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Abstract

We consider the reconstruction of singular surfaces from the over-determined
boundary conditions of an elliptic problem. The problem arises in optical and
impedance tomography, where void-like structure or cracks may be modeled as
diffusion processes supported on co-dimension one surfaces. The reconstruction
of such surfaces is obtained theoretically and numerically by combining a shape
sensitivity analysis with a level set method. The shape sensitivity analysis is used
to define a velocity field, which allows us to update the surface while decreasing
a given cost function, which quantifies the error between the prediction of the
forward model and the measured data. The velocity field depends on the geometry
of the surface and the tangential diffusion process supported on it. The latter
process is assumed to be known in this paper. The level set method is next
applied to evolve the surface in the direction of the velocity field. Numerical
simulations show how the surface may be reconstructed from noisy estimates of
the full, or local, Neumann to Dirichlet map.
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1 Introduction

The identification of unknown surfaces or interfaces in physical problems governed by
partial differential equations has been an active field of research recently [7, 20, 26].
Apart from the fields of shape optimization and optimal design [2, 30], such problems
emerge in applications such as optical tomography [7, 18], inverse scattering [27, 34] and,
more generally, parameter identification in partial differential equations [12]. Most works
in the current literature deal with the reconstruction of interfaces that separate regions
with different contrasts from boundary or far-field measurements, typically interfaces
across which one of the constitutive parameters in the partial differential equation jumps.
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In this paper, we study an inverse interface problem in which the role of the interface
is not to separate regions with different physical coefficients but rather to be the support
of a tangential diffusion process. Such a process may model thin areas characterized by
very high values of the diffusion coefficient, as in the modeling of cracks of thickness
¢ < 1 and conductivity of order ¢! in impedance tomography. It is known [24] that
such cracks may be modeled by a tangential diffusion process supported on an interface.
Another application is the modeling of clear layers in optical tomography. Optical
tomography consists of probing human tissues with near-infrared photons [4]. Classical
diffusion equations are known to be valid away from clear layers [5, 21, 33]. The results
obtained in [6, 8] show that clear layers also may be modeled as a tangential diffusion
process supported on a co-dimension one surface. In both application, we thus have
a second-order diffusion equation with possibly spatially varying diffusion coefficient,
which we assume to be known, along with a singular diffusion process supported on an
interface, which we want to reconstruct from over-determined boundary measurements.

In the absence of general analytic formulae, the inverse interface problem is usually
solved by minimizing an objective function that measures the mismatch between the
model predictions and the measurements. A central element in the minimization pro-
cedure is the calculation of the gradient of the objective function with respect to the
variations in the shape of the interface. This is the shape sensitivity analysis [23, 38].
Another important element in the minimization procedure is a numerical tool that is
used to advect the interface once a suitable descent direction has been obtained by
shape sensitivity analysis. As in the pioneering work by Santosa [34] and subsequent
works mentioned in the review paper [11], the level set method [11, 28] may be used to
that purpose. This paper generalizes the combination of a shape sensitivity analysis and
level set method to the reconstruction of surfaces supporting singular diffusion processes
from boundary measurements.

The rest of the paper is structured as follows. After introducing the singular interface
problem and the related inverse problem in section 2, we perform the shape sensitivity
analysis in section 3. In section 4 we show how to choose a direction of descent that
allows us to move the interface in such a way that the mismatch between the model
predictions and the measurements decreases. We present in section 5 a numerical algo-
rithm for the singular surface reconstruction based on the level set method. Numerical
reconstructions using synthetic data in academic geometries are presented in section 6.
A comparison with the reconstruction of interfaces separating domains with different
diffusion constants (as in [34]) is also provided. Section 7 concludes the paper.

2 The singular surface problem

2.1 Forward model

Let © C R" (n = 2,3) be a domain with Lipschitz boundary I'(= 0Q2) and ¥ C Q a
closed, non self-intersecting, interface of class C? embedded in € and separating it into
interior (€27) and exterior (Q2g) parts, so that we may write Q = Q; U Qg U 3. We also
require that ¥ stay away from 02, i.e., d(3,I") > C for some positive constant C. The
geometry of interest is depicted in Fig. 1 in the two-dimensional setting. We consider



the following elliptic partial differential equation in 2 with interface condition on X:

-V - D(x)Vu(x) + a(x)u(x) =0 in O\,

D(x)v(x) - Vu(x) = g(x) on I, (1)
[u] =0 on X,

n-DVu] = -V, -d(x)V u(x) on X.

