundary as
follows:
Qo :={z € Q| dist(z,09) > do}.

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

OF .= {w € Q, | dist(z, Q) > d,, V2 € w,Q \ T is connected, and w is of class C*1}.  (20)

We call OF the set of admissible geometries or interface boundaries. Notably, the inclusions are
assumed to be far from the accessible boundary 0f2, and €\ @ is simply connected. Hereinafter,
we call Q 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 ©. We denote by 8 a C*! regular vector field with compact support in Q,, and
let ©F stands for the collection of all admissible deformation fields; i.e., we define

oF .= {6 € C*Y(RY) | supp(8) C N} (21)

For exactness, we assume that there exists § > 0 such that {z € Q | dist(x, 0w) > §/2} C Qs C
{z € Q| dist(x,0w) > 6/3}, with § chosen sufficiently small so that § < 2 dist(dw, )] For
0 € ©F, we let 0, := (0,n) be its normal component.

Let us define T; : Q —— Q as the perturbation of the identity id (the d-dimensional identity
map) given by Ty = T3(6) = id + t0, where 8 := (0y,...,0;)" € ©F is a t-independent deforma-
tion field. We define §; := T;(2), 09 := T3(0N2) = 09, and w; := Ty (w), i.e., Owy := T(0w). In
addition, €2y is such that the interface is given by dwy.

It can be shown that there exists a sufficiently small number t5 > 0 such that for all
t € | := [0,tp), the transformation T} is a diffeomorphism from Q € C®! onto its image
(see, e.g., [BP13| Thm. 7] for & = 1). Hereinafter, we let tp € Ry be small enough so that
[t — Ty € CH(I,C*Y(Q)?) and [t — T;'] € CY(1,C1(Q)%) (cf. [IKPOG, TKP0S]). 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 (’)sd as follows:

O(’jd:{Tt(a)(ﬁ)Cﬁ|QGC’“’l,DGOf,tGI,GE@’“}. (22)

It is important to note that the fixed boundary 0 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 2 with Lipschitz regularity.

This assumption ensures a uniform positive separation between the interface dw and the interior region o,
thereby preventing topological changes and guaranteeing the validity of the shape sensitivity analysis.



The following regularities hold (see, e.g., [IKP06, IKPO§| or [SZ92, Lem. 3.2, p. 111]):
[t = DT, € C*(1,C¥H (@)™, [t (DT~ "] € CH(,0(Q)™),
t— 1] € C'(1,C(Q)), [t I] € C'(1,C(Q)), (23)
[t = A € CHIL,O(Q)Y), [t b € CL(1,C(0w)).
where A; := I;(DT;1)(DT;)~T. The derivatives of the maps [t — Iy], [t — Ay], and [t — b;] are

respectively given by

d -1

gttt = fim, —— = dive,

d . At —id . . T

- = = — — =: 24
tht}t:O tl_l}rél+ ; (div@)id — DO — (D8) A, (24)
d b —1 . :

%bt}tzo = tl%uéi = div,0 = dlve‘aw — (D6n) - n.

where div;0 denotes the tangential divergence of the vector 8 on dw. Furthermore, we assume
that, for any o € LE(2),

€ SadA-€ <P, forall ¢ € RE (25)

The functional J : (’)sd — R has a directional first-order Fulerian derivative at ) in the
direction of the field @ € ©F if the limit

ORI ®)

fm " =:dJ(w)[6]

exists (see, e.g., [DZ11l 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 @ € ©* and the mapping 0 + d.J(w)[6] is both linear
and continuous on ©%. In such a case, we call the resulting map as the shape gradient of .J.

In the following subsections, we denote the function ¢; : 2; — R on the reference domain §2
using Tj as ' == ;0 Ty : Q — R.

3.1.2 Lagrangian and Eulerian derivative of the states

The following proposition presents the first result of this section, describing the structure of
the Lagrangian and Lagrangian derivatives of the state. We stress that H' regularity of the
state solution is insufficient to justify the existence of its Eulerian derivative. In fact, higher
regularity is required. Therefore, we consider C*! bounded domains, for some k € N 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 €2 is a Lipschitz domain, then v € H'(£2). However,
if Q and w are of class C*!, and if o, pu, and f are sufficiently smooth, the regularity of u
improves locally, with uy € H*1(Q, \ @) and u_ € H*!(w), where uy = ulg,, Q4 = Q\ Q_,
and Q_ =w E Q.

Theorem 3.2. Let the assumptions of Proposition be satisfied, and assume that ) € Olgd
and @ € ©F, for some k € N. Then, the state v € V, has the material derivative w € V
satisfying the following variational equation

/ (aVi - Vo + pav) de = — / (€¢AVu - Vo + div Qpuv — div @ fv) dx
Q Q
(26)
—/ [Va-0(Vu-Vv)+Vyu-O0uv—Vf-0vlde, YveV.
Q



Furthermore, assuming the additional regularity conditions oo € W (Qy), p € WF1°(Qy),
and f € H*Y(Q4), it follows that uy € H* 1 (Q,\Q_) and u_ € H*Y(Q_). If u satisfies the

continuity conditions

ou
[ul, =0 and [a] =0 on Ow, (27)
+ on]

then u is shape differentiable and its Eulerian derivative u'(Q)[0] € H'(Q\ @) U H'(w) solves

(— div (aVu/) +p’ =0, inQ\w and in w,

! ou
[U]i:—en |:({')n:|:t, on 8w,
o’ (28)

1
alpt + Zu/ =0, on 0.

Remark 3.3. The jump term [f], in reflects the general form of the Eulerian derivative
when the forcing term may be discontinuous across the interface Ow. In the present setting,
the diffusion coefficient o and the forcing term f are prescribed data. While a is allowed to
be piecewise-defined in order to model material heterogeneity across Ow, the forcing term is
assumed to be independent of the geometry.

A rigorous proof of Theorem is given in Appendix Bl In equation , the jump expres-
sion with the normal derivative of u is given by:

[ o’

aa] =ayVu, - n—a_Vu_ -n=a;Vi, -ny+a_Vi -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 24 and _ as u4 and u_,
respectively, and drop the subscripts when no confusion arises. The smoothness assumptions for
the domain and deformation fields in Theorem can be replaced by C3* for some A € (0,1).

Proposition 3.4. Let the assumptions of Theorem hold. Then, the least-squares misfit
functional J(w) = [0 |[u — h*ds is differentiable with respect to the shape Q € Ok, (i.e., with
respect to w) in the direction of @ € ©F, for some k € N, and its Eulerian derivative is given by

47(w)[0] = /8 (= o]y Vou- Vop — [uly up + [f]o p) On ds, (29)

where p € V' satisfies (17)) subject to the continuity conditions

Op

[l =0 and [aanL =0 ondw. (30)

Here, u = F(u), and u € V uniquely solves and satisfies the continuity equations in (27)).

Before proving the proposition, we note that Assumption [2.1| ensures the well-posedness of
and by the Lax-Milgram lemma.