The scalar (to simplify) diffusion coefficients D(x) and d(x) are uniformly positive;
the absorption coefficient a(x) is assumed to be smooth and bounded from above and
below by positive constants, i.e., 0 < ¢; < a(x) < ¢ < o0; n(x) is the outward
unit normal vector to Q; at x € ¥ and v(x) is the outward unit outer normal vector
to ) at x € I'. The tangential differential operator V, is the restriction of V to
¥, so that for a sufficiently smooth function ¢(x) defined on 2, we have V, ¢(x) =
Vo(x) — (n(x) - Vo(x))n(x) for x € ¥. The symbol V, - V| denotes the Laplace-
Beltrami operator on Y. The jump conditions across the interface > are defined by

[u] = u(xt) —u(x"), n-DVu| =n-DVu(x") —n-DVu(x"),

with
£ 1 £
u(x™) = tl_l)r[i u(x + tn(x)), Vu(x™) = tlira Vu(x + tn(x)).
Equation (1) models a background diffusion-absorption process in the domain €2 with
a tangential diffusion process supported on the surface 3 [8, 24].

Figure 1: Geometric setting of the problem in the two-dimensional setting with Q =
QrUQp U

The problem described in (1) is well-posed in the following Hilbert space:

HL(Q) = {u(x) cu € H'(Q), such that / IV ul?do < oo}, (2)

where H*(€2) is the usual Sobolev space of L? functions in the domain 2 whose first-order
partial derivatives also in L*(Q) [1, 16]. In other words, Hy(€2) consists of functions in



H'(Q) with tangential gradient on X in L?(X). One can verify that H(2) is a Hilbert
space equipped with the scalar product:

U, V) g1 = uv + Vu-Vu)dx+ [ Viu-V, vdo(x),
)
Q b

where do(x) denote the Lebesgue measure on ¥, and a natural norm

ull g =/ (u u) gy

Upon multiplying (1) by a test function ¢(x) € H&(Q) and integrating by parts, we
obtain that
S(u, @) = fo(9), (3)

where the bilinear form S(-,-) is defined by

S(u, @) ::/Q'D(X)Vu(x)-quﬁ(x)dqu/Qa(x)u(x)qﬁ(x)dx
+ [ VL) Viodox), (1)

and the linear form f,(¢) by

f(0) = / 9(x)6(x)do(x).

Note that S is symmetric, i.e., S(u,¢) = S(¢,u). Because the diffusion coefficients
D(x) and d(x) and the absorption coefficient a(x) are positive and bounded, one can
verify that the bilinear form S is coercive. It then follows from Lax-Milgram theory
[15, 22] that if g € H~/2(T), then (1) admits a unique solution v € Hy: with trace on
I, ulp € HY?(I); see also [7].

2.2 Inverse surface problem

A practically useful inverse problem related to equation (1) consists of reconstructing
the interface ¥ from knowledge of u at the boundary I'. The Neumann to Dirichlet
(NtD) operator, which maps the incoming flux g to u on the boundary [25] is defined
as:

H-Y2(T) - HY?(I)

As :
¥ g(T) — ulr.

This operator obviously depends on the geometry of 3. The inverse interface problem
of (1) may then be formulated as:

(IP) Determine the interface ¥ from knowledge of the Neumann to Dirichlet
operator Agy.

If all the other coefficients in (1) are known, it is shown in [7] that knowledge of the
local Neumann to Dirichlet map uniquely determines the interface . Let us denote



by I'y C T" the part of the boundary where non-zero boundary current are applied and
measurements are taken. In other words, we replace the boundary condition of (1) by

D(x)v(x) - Vu(x) = { gFX% SE ?{Fg.

Denoting by A;g the local Neumann to Dirichlet operator for the new problem, which
implies that u is measured only on I';. Then we have the following uniqueness result:

Proposition 2.1 ([7]). Let Aggl and A;gz be the local NtD maps associated with inter-
faces ¥y and Yo, respectively. Suppose that the functions D(x), d(x) and a(x) are known

and satisfy the above mentioned reqularity assumptions. Then A;"l = A;Z implies that
21 == 22.