Proof of Proposition[3.4 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 v’ from
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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 v/ € V, apply integration
by parts, and use the boundary conditions to obtain the equation a(u/,p) = [, K(u)[6]pds.
Similarly, by applying the same steps to the adjoint system with «’ as the multiplier, we
obtain a(p,u') = [, (u — h)u' ds. Observe that — under the continuity conditions and
— we have a(u/,p) = a(p,u’). Thus,

0] ()[6] = /a =l ds = /d (divy (6 [l Vrw)p — [l upby + [f] pbn) ds
= /a (= [aly Vru-Vep — [ply up + [f]Lp) 0p ds.

This proves the characterization of the Fulerian derivative of J as claimed in . 0

We observe that setting k& = 2 is sufficient to establish the results in Theorem and
Proposition Furthermore, with € being Lipschitz and w belonging to the class C!, we can
derive the shape gradient of J as presented in . To achieve this, we will employ the so-called
rearrangement method in the spirit of [IKP06, TKP08| HIKT09]. The derivation is provided in
the next subsection.

3.1.3 Computation of the shape gradient without the Eulerian derivative of the
state

In this subsection, we provide a direct and rigorous computation of the shape gradient by-
passing the need to compute the Eulerian derivative of the state. The method only requires
the mild assumptions given in Assumption Although f is simplified in this section (and
later o 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 dw.

Remark 3.5. The continuity conditions given in and , allow us to deduce that the
product [Onudnp| ;. O 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 [-] . :

o] = [ple Y+ + o [V]L = o1 [¥]4 + (@)L ¥ == [p]L =0 if [p]L =[]L =0.

Thus, by this identity, given that the conditions and hold, we infer that [aOnudnp| . = 0.
On another note, we comment that given the assumptions given in Assumption|2. 1), one can verify
that the solution uw € V' of Problem satisfies the local higher-regularity result ux € H?(y).

Theorem 3.6. Let Assumption be satisfied, and assume that ) € (’)clld, with Lipschitz smooth
boundary 09, and let @ € ©'. Then, J is differentiable with respect to w in the direction of @
and its Eulerian derivative dJ(w)[0] is given by

161 = [ (~lole (T Vo) + oGt | —flpssp)bas @)

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

Proof. Assumption ensures the boundedness of dJ(w)[0] for any admissible domain © and
deformation field & € ©'. For simplicity in the proof and to avoid lengthy expressions, we

assume « € Ry and that p is piecewise constant. This omits the corresponding computation
for the spatial derivatives of o and p in (B.53).
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The proof essentially proceeds in two parts. Firstly, we evaluate the limit lim¢_,0 7 (J(w;) — J(w)).
Then, using the regularity of the domain as well as the state and adjoint variables, we char-
acterized the boundary integral expression for the computed limit. We begin by applying the
boundary transformation formula

/ o dsy = / s o Ty Iy ’DTt_Tn‘ ds =: / o'y ds, (by = I }DT;TH ),
Owt Ow Ow

for a function ¢; € L1(0€) [DZ11), Eq. (4.9), p. 484] and the identity 7% —¢% = (n—¢)2+2¢(n—¢)
to obtain the following calculations:

1
J(M)—J(w):/ ]ut—hlzdst—/ lu— h|?ds
2 Jog, 2 Joq

1 . t
:2/(39{(bt—1)(‘u _h|2—’u_h|2)+(bt—1)|u—h]2+‘u _h|2—”u—h|2}ds
1 t
:2/89{(bt1)(’U 7h|2*|u7h|2)+(bt*1)|U*h’2}ds
o IR G S RO VR R I BRI 2
:;/E’Q{(bt_l)(‘ut_hf_’u_h|2)+(bt_1)‘u_h’2}d$
I R T TR R

= J1(t) + ja(t) + ja(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

lim — [luf — u),, = 0.

tNO VT
Using this result, together with equation and the fact that @ = 0 on 0f), it can be verified
that j1(0) = j2(0) = j4(0) = 0, where j;(0) = £ji(t)|,_,, for i = 1,2,3,4. For clarity, we
comment that jo(0) = 0 comes from the fact that jo(0) = 3 Joq div, 6 |u — h|? ds, which is a
consequence of and the observation that div; 8 € C(0w) because z — n(x) € CO(dw).
This leads us to

o1 . . t
%il(l); (J(wr) = J(w)) = 73(0) = }{I(l) an (u—h)ds.

Let us consider the weak formulation of the adjoint problem : find p € V such

a(p,v) :/asz (u—h)vds, YveV.

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.53)).
This leads us to the following series of equations

(0 = tim |t h)ds @ fima(p.2)

1
= lim / aVp - Vzt + upzt dx—l—/ ztds}
t\o{ Q( P ppz") )P

:—/aAVu-Vpd:c—/divO,uupdsc—i—/(Vf'ep—i-divap)da;
Q Q Q
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=:J31 + J32 + Js3.
Using identity (B.55)), the integral expressions j32 and jss can be expressed as follows, respec-
tively:
Js2 = —/ div Quup dz = —/ [ div (up@) — pu(Vp - 0) — up(Vu - 0)] du; (32)
Q Q
J33 = / (Vf-0p+ fpdivO)dx = / [div (fp8) — fVp-0]dz. (33)
Q Q

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

j31 = —/ adivlOVu - Vpdx +/
Q

aDOVu - Vpdx + / a(DO)"Vu - Vpdr =: ki + ky + k3.
Q

Q

We manipulate each term above. First, since us,p+ € H?(Q4), we have Vug-Vpy € WHI(Qy).
Thus, we can utilize the following identity:

—/div&pdx:/e-Vgod:r—/ w0 -nds
Q Q o0

which holds for 8 € C*(Q)¢, ¢ € W1(Q), and a Lipschitz domain 2, by assigning ¢ = Vui-Vpi
and replacing 2 with 2. Then, because 8 = 0 on 0f2, we get

k1 = / at0-V(Vuy - Vpy)dz +/
Qy

ow

ar(Vug - Vpi)b, ds — / a_(Vu_ -Vp_)b,ds.
Ow

The product V(Vug - Vpi) - 0 can be expanded as follows:
V(Vuy - Vpi) -0 = (Vps) ' Vur +0'VpiVus = (VusrVps + V3L Vauy) - 6,

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

ki = / s (VusVps + V2pLVuy) - 0 dx —|—/
Qi

ar(Vug - Vpi)b,ds — / a_(Vu_ -Vp_)b,ds.
Ow

ow

Next, we find equivalent forms of k3 and k3. For this purpose, considering ko, we recall the
second identity given in (B.56|) to get

div((8 - Vui)Vps) = DOVps - Vus + VpLV3usi0 + (0 - Vui)Apy.