The objective of this paper is to design a numerical method to reconstruct the singu-
lar interface ¥ from knowledge of Ay, or A;". Our method is based on classical numerical
optimization techniques. We convert the reconstruction problem to a regularized non-
linear least square problem:

1

Fo(X) = §||u — uaniQ(F) - Oz/zda(x) — rznellgll (5)
Here u’, denotes a noisy measurement of u on the domain boundary I' with noise level
0, while IT denotes the space of admissible surfaces . The first term in the objective
functional F,(X) evaluates the discrepancy between the measured and predicted data,
while the second term is a regularization term with parameter «. In this paper, we
assume that IT consists of smooth interfaces such that [, do(x) is the n — 1 dimensional
Hausdorff measure of ¥, which turns out to be the perimeter of the inner domain €2; in
two dimensions. We can thus view the reconstruction of ¥ as the identification of the
domain €2; penalized by its perimeter. The existence of minimizer then follows from the
lower semicontinuity of F, (%) with respect to ¥ € II; see [3] for instance.

In many applications, such as the reconstruction of clear layers in optical tomography,
we may have a priori information about the location of the singular interface, whence
constraints on the size of II, which may simplify the inverse problem. We do not consider
this situation here.

2.3 Comparison with the reconstruction of inclusions

It is instructive to compare the reconstruction of singular surfaces as they are described
in the preceding section with the more classical problem of the reconstruction of inter-
faces separating regions characterized by different diffusion coefficients; see [26, 27, 34].
In the latter works, the inclusion is characterized by a constant diffusion coefficient
that differs from the constant background diffusion coefficient. The inclusion is then
reconstructed by minimizing the functional (5). The construction of velocity fields al-
lowing us to minimize (5) is not modified when the inclusion’s and background diffusion
coefficients are allowed to be (not necessarily constant) smooth functions, so long as



the difference between these functions does not vanish. More precisely, we consider the
following model for the inclusions:

-V - D(x)Vu(x) + a(x)u(x) =0 in Q

D(x)v(x) - Vu(x) = g(x on I’ (6)
[u] = on ¥

[n-DVu| = on X,

where the diffusion coefficient D(x) jumps across the interface 3

| Dy(x) +D(x) Dr(x), x€Q
D(x) = { Dy (x) Dp(x), x € O, (7)

with D(x) uniformly bounded from above and below by positive constants and 6D(x)
strictly positive or strictly negative. The case where Dy and 0D are constant has been
studied in [26, 27, 34]. The behavior of the solution u(x) to (1) with d(x) > 0 is very
similar to the behavior of solution of model (6) with dD(x) > 0. In section 6, we will
give a more quantitative numerical comparison between the two models.

3 Shape sensitivity analysis

In order to solve the surface reconstruction problem by minimization of the functional
Fo(2) in (5), it is essential to compute the variation of F,(X) with respect to a small
perturbation in 3. This involves computing the sensitivity of the diffusion solution with
respect to deformations in the shape. This is the shape sensitivity analysis described in
the shape optimization literature [38].

The main novelty of the paper is to carry out the shape sensitivity analysis in the
presence of a singular interface. Unlike the model (6) treated in [26, 27, 34], the current
jumps across the interface ¥ in (1). This significantly modifies the shape sensitivity
analysis and the important relationship between shape and material derivatives; see
below. Let us also mention that many geometries have been addressed in the shape op-
timization literature [17, 37, 38]. Because of the specificity of problem (1), none of them
may be applied directly, although similarities in the methodology and mathematical
machinery are easily drawn.

The framework for the shape sensitivity analysis is the following. We perturb the
interface ¥ according to the map F; : R™ — R" (the parameter ¢t € R is a small positive
real number) defined by:

Fi(x) =x+tV(x), x € R"™. (8)

Here V(x) : R — R" is a vector field of class C'' with compact support in the domain
) so that each point on the boundary of {2 remains invariant under the perturbation
F;. We denote this as V € Cj(;R"). Under this perturbation, points x €  are
mapped to x + tV(x). However, the whole domain 2 remains invariant in the sense
that Q = F4(Q).

We denote by ¥; the image of ¥ under the perturbation, and denote by u;(x) the
solution of problem (1) with ¥ replaced by the perturbed interface ;. The variation of
u with respect to variations in the interface X is called the shape derivative of u with
respect to . More precisely:



Definition 3.1 (Shape derivative). Let u € Hy, and u, € Hy,, be solutions of problem

(1) with interface & and X, respectively. Assume that V. € CL(S;R™) be a vector field

given in (8). If the limit

u'(X; V) :=lim e
t—0 t

(9)

exists in the strong (weak) topology of some Banach space of functions B(S2), then we
call u'(2; V) the strong (weak) shape derivative of u in direction V.

We refer to Rem. 3.9 below for a remark on the choice of a Banach space and a
topology. The calculation of u/(3; V) is greatly simplified by the introduction of a
material derivative [38]:

Definition 3.2 (Material derivative). Let u € Hy,, u, € Hy, and V be given as in
definition 3.1, and define u* = u; o Fy. If the limit

ut —u

W(X; V) = lim

t—0 t

(10)

exists in the strong (weak) topology of some Banach space of functions B(Q), we call
W(X; V) the strong (weak) material derivative of u in direction V.

We also refer to Rem. 3.9 for the choice of a Banach space and a topology. The mate-
rial derivative thus quantifies the variations of u with respect to changes in the geometry
for a moving (Lagrangian) coordinate system. The shape and material derivatives in-
troduced in Defs. 3.1 and 3.2, respectively, are not independent from each other. More

precisely, we have [38]:
(X V) =u(X; V) = V- Vu, (11)

provided that both %(3; V) and V - Vu make sense. This relation tells us that in order
to compute the shape derivative of u, we can compute the material derivative first and
then use (11) to obtain the shape derivative.

3.1 The material derivatives

Before we compute the material derivatives of u for model (1), we need to introduce
some notation. We will denote by (-,)(x) the inner product of space L*(X):

(xvy)(X) = / xydﬂa
X

with du the Lebesgue measure on a domain X. For any vector quantity Y on the
interface, we use Y,n = (n-Y)n and Y, =Y — (n-Y)n to denote the normal and
tangential components of Y, respectively.

We now examine the variations of the solution to the diffusion equation (1) when
the interface 3, varies. We first observe that u, satisfies the following relation:

(Dvut, v¢t)(ﬂ) + (aut, ¢t)(Q) + (dvlut; Vﬂbt)(zt) = fg(¢t)7 (12)
for all ¢, € Hy, (€2). We introduce

J; = det(DF,) and A, =DF,;'DF;*, (13)

7



with the superscript * denoting the transpose operation and superscript ~* denoting
the transpose of the inverse. The Jacobi matrix of the transformation F,; is denoted by
DF,. The strong continuity of the (matrix) functions J;, A;, and F; and the following
identities can be verified [38]

(Vuy) oF; = (DF;*)Vu' | Ji|i—o =1, Ay]i—o =1 (14)

d d d

EFth:Q — V ; E(DFt)’tZO — DV, E(DFt_l)‘t:O — —DV (15)
dJ, dA

Ji= il =V V, Ay = =g = —(DV + (DV)"). (16)

Here I is the identity matrix.

We now replace Vju; on the interface ¥ by Vu — (n; - Vu; )n,. We could also
replace it by Vu, — (n; - Vu; )n; and will show that the final result does not depend on
the chosen expression, as it should; see for example (34) below. We thus recast (12) as

(DVuy, ngt)(g) + (auy, th)(ﬂ) + (quj_, ngﬁ:_)(gt)
= (dng - Vul,my - Vo ), = fo(dr). (17)

Performing the change of variables x — F,(x) in the above equality yields
Si(u', ") = fy(¢"), (18)
where ¢' = ¢; o Fy and Sy(u’, ¢') are given by
St(ut7 ¢t) = (DFt JtAtVU't7 V¢t)(ﬂ) + (aFt ‘]tuta qbt)(ﬂ)
+ (dFtthtvu+t7 V¢+t)(2) - (dFtﬂ-tAtn ' vu+t7 Atn ' V¢+t)(2)7 (19)

with Dp, = Do Fy, ap, = ao F; and d, = d o F;. The functions w; and m; are defined
as

_ Ji
= J,|DF,; ™" - n = 20
Wi tH t n”R » T HDF;* . nHR” ( )

with || - ||gr denoting the Euclidean norm in R", and verify
wo=1, =1 (21)

! dwt * 9.
WOZEtZOIV'V—n DVn:leEV (22)
d
Ty = % =0 =V -V 4+n"DVn. (23)
Choosing the test function ¢ in (3), we then deduce from (18) and (3) that