Integrating both sides of the above equation over €11, applying Stokes’ theorem, and utilizing
the boundary condition @ = 0 on €2, we arrive at the following results:

/ aDOVpy - Vugdr = —/ Qo {Vplvzuie + (0 - Vui)Api} dx $/ a(@ - Vuy)Vpy -nds.
Qx Qx Ow

Interchanging u+ and pi and noting that (D8)" Vp. - Vuy = (DO)Vus - Vp, we get a similar
equation for k3. Adding these computed expressions for ki, ko, and ks, we get

31 = k1 + ko + ks = / Ozi(v2uin:|: + V2inu:|:) -0dx
Qi

—/ [V utVps -0+ (0-Vuy) Api d:l: T (0 - Vuy)Onps ds
Qyt

S—

ow

—/ [Vinui 0+ (0-Vpy) Aui dx ZF/ a(0 - Vp)Onuy ds.
Q4 ow
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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:

7O = [ a(u- T, onds - [

+/ (—aAuyt + prug — f) (0 - Vpy)de +/ (—alAps + pap+) (0 - Vuy)dr (34)
Q4 Q

+

[a(0 - Vp)Onul, ds — / [a(0 - Vu)Onpl, ds

w ow

b |7 = o s
Ow
Since ux,pr € H?(Q4), we have Vuy - V,Vpy - V € HI(Q4). By multiplying equation (]
by Vpi -V, where a(z) = a € Ry and p is piecewise constant, we deduce that the fourth

integral in equals zero. Likewise, multiplying equation by Vuy -V, we find that the
fifth integral in also equals zero. Therefore, we have

j3(0):/8 [Oé(Vqu)]iends—/a
o [ = s

[a(0 - Vp)Onul, ds — / [a(0 - Vu)Onp], ds

w ow

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

ou] _[,ou ) [ ouo
[a(@ Vp)arJjE = [aan &Ji@n and [a(@ Vu)an]i = [aan anLEHH.

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

1761 = [ {~fole (Vo V) [oGe 28|~ lud oot fo ),

This concludes the proof. ]

Remark 3.7. As established by the preceding proof, the Eulerian derivative of the cost functional
in Theorem holds under the requirements specified in Assumptions [2.1 Furthermore, the
numerical algorithm presented in the following section relies on these conditions and appears to
remain effective in certain broader settings— for instance, in empirical tests where f ¢ L?(€2).

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 pa-
rameter 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 parameters 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 .
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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 v ||h|| ., where
v is a free parameter, is added to h to simulate noise.

4.2 Choice of regularization functional

Regularization is commonly incorporated by adding specific terms to the numerical implemen-
tation, 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].

In our numerical experiments, we introduce a regularization functional that combines the
perimeter of dw with Tikhonov regularization for y on dw:

&P(&u) + @R(,u) = pl/ 1ds+ /)2/ p? d,
2 2 2 Ja 2 /g
where p; and py 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 regularization parameter p = py in is crit-
ical. 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 un-
available or unreliable in many applications. Errors in noise estimation can significantly 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
(8 = D)) = ER(n) 1= (8= V)5 lul) — il omy — & Ila@y =0 (39)

This approach balances the data-fitting term J(p1,w) with the penalty term R(u), where 5 > 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, [CTK10D, [Cla12l [(CJ12l TJTT11
Mef21].

In the following numerical experiments, we explore two approaches: (1) directly assigning
a fixed value to p and (2) applying the heuristic rule (35)). Specifically, choosing p € (0,1)
indicates the first approach, while selecting 8 > 1 corresponds to the balancing principle .

4.4 Numerical algorithm

The main steps of our numerical algorithm follows a standard approximation procedure, the
important details of which we provide as follows.

Choice of descent direction for the boundary interface variation. The domain w is approx-
imated 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.
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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 9Q} to the
variational equation

(V0,Ve)a + (6, 9)a = —(Gn, p)ay, for all o € Hj(2)". (36)

In this way, we obtain a Sobolev gradient [Neu97] representation 8 € H}(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 dis-
cretized 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 [DMNVOQT].
To compute the kth boundary interface dw!*!, we carry out the following procedures:

1. Initilization Fix p € (0,1) (or 8 > 1) and choose initial guesses p° and Gw®.
2. lteration For k=0,1,2,..., do the following:

2.1 Solve the state’s and adjoint’s variational equations on the current domain Q1.
2.2 For a sufficiently small t[lk] > 0, do the update plFt1 =k — tlJ/’J(u[k]).

2.3 Choose t[Qk] > 0, and compute the deformation vector o'%! using in QI

2.4 Update the current domain by setting Q1 .= {z + t[ﬁe[k’] (z) e R? | z € Q)

3. Stop Test Repeat Iteration until convergence.

Step-size computation and stopping condition. In Step 2.2, t[lk] = t[Qk] = ¢l for all k =
0,1,2,..., and t* is computed using a backtracking line search inspired by [RA20] p. 281], with
the formula

1kl — SJ(w[k])/W[k]@p(Q[k])d

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.

The algorithm terminates when ¢ < t;, where ¢; > 0 is a small real number, or when
the maximum number of iterations is reached. In all experiments, tg is set to 1072 for convex
boundary interfaces and adjusted to 1076 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 1072 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.

4.5 2D radial problem

We first consider a series of 2D radial problems, similar to the test setup in [MS09, Mac23]. We
let g € Ry, n > —1, and suppose that

p(z) = g(1+n(x)) (37)

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 = = (r,6), where r is the radial coordinate and 6 is the angular coordinate. Let € be the
disk of radius R centered at the origin. Assuming that 7 has the radial symmetry, we write
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n(z) = n(r), for r € (0,R). Let 0 < R, < R and 1, > 0. We suppose that n(r) = n, for
r € (0,R,) and 0 for r € (Rg, R).

Hereinafter, we write g = k%, k > 0. We let [ = Ca, set a = 1, and consider Q_ = {z | |z| <
R,} and Qy = {x | R, < |z| < R}. We put -* when referring to the exact parameter value;
e.g., we denote the exact absorption coefficient by u* = pgxo\m + #ixw. We consider the form
= pixos + HiXe = 9(xavs + (14 75)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 duw® = B, :=
{x € R? | |z| = r = 2.8} as the initial guess for the boundary interface. The numerical results
with p] = 1.2 are shown in Figures |1| with fixed p and 8. 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
o p=0.00018 N e B=1.075
-~ B=1.075 10 "z\

H1
costs

iteration P feration
Figure 1: A radial problem in 2D with p] = 1.2 and source function f =1

We repeat the experiment with higher values of n*. Using the balancing principle , we
obtain the results in Figure Accurate identification of p and dw is possible for higher n*
values when an appropriate 5 is chosen with exact measurements.

(n2.B)=(1,2.425) (n%.B)=(2,1.875) (n¥.B)=(5,4.075)
— Q
— W’

ow°
< dw’

(n?.B) =(1,2.425) - (n%.B)=(2,1.875) - (n,B) =(5,4.075)
—— exact — exact —— exact
- approximation - - approximation . - approximation

iteration iteration iteration

Figure 2: 2D radial problem with source function f =1 and varying p}

4.7 Numerical tests with a point source

We next consider the case of a point sourcel], specifically when f = 0(z — zg), where xg 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.

Note that this violates our regularity assumption on the source function.
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Remark 4.1. While the shape sensitivity analysis in subsection[3.1 relies on the assumption that
f € HY (), an assumption violated in the case of point sources and for which the applicability of
the derived shape derivative remains unclear, the numerical experiments reported in the following
suggest that the method may still exhibit reasonable practical performance.

We set zp = 0 and (pg, 1) = (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, dw® = By, yielding a highly accurate
approximation of the exact solution, as shown in the rightmost plot of Figure The scheme
depends on the initialization, as anticipated. By selecting a good initial guess for 1 and dw, an
accurate identification of the unknown coefficient and boundary interface can be achieved.

(n%,p)=(0.2,4.9¢ - 05) (n?,p)=(0.2,4.9e - 05) (n%.p)=(0.2,1e - 05)

— o — o0
— w’

e
o’

(nf,p)=(0.2,1e - 05)

Figure 3: Results for a 2D radial problem with f(z) = 6(z)

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 . By carefully
selecting initial guesses for the unknown parameter and boundary interface (see also Figure |3)),
we achieve precise identification of p and dw.

(n¥,p)=(0.2,1.43e - 05) (n,p)=(1,1.15e - 05) (nf, p)=(2,5e - 06) (n3,p)=(5,8.15e - 07)

ow®
e awf

— a0
— W’

aw°
ol

— a0
— W’

W
—

(n2.p)=(0.2,1.43¢ - 05) 1%.p) = (1,115 - 05) (n%.p) = (2, 5¢ - 06) 1)%,p) = (5,8.15¢ - 07
. axa0r

— exact . — exact 10 — exact v — exact
- approx. - approx. - approx. A - approx.

I
ot

cost
o
ot

1111

xxxxx

ERC) ENLIG) H Do o & i RS B o w @ w0 T h @ & o EEEED EINENEG
iteration iteration iteration iteration iteration iteration iteration iteration

Figure 4: Results for a 2D radial problem with f(z) = §(x) and varying 1}

The previous tests were based on precise measurements. For noisy data, we summarize
the reconstructions of dw* = Bj s and identifications when n* = 0.2,5 in Figure 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
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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 The
reconstructions can be improved by adjusting p.

2.)=(02,1.43¢ - 05 5.0 =(5,8.15¢ - 07
(03,00 =1 e - 05) dhp0azen (n},p)=(5.8.15¢ - 07)

Figure 5: Results for a 2D radial problem with f(z) = d(x) 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 bound-
ary interface

We repeat the experiments from subsection but with the exact boundary interface given
by:

Bw* = {5(0.4 +0.06 cos(3t)) (zif;) vt € [0, 27?)} :

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 1} = 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 p1.

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

— o 22x10° — exact
— w *- approx.

w°
e

H1
cost

ZD\terat?;n ® 2qiterati‘;n °
Figure 6: An example featuring a non-circular boundary interface

We perform another set of experiments with noisy data at two different levels. The nu-
merical results, displayed in Figures [7} show the results when v = 0.5,0.10. As expected, the
reconstructions under noisy measurements are less accurate than those obtained with exact
data, but they remain reasonable, as illustrated in the figures. Furthermore, the cost values are
higher in the presence of noise, which is consistent with expectations.

(n¥.p)=(02,0)

ni=02 ni=02

—— y=000,p=2x10"*
—— y=015,0=35x10"
—— y=030,p=225x10"*

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 dw*. Specifically, we
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use 0w’ = Bys as the initial boundary geometry and set s = 10. The results, including the
histories of p; and cost values, are shown in Figure [§| 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.

(n#, p) =(0.2,0.00025) (n#,p) =(1,0.000215) (¥, p) =(2,0.000175) (%, p) = (5,8.5e — 06)

ow® w°
o’ e 3w

— o
— w"
aw°
'

n.p) =(0.2,0.00025) (ng, p)=(1,0.000215) (nf,p)=(2,0.000175) (n,p)=(5,8.5e -~ 06)

— exact - — exact

Y -x- approx. N approx
S

cost

Figure 8: Results for a non-circular boundary interface with varying 7} values

For the reconstruction with noisy data at v = 0.05,0.10 and n* = 5, the results are shown in
Figure[0] The Tikhonov regularization parameter p is chosen based on the noise level, and a large
step-size parameter 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 p1 and the cost are also shown, with higher noise levels corresponding to larger cost values.

ny=5

=5 - ni=s
R e y=0.00,p=2x10"
o —— y=015,p=35x10""
e y=030,p=225x 10"

Figure 9: An example featuring a non-circular boundary interface with noisy data

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 absorption coefficient and boundary geometry remained accurate, even with high noise.
This highlights the robustness of the method for constant source.

To further assess robustness, we examined the impact of different initial guesses with noisy
data at v = 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.

4.9 Numerical tests with point source and non-circular boundary interface

We conduct numerical experiments using a point source to reconstruct a non-circular bound-
ary interface, based on the setup from subsection with some modifications. Using f(z) =
1004(x) as the point source, we reconsider the reconstruction problem shown in Figure @ The re-
sults, in Figure 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
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Figure 10: An example of a peanut-shaped boundary interface with noisy data
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Figure 11: Effect of choice of initial guess

lead to significant discrepancies in the reconstruction. Apparently, reconstructing a non-circular
boundary interface with a point source is particularly challenging.

y=0 y=0.01
y=0
— exact
- approx.

y=001
— exact
- approx.

cost

iteration iteration iteration iteration

Figure 12: Results for a non-circular boundary interface with f(x) = 1006(x) under exact (first
three columns from the left) and noisy measurements (y = 0.01)

We also test our approach with a more complex boundary interface, parameterized as:

duw* = {5(0.4 +0.12cos(3t)) (Zfif) vt e o, 27r)} :

We set f(x) = 1006(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 (7 = 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 1076, and for noisy data, p = 5 x 107°. These reconstructions,
like the previous examples, depend heavily on the initial guess.

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

Ou* = {8(2 +0.6cos(41)) (:f;f) Vit € [0, 271')} .
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Figure 13: Results for a smooth non-circular boundary interface with f(z) = 100§(z) and
wi = 6 under exact (first three columns from the left) and noisy measurements (v = 0.01)

The computational setup remains the same, but instead of fixing p, we apply to evalu-
ate its impact and accuracy. The reconstruction results, shown in Figure [I4] were obtained
with s = 10 for exact measurements 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 interface, with the reconstructed geometry
closely approximating the exact shape and providing a reasonably accurate absorption coeffi-
cient. Figure [14] 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(x) = 1006(z), pu7 = 6 and noisy measurements mean the noise level is set to v = 0.005.

(v.8)=10,12)

(v.B) = (0,12)

(v.B)=(0.005,3)

o (v.8) =(0.005,3)
o o

aw® ,
-t LY « approx

iteration : iteration iteration

Figure 14: Results for a smooth non-circular boundary interface with f(z) = 100§(z) and
p; = 6 under exact and noisy measurements (7 = 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 assumption. However, we include these cases to test our numerical method. The
setup remains the same as in 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 measure-
ments. 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 p] accurately.