S(u,¢') = Si(ut, ). (24

On the other hand, we have for all ¢, 1) € H(Q), the following result

Si(¥,9) = S(¥,¢) = (Dr, — D)J:A: VY, Vo)) + (D(J:A: = T)VY, V) o)+
((ap, — a)J), 9) ) + (a(Jy — 1), ) ) + ((dp, — d)w AV T, VT )(x)
+ (d(tht - I)V¢+a V¢+)(E) - ((dFt - d)WtAtn : V¢+> Amn- V¢+)(E)

— (d(m Ay — Dn - VT, Am - qu))(g) — (dn - vy, (Ay—In- V¢+)(E), (25)



which implies that

Ch(t Co(t
15,06,6) = 8.0 < L IT6i0) + 19003 + AL (o ey + 90
Cs(t)

Cy(t
+ O 00t sy + 196 W) + T2 (- Vo [ + - V6 [Bagsy). (26

with Cy(t), Ca(t), Cs(t) and Cy(t) given by
Ci(t) = (D, = D)JiAdl[=) + ID(JiAr — T)|| (@)
Ca(t) [(ax, — a)JillLe(e) + [la(Je = 1)|| =),
Cs(t) = |(dr, = d)wiAi|[ L) + [|d(wiAr = T)|| L (), (27)
Ca(t) = |l(dr, — )i A4l Lo (@) Al ()

Hlld(meAs = Dl oo (o) [Atll @) + |Ar = Tz (@)-

Here the norms ||-||z2 and || ||z are the usual ones defined on vector (matrix) functions.
Because of the strong continuity of A;, J;, w; and m; (as functions of ), we deduce the
following result on S;:

Lemma 3.3. The bilinear form S; is continuous with respect to the perturbation param-
eter t in (8) at t = 0, which means

lm S(-,-) = S(-,-). (28)

t—0+
Let us recast the identity (24) as the following relation
T+ Ty +Ty—Ty—Ts =0 (29)
where the terms T}, are given by

Dy, — D Vul -V JA, —1
T1:<ETJtAtVut+DJtAt “t Y ph ; Vu,Vqﬁt)

@)
- t_ J—1
T2 = (aFt aJtUt + &Jtu 4 +a L u, th)
LA, T Vot - Tt
d, — d - -
T, = ( Ftt WAVt + d%vw n d%, v¢+t) .
— A, —1
T, = (de dAm vt a2 Gt A v¢+t)(2)
Tt Tt A —1
T — (dn Vu n-Vu Am- v¢+t> i (dn-Vu*, e v¢+t> .
t 5) t ()

Thanks to the continuity of S; at ¢ = 0, we can take a limit ¢ — 0 in (29) and obtain
the following equation for the material derivative of u:

(V-VDVu, ng)(g)—f-('DViL, V¢)(Q)+(D(J61+A6)Vu, V¢)(Q)+(V~V6Lu, gb)(g)-f—(ait, gb)(g)
+ (aJju, )y + (V- V. dVut, v¢+)(2) + (d(wpI+ Ay Vu™, V¢+)(g) + (dVaT, V¢+)(g)
—(V,-Vidn-Vut,n-V¢') s — (dmgI+Ajn- Vu',n-Ve') s

— (dn-Vu*',n-V¢")g) — (dn-Vu",Ajn- Vo)) =0. (30)



Using the expressions for Ay, Ji, wy and 7, we can show that the following simplifica-
tions are possible:

(d(wél + A{))Vqu, v¢+)(2) — (d(ﬂ'é)l + Ag)n . VU,+, n- V¢+)(E)
— (dn . Vu*, A61’1 . v¢+)(g) = (ddiVEVVJ_u, VJ_Qb)(E) + (dAE)VJ_'U/, Vlgb)(g), (31)

where we have replaced Vu™ — (n- Vu')n by V u. The quantity divyV is defined in
(22). It can also be shown that

(VL -VidVu",V¢t) sy — (VL Vidn Vu' n V'),
= (V. -VidV,iu,Vi¢)x), (32)

and

(dVa*, Vo) — (dn- Vi, n- Vo)) = (dV 1, Vi) ). (33)
We can thus simplify (30) as

S(i, ¢) = —(V - VDVu, Vé) ) — (D(JL+ Ap)Vu, Vo)) — (V- (aV)u, )
— (VJ_ : VLdVLu, VJ_¢)(2) — (ddngVVLu, VJ_¢)(E) — (dABVJ_U, VJ_¢)(E). (34)

We summarize the above results in the following theorem:

Theorem 3.4. Let D(x), a(x) and d(x) be functions of class C*. Then the material
derivative © € HE(Q) of the solution uw € HL(Q) to (1) in direction 'V is the unique
solution to (34). Moreover, we verify that

[4] =0, on . (35)

The condition (35) comes from the third identity in (1).