A similar observation is made for the inverted T-shaped polygon in Figure which is
more challenging. Although the vertices and edges are not reconstructed, the method accu-
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rately determines p17, 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
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Figure 16: Results for an inverted T-shaped 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:

M $—$i2 - i2
o) =S ewp (1= EEEE 0D, (39)
=1

where € > 0, M € N, and (z;,y;) = (Rf COS Hi,Rf sin ;) with 6; € [0, 27| and Rf € (0,R). We
set Rf = 2.99, and in this subsection, noisy measurements mean v = 0.1.

Figure presents results for a circular boundary interface with parameters (ug, uj) =
(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,
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when 6; = (2m/3)i for i = 1,2, 3 (first column in Figure [17), 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 (38]).

(v.8)=(0,95) (v.8)=1(0,95) (v.8)=1(0,70) (v.B)=1(0.1,95) (v.B)=1(0.1,95) (v.B)=1(0.1,70)

Figure 17: Results for a circular boundary interface with f (given by with € = 0.5) of
various positions and instances near the boundary and parameters (pg, 1) = (1,1.2), under
exact (first three columns from the left) and noisy measurements. No perimeter regularization
was applied in any of the cases.

24, where i = 1,...,8

Next, we revisit the problem with eight sources positioned at 6; = 7,
and examine the effect of varying e in (38]). We consider ¢ = 0.5,0.3,0.2 and apply perimeter
penalization with a small weight. For the remaining experiments, we set (4, 1) = (1,6) and
~v = 0.1, using a peanut-shaped boundary interface.

Figures to show the results. Smaller e 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
measurements. Using eight sources (M = 8) with ¢ = 0.5 in , we fix the penalization
parameter p; to 6x 1075, Reconstructions are evaluated for six configurations of source positions
(see Figure [21] for two illustrations):

Setup K ei:%ﬂg, i=1,....,8, K=1,...,6.

The reconstruction results are summarized in Figure Even with noisy data, the method
reconstructs 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 robust and highly effective in reconstructing boundary interfaces with com-
plex geometries under noisy measurements.

4.12 Discussion on the applicability of the numerical scheme

The numerical experiments presented above primarily illustrate the performance of the pro-
posed method in the case of piecewise constant coefficients. In this setting, the parameter p is
uniquely determined by the geometry of the evolving subdomains, so that updating the interface
automatically updates p. Consequently, the state and adjoint problems remain well defined at
each iteration.

For more general spatially varying coeflicients, the numerical scheme can be interpreted
in the following way. The computational domain €2 is kept fixed throughout the iterations
and serves as a hold-all domain, while the interface separating the subdomains evolves. The
coefficient p is defined on the whole of €2, and only its restriction to the subdomains induced by
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Figure 18: Results for a peanut-shape boundary interface with source f (given by with € =

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.
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Figure 21: Positioning of sources
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Figure 22: Results for a peanut-shape boundary interface with f (given by with e = 0.5)
of various positions and under noisy measurements. Perimeter penalization was applied in all
of the cases with p; = 0.000006.

the current interface is used in the state and adjoint equations. At the discrete level, although
the mesh and nodal locations may change after each interface update, the coefficient p remains
available on the updated configuration by standard mesh-to-mesh interpolation. Under this
interpretation, the iterative scheme remains well defined numerically and is not restricted to
piecewise constant coefficients.

Remark 4.2. Without the fixed-domain interpretation described above, the iterative scheme is
naturally restricted to piecewise constant coefficients, since otherwise the coefficient p would not
be defined on the updated configuration.

Remark 4.3. We have primarily used boundary-type shape gradients, which provide satisfactory
reconstructions. Accuracy could be further improved using distributed shape gradients [Rab23,
Rem. 4.1], particularly in challenging cases such as concave regions. Nonetheless, the current
results demonstrate the robustness of the boundary-based approach.

Remark 4.4. Remeshing was not employed in our experiments, as interior subregions were
sufficiently large or the interface remained near the accessible boundary. However, in three-
dimensional problems or when the initial interface is far from the true geometry, mesh quality
may deteriorate, necessitating remeshing [Rab25]. Thus, the algorithm works without remeshing
in the present cases, but remeshing should be considered in more challenging configurations,
especially in 3D.

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 recon-
structing the constant p and the boundary interface with only one boundary measurement, we
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demonstrated the versatility and robustness of this method, particularly in scenarios involving
non-smooth, non-convex boundaries. Despite the difficulties in precisely capturing boundary
vertices and edges, the method reliably reconstructs pu and accurately identifies concave features
of the boundary interface, even under noisy conditions. The influence of point source place-
ment 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 3.

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 parameterized, 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 Eulerian 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 [KV84, 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 coef-
ficient 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 [Jial(, p. 165], [MOWT03, [MP03], and
[DCBY12]), ultrasound-modulated fluorescence techniques [Liul4], and fluorescence molecular
tomography (FMT) [NTBW02].
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A Appendices

A Proofs of some auxiliary results
A.1 'Well-posedness of the state

Proof of Lemma[2.4. The proof follows from Lax-Milgram lemma. Indeed, it can be shown that
the following inequalities hold:

| < max{a, o, Y lully Mol s (uv € V);
au,u) > min{a, i} lull? . (u € V); (A.39)
W) <erloly, o= Iflgrg, @eV).

The last two inequalities imply that

la(u,v)

1
B S A.40
ully, < cvep, min{a, fimin } ( )

The rest of the arguments are standard, so we omit it. O

A.2 Continuity of the parameter-to-state map

Proof of Proposition[2.5. Let us write
1
a(p;u,v) = / (aVu - Vv + puv) dx + C/ uvds, pée Au,veV. (A.41)
Q o0

Now, since @ = F(f1) an 17 = F(Ji), then, clearly, we have a(fi;@,v) = I(v) = a(j1; u,v), for all
veV. Welet w=w(x)=1i(xr)—u(zr) € V. It can easily be verified that

—div (aVw) + jiw = —(i — i)u, in €,

aOhw + éw =0, on 0f.

Using a in (A.41)), we have the variational equation a(ji; w,v) = —((fi — f1)t,v)q, for allv € V.
We set v = w and apply (A.39) and the Cauchy-Schwarz inequality to get

win{as imin 013 < 1= 7l oy 17 sy 102y < 15 = Fll ey [y el
Employing estimate (A.40)), we obtain

lwlly < cer || = fll ey - (A.42)
Taking ¢ = cjcy [|fi — Jil| o () concludes the proof. O

A.3 Differentiability of the operator F

Proof of Proposition[2.7. Let u € V be the unique solution to Problem Then, the existence
of a unique weak solution to the variational equation @ can be verified easily using the Lax-
Milgram lemma. We omit the proof since the argumentations are standard.
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We subtract (9) from to obtain a(u;dw — du,v) = —(véw,v)q, for all v € V. Taking
v = 0w — du, we obtain — appealing to (A.39) and employing Cauchy-Schwarz inequality —

the estimate min{a, pmin} 0w — dulli, = —(véw,dw — du)q < V| oo 0wy [[dw — dully, .
Consequently, we get [|dw — dully, < ¢ [[V]| oo (q) l0w]ly,. In view of (A.42)) and with respect

to (6), we find that ||dw|, < cics [V][ oo (). Combining the last two estimates lead us to
16w — Sully < cgeg [V 7 (- This yields

|F G+ v) = Fu) — dully _ (5w — dully

~X

< e il - (A.43)

1]l pos ) ]| oo 0

In conclusion, F' is differentiable at p and DF(u)v = du.

Now, let us take v = du € V in @ Then, again, in view of and by the Cauchy-
Schwarz inequality, we get min{a, fimin } ||0ul|} < |a(p; 6u, du)| = |(vu, du)q| < 1]l oo (g luelly [[0ully <
coct |[V] ooy 16ully, - This leads to the inequality

loully <e,  e=ches vl (A44)
Thus, it follows that DF(u) is uniformly bounded, thereby concluding the proof. O

A.4 Second-order sensitivity analysis

Proof of Proposition[2.8 The well-posedness of @D in Proposition implies the existence of
unique solution 6%u € V to by Lax-Milgram lemma. The proof is standard so we omit it.

Now, we subtract from to obtain a(u + v1; 62w, v) — a(w; %u,v) = —(ve[F(u +
v1) — F(u) — DF(u)ri],v)q, for all v € V, or equivalently, after rearrangement,

a(p; 0%w — 6%u,v) = —([F(u+v1) — F(p) — DF ()], v)q — (n16%w,v)q, Yo € 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.39))), we obtain

1
R < ol ooy IF G+ 2) = F() = DE Gy izl + Loy 920l D=l
(A.45)

Utilizing estimates (A.43]) and (A.44) — employing similar argumentations while noting (A.42)

— we have
IF(n+ 1) = F(p) = DF(nilly < éeg nllieq  and  [|0%w]]y, < cies vl poo oy 172l oo o) -

With these estimates, we deduce from (A-45) the following bound ||z||} < ey ||l H%wm) V2l poe ()
from which we obtain the estimate

|DF (14 v1)va — DF (pn)vs — 52uHV - [|6%w — (52uHV

< < cges |l g V2l ooy - (A-46)
1l oo @) Tl o Pl 12l

This shows that F is twice-differentiable at p and 6%u = D?F(u)[v1, va).
Now, choosing v = 6%u in , and then utilizing estimate (A.44)), we obtain

H‘SQUHV < Cg)cf ||V1||Loo(Q) ||V2||Loo(Q) : (A.47)
Choosing ¢ = 2ccy |1 [ 100 () 1V2]l oo (2, We conclude that D?F(p) is uniformly bounded. This

proves the proposition. O
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A.5 Strict convexity of the regularized functional

Proof of Proposition[2.10. For brevity, we write u = u(u). Observe that the first and the third
term of J; (u)[v, v] are non-negative, hence, we only need to examine the second term. We claim

that it is positive. In view of and , we get
[, 8% g | < el oy 6% ooy < Nl 0%y, < e Ty 1113
< &6} VlI7oe (e -

Let po = cgcfc > 0. Invoking our key assumption (2.6)), we get the following lower estimate

Jy (1) [v,v] = ”5UH%2(39) — (s 8*u)pe | + 0 ||VH%2(Q) 2 H5U||%2(ag) + (P —ro) HV”%oo(Q) -

Clearly, choosing p > pg > 0, we get J ;’(,u) [v,v] > 0 — proving that J, is strictly convex. O

B Computation of the Lagrangian and Eulerian derivatives of the state

In this section, we use the shorthand fQ = fQi = fQ+ + fQJ assuming the context clarifies the
division.

Proof of Theorem [3.3. The proof consists of two primary steps: first, we characterize the ma-
terial derivative of the state, followed by the derivation of the Eulerian derivative of the state;
see [ADKO07] for a closely related derivation in the context of a transmission problem.

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

(B.48)

provided the limit @ exists in H'(Q2) where (u(Q) o T3)(x) = () (Ty(x)), = € Q.
Let us consider u; € V; := H'(), the solution of the perturbed problem for a given
variation @ € ©F given by the solution of

at(ut,vt) = lt(Ut), Yo € V4. (B49)
where
1
a(ug, v) = / (tVug - Vug + pyugvy) day + = wpvp dsg,  for ug, vy € V4,
Q ¢ Joo,
li(ve)) = [ frvgday, for vy € V.

Qy

Here, a4, pt, and f; are defined as «a, p, and f but replacing €2 by the perturbed domain €,
and the gradient, V, is taken with respect to the spatial variable x € .
By applying the change of variables (cf. [DZ11) subsec. 9.4.2-9.4.3, pp. 482-484]), one can

write equation (B.49) as follows:
a'(ut,v) =1'v), Yv eV, (B.50)
where

1
a'(u',v) = / (@' AVl - Vo + Lptu'v) do + C/ biulvds, for u' v €V,
Q o0

lt(v):/ltftvd:c, forveV, (o'=poTi:Q—R).
Q
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Here, observe that b, = I; }(DTt)_Tn‘ = 1 because 0 vanishes on 9f).

Now, for all ¢ € [0,t9), with o sufficiently small, one can show that w® = u' —u € V is a
unique solution to the variational equation a’(u’,v) — a(u,v) = l*(v) —(v), for all v € V', which
can equivalently be written as

t

a(wt,v) =1(v), Yvev, (B.51)
where

1
a(w',v) = / (@'Vu' - Vv + plwv) dz + C/ wlvds, for w',v eV,
Q o0

I(v) = —/ (o — ) A Vu! - Vo dz — / a(Ay — id)Vu' - Vo dz
@ @ (B.52)
- / Ii(p' — p)uvde — / (I — D pulv da
Q

Q

+/ L(f' — f)vdx—i—/ (I; — 1) fvdx, for u',v e V.
\ Q Q
The well-posedness of essentially follows from the Lax-Milgram theorem, by applying
standard arguments and noting that limy\ o A; = id and limy\ o Iy = 1 uniformly on €, as well
as the regularity assumptions on y and f given in Assumption . As a consequence, one can
deduce that HthV < lully (£ €1=10,%)). This means that the set {w' | ¢ € 1} is bounded in
V for sufficiently small ¢g.

Let us define z' = 2w! for ¢ € (0,#9) which also belongs to V. Then, we have

t_ A — i
&(Zt,v):—/ (a " a) AtVUt-V’UdZL'—/Oé< tt Zd) Vau! - Vudx
Q Q
t_ _
—/It <,u M) utvdx—/ (It 1)uutvda: (B.53)
0 t o\ t

[ (E ) vaes [ (B2) pode = i) =s00). (o)

By selecting v = z! 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, . 2* 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)4, equivalently the sequence {z'"} is bounded in V. Thus, there is a subsequence, which
we still denote by ¢, with ¢, \, 0 and an element z € V such that zi» — z weakly in V.
Since Vul" — Vu in L2(Q)%, limy, o1y, = 1 and lim¢, N0 Ay, = id uniformly on ©, and the
derivatives of the maps [t — I;] and [t — A;] given in we get

1
ap(z,v) ::/Q(aVZ-Vv—&—sz)dx—kC/@gzvds

= —/ (Va-0(Vu-Vv)+aAVu-Vv)dr — / (V- Quv + div Qpuv) dx
Q Q (B.54)

+/ (Vf-0v+divlfv)de
Q
=: j1(v) + j2(v) + ja(v) =: lp(v), (Vv eV).

In above, the limit equation

1
g% " (L' — @) = div(p8) = ¢dive + V- 0 (B.55)

was used which holds for any differentiable mapping ¢ ~ ;! from interval | to L?(Q) with
@ € V and 8 € ©F (cf. [TKP0G, Cor. 3.1]). Since this equation has a unique solution, we deduce
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the weak convergence zi» — z in V for any sequence {t,}. Meanwhile, the strong convergence
follows from the fact that ag(z,z) = limg,\ga(z™, z) = limg, ~ o, (2'") = lo(v). together
with the weak convergence previously shown. This proves the characterization of the (unique)
material derivative z =4 € V of u € V given in equation (26)).

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

g ul() — u(@)
t\0 t
exist. This expression and the material derivative u are related by v’ = 4 —(Vu-0) provided that
Vu - 0 exists in some appropriate function space [SZ92, Eq. (3.38), p. 111]. We comment that
the Eulerian derivative u’ of is not continuous across the interface dw. As a consequence, u’
cannot be in H'(£2). Nonetheless, it belongs to H(Q,) U HY(Q_).

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

9

—(Va-0(Vu-Vv)+ aAVu-Vv) =Vu- (a(DO +DO") — div (oz(-))id) Vv
=div (a(0 - Vu)Vv + (6 - Vo)Vu — a(Vu - Vv)8)
— (0 - Vu)div (aVv) — (0 - Vv) div (aVu),
aV(Vu-8)- Vv =aV*ul - Vv + aVOVu - Vo
= (Vo) ' V2ul + aDOVv - Vu
=div (a(0 - Vu)Vv) — (0 - Vu) div (aVv),

(B.56)

where VO = (D) = 90;/0x; and V2u denotes the Hessian of u which is symmetric. On the
other hand, taking Vui -0 € H'(Q4), where vy € V N H?(Q4), 8 € OF (ie., 8 = 0 in dw), as
a test function in Problem yields the following equation

/Q (V- V(Vo-0) + (Vo - 0)) de — /Q F(Vo-0) da. (B.57)
Moreover, we have the following equivalent expressions
Jo(v) = — /Q div (puv@) dz + /Q (1(0 - Vu)v + pu(@ - Vo)) dz,
ja(v) = /Q div (fv9) dz — /Q £(Vo-0) da.

Utilizing the above identities in (B.54]) with z replaced by i+ = v/, +Vus-0 € H'(Q.) (observe
that (Vu - 0) ¢ HY(Q) but ux € H*1(Q4), k > 2), we get

ao(u',v) + /Q (aV(Vu-0)-Vo+ u(Vu-0)v)dz

= /Q (aV(Vu-0)-Vv+ pu(Vu-0)v)dr — /Q [(0-Vv)div(aVu) — pu(8 - Vv) + f(Vov - 0)] dz
+ / div (a(0 - Vu)Vu — a(Vu - Vv)0) dx — / [div (puv@) — div (fv0)] dx.
Q Q

(B.58)
For @ € ©F, observe that by using integration by parts, we have — [, (6 - Vv) div (aVu) dz =
JoaVu -V (8- Vv)dz. Then, in view of (B.57), equation (B.58)) can be simplified as follows

ap(u',v) = /Q [div ((0 - Vv)Vu — a(Vu - Vv)8) — div (puvl) + div (fvl)] dx, (B.59)
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which provides an inititial characterization of the Eulerian derivative of the state.

To complete the proof, we express the right side of as a boundary integral over Ow.
This is accomplished by applying the divergence theorem after partitioning the integral into
two domains of integration: 2\ @ 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, we obtain

1 /!
/ (—div (aVu') 4+ pu')vdz + / (a@nu' + u') vds — / [aau} vds
Q l9) ¢ owl O],

= ap(v,v) = / (aVu' - Vo + pu'v) dz + z_ / u'vds (B.60)
Q 09

= — ; {(0 - Vo) [aVu], -n — [aVu], - Vub, — [pu] L v8, + [f] Uﬂn}ds,

where 6,, = 8-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?(9)) over Q = (2 \ @) Uw and the
over 02, we deduce that the following equations hold at least in distributional sense:

—div (onu’) +pu’ =0, inQ\wand in w,
1
alpu + EUI =0, on ON.

We next derive the equation for v’ on dw. First, let us note that, by elliptic regularity result,
ur € HFY(Qy) (for d € {2,3}). Then, for some k € N, k > 2, we have u € C1*(Qy),
0<a<k—d/2 dec {23}, because of the Sobolev embedding H**1(Qy) — C1*(Q4) (see,
e.g., [DD12, Thm. 2.84, p. 98] or [AF03, Thm. 4.12, p. 85]). Now, because [u], = 0 on dw, we
have [Vu|, = [(Ou/On)n], on Ow; that is, [V,u], = 0 on dw. Hence, [¢], = 0 on dw, and so
W], =[], —[Vu-60],=—[Vu-0], on dw. By these equations, we deduce that

ou
ul, =—-6, [] on Ow.
). =0 52]

Next, we note that, from tangential Stokes’ formula [MS76], we have fa L0 Vripds =
—fawgodiVTOds, when 6 -n = 0 (i.e., 8 is a tangential field). Here, the operators V., and
div, are respectively the tangential gradient and tangential divergence operators (see, e.g.,
[DZ11), HP18, [S792]). We observe that (([aVu], -n)@ — 0, [aVu], ) -n =0 on dw. Hence, we
can replace Vv by V,v. In addition, we know that [V,u], = 0 on 0w which implies that

— [ 0,]o] . Vu-Vods=— [ 6,[aVu|,-Vvds
Ow Ow

= | {®-Vv)aVul, -0 ([aVel, - Vo) 60} ds

= / vdiv, (6, [a] . Vru) ds.
Ow

Using this identity, we arrive at the following equation

[ [ = [ e 0n ol T s 0+ 1), ) v,

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

ou’ )

[aan] = K(u)[0] = div; (0, [o] L V,u) — [pu]y 0, + [f]L On, on Ow.
+

This finally establishes the structure of the Eulerian derivative of the state given in equation

(28). For the more general structure of the Eulerian derivative without the aforementioned

continuity conditions, see Theorem O
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C Existence of a shape solution

In this appendix, we address the question of the existence of an optimal solution to the opti-
mization problem
min J(w). C.61
we0y, 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;d provided in . For the purpose of our analysis, it suffices to assume that € is
Lipschitz continuous, which allows us to establish the desired existence result (refer to Proposi-
tion |C.5)). In this section, we assume that f € H~1(£2) and that a exhibits jump discontinuities
at the boundary interface. Therefore, without further notice, we consider Problem with o
defined according to Assumption

Because Problem [2.3] admits a unique weak solution by Lemma we can define the map
Q — u := u(w), and denote its graph by

G ={(w,u): we Ol and u solves Problem [2.3]},
The primary result we aim to establish is as follows:

Theorem C.1. The minimization problem (C.61) 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
Q™ Ly 0 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 ([HP18, Def. 2.2.7, p. 30]). Letw; andws be two (compact) subsets of R, d > 2.
The Hausdorff distance distg(w1,ws) between wy and ws is defined as follows dist g(wy,w2) =
max{p(wi,ws), p(wa,w1)} where p(wy,ws) = supye,,, dist(z,ws) and dist(x,ws) = infyc,, [z —y|.
Note that disty defines a topology on the closed bounded sets of RY.

Definition C.3 ([HP1S8, Def. 2.2.8, p. 30]). Let {w™} and w be open sets included in Q C R,
d > 2. We say that the sequence w™ converges in the sense of Hausdorff to w if dist (2 \

w™ Q \w) — 0 as n — oco. We will denote this convergence by wm o or simply by
w™ — w when there is no confusion.

Definition C.4 ([HP18| 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,€.¢) = {z € R | (&~ y,&)pa > cos(e)|lz —yllza and 0 < |z — yllga <},

where (-, -)ga is the Buclidean scalar product of R? and || - ||ga is the associated Buclidean norm.

An open bounded set Q@ C RY satisfies the e-cone property, if for © € 09, there exists a
unitary vector & € R? such that for all y € QN Be(x), we have C(y,&,e) 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
substantiating the proof of Theorem

Proposition C.5 ([HPI8, 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.
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Proposition guarantees that each admissible subdomain w € O} satisfies the e-cone
property, which is sufficient to establish Theorem We emphasize that given a sequence
of open sets {w(™} in O! there exists an open set w € O! and a subsequence {w(™} such
that w(™ — w. This convergence implies dw(™ — dw. These convergences also hold for
characteristic functions and compact sets, as shown in [HPI8| Thm. 2.4.10, p. 59]. Moreover,
the implied convergence “w(™ — w implies dw(™ — Aw” holds in the Hausdorff sense for
domains with Lipschitz boundaries [Hol01), 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 x € L>(R%) and a subsequence {w(™};>¢ C {w(™},50 such that (cf.
[HP18, Eq. (2.3), p. 27])

for all ¢y € LY(RY),  lim X dx = / ot da. (C.62)
m—00 Rd 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 L7 |
for some p € [1,00), then x 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.

Proposition C.6 ([HPIS, Prop. 2.2.1, p. 27]). If {w™},>0 and w are measurable sets in R
such that X, weakly-+ converges in L™ (R?) in the sense of (C.62)) to xw, then X m — Xw

n Lfoc(Rd) for any p < 400 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:

. {w(")} C Ol is a sequence that converges to w* € O} in the Hausdorff sense and in the
sense of characteristic functions;

e for each n € N, QW ¢ 0!, QM = (Q\ &™) uz™, and v € H'(QW) solves
Problem with Q@ = (Q\ @) U™,

Then, the sequence u™ € H(Q) converges (up to a subsequence) to a function u* in H(Q)-
weak and in L*(Q)-strong such that u* = u solves Pmblem in Q= (Q\w)Uw with w = w*.
Moreover, Xw(n)Vu(") converges strongly in L*(w)? to x,Vu. In addition, if the following
compatibility conditions Xo\gmt — ulo\g and X, mu — ul, strongly in HY(Q\ @) and in
H'(w), respectively, then the convergence u™ — w also holds strongly in H(Q).

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

AP = / OZOXQ\Q(MVU(TL) -Voudx + / axWvu™ . Vo da
Q Q

1
—i—/ XQ\w(n)MOU(n)U dx —i—/ X&")ulu(")v dr + = u™ods = / fvdz, for allv e V.
Q Q Q

¢ Jag

Taking v = u(™ € H'(Q) and using the equivalence between the norm [[v]]|q := (HVU||%2(Q) +
””H%?(ag))l/z and the usual H!(Q)-Sobolev norm, we obtain the inequality Hu(")HHl(Q) <
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[flg-1(- Hence, {u(™} is bounded in H'(R). By the Rellich-Kondrachov and Banach-

Alaoglu theorems, we may extract a subsequence {u(m)} C {u(”)} such that we have weak
convergence u(™ — y* in H'(Q) and strong convergence u(™ — u* in L*(£2), for some element
u* € HY(Q).

We next show that the limit point u* € H'(2) 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 Xoat 1o Xo\a and ¥, to
Xw*- From Proposition we know that x ) almost everywhere converges to x.+ in LY ().
As a consequence, we get (cf. [HP18, p. 130])

Xogo VY — Xag Vi and Xy Vi) — Xor Vi strongly in L*(Q).  (C.63)

We show that u* = u actually solves Problem by proving that A™ — A(®) ag n — oo
where

Al = / aoxo\zVu - Vodr + / a1XwVu - Vodr
Q Q

1
+/xg\w,uouvda:+/xwmuvdx+/ uvds:/fvdx, for allv € V.
Q Q ¢ Joa Q

Using ((C.63)), the weak convergence u™ — y*in H (©), and the weak-* convergences Xo\e(m —XQ\&*
and X, X X in L>(Q), we see that

/QCVOXQ\M*VU* -Voudx + /Qozlxw*Vu* -Voudz

1
+/XQ\W*MOU*Uda?+/Xw*,ulu*vdx—i—/ u*vds—/fvd:c, for allv € V.
Q Q ¢ Jaq Q

By the uniqueness of the limits (see Lemma [2.4), 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
Proof of Theorem[C.1l Observe that the infimum of J(w) is finite. Hence, we can find a min-
imizing sequence {w(™} C O! which is bounded such that lim, . J(w™) = inf,co1 J(w).
By [HPIS, 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 satis-
fied. With the second premise of Proposition we know that u(™ € H'(Q) (of functions
u™ € H'(Q) which solves Problem [2.3{on each of its respective domain Q = (2 \ @™) Uw™)
— taking a further subsequence if necessary — converges to (the unique limit) u* € H(Q)
where v* = u((2\ @*) Uw*) 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*) < limy, oo J(w™) = inf;cp1 J(@W) < J(w). From Proposition u we know that the
maps (2\ @) — u(Q\w) and w — u(w) are continuous. Therefore, the map w — J(w) is also
continuous, in particular, it is lower-semicontinuous. This proves Theorem ]
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