3.2 The shape derivative

The shape derivative of u can be computed by using (11). However, before we proceed to
computing it, we stress that «’ can no longer be an element of Hy. The jump of the nor-
mal derivative of u across the interface X causes a discontinuity of the tangential deriva-
tive of u’ across the interface according to formula (11), i.e., V u/(x%) # V_ u/(x7).
Let us introduce the following Hilbert space

ZL(Q) == {v(x) ve HY(Q) ® HY(Qp), s.t. /E\vwﬂ?czﬂfz[v}?d(; < oo}. (36)

We also define x(x) as the mean curvature of ¥ (seen as a n — 1 manifold embedded
in R") at x € X. We now state the main result of this paper, which allows us to
characterize the shape derivative of w:

Theorem 3.5. Assume that D(x), a(x) and d(x) are functions of class C'. Then the
shape derivative v € ZL(Q) of the solution u € HL(Q) to (1) in direction V, is the

10



unique solution of

(au, 9) () + (AV LU,V 1) (x)
= —(ddive V. V,1u,Vi9) ) — (drV,Viu, Vg,
(V- -V,dV u, Vﬁﬁ)(z) +(V-Vu", VvV, - de¢)(E)
— (dAGV 14,V 19)s) + (VL - V19,V -dV u) ), (37)

(DVU’, ng)(g) +

or a € . Moreover, the jump of u' across X 1s given by
for all p € HL(Q). M h fu by b
[u'] = —[V - Vul. (38)

We remark that thanks to the above jump conditions, (37) still holds if the following
substitutions are performed:

(dVJ_U/JraVJ_Cb)(E) — (dVLUF,VLﬁb)(Z)

39
(V- V' V- dV,0)m — (V-Vu Y, - dV, ). (39)

We also remark that the source term (right-hand side) in (37) only involves terms defined
on Y. This is natural, for all other constitutive parameters of (1) are kept independent of
t, and should be contrasted with the results obtained in (34) for the material derivative
in Lagrangian coordinates.

Proof of Theorem 3.5. First, replacing @ in (35) by v/4V - Vu yields the jump condition
of ' across the interface, (38). Similar replacements in (34) lead to

(DVU, V) + (av', ¢) ) + (dV Lu'F,V18)x) = —(DV(V - Vu), Vo)
— (V- VD)V, Vo)) — (DL + AY)Vu, Vé) @ — (aV - Vu, b))
— (V . (aV)u, ¢)(Q) — ((VJ_ : Vld)VLu, VJ_¢)(2) — (ddiVEVVJ_U/, VJ_¢>(E)
—(dVL(V - V), Vi) — (dALY 10, V1)), (40)

We then verify by integrations by parts that

(D(J(/)I + AB)VU, ng)(g) = (DV : VVu, V¢)(Q) - (DV(V : VU), ng)(Q)
+(D(V-V)Vu, V) o) — (D(Vu- V)V, V). (41)

This implies the following:
('DV(V . Vu), V¢)(Q) + (V - VDVu, V¢)(Q) + (D(Jé:[ + AIO)VU, V¢)(Q)
— (V : (DVU),V . ng)(g) - (VL . VLQZ), V- dVlu)(E). (42)

The terms on the boundary I' = 0€) vanish because V has compact support in €.
Thanks to the above identity, (40) may be recast as

(DVY, Vo)) + (au, ¢) ) + (dV 11", V1 ¢)x)
= —(V-(DVu),V Vo)) — (V-Vau,¢)q) — (aV - Vu, ) q) — (aju, )
— (VL -Vid)Viu, Vo)) — (ddiveVV i, Vi6) ) + (V- Vut), V- dV.id) s
— (dALV 0, V1)) + (V- V1, V- dV u)s). (43)

11



Further integrations by parts in (1) allow us to show that
—(V-(DVu),V Vo)) — (V- Vau, ¢)) — (aV - Vu, ¢)q) — (afgu, ¢) o) = 0.
These lengthy calculations and combined with the following result [38, proposition 2.57]
divyV = divy V| + &V,
finally yield (37). O

Remark 3.6. In some applications (including the analysis of clear layers in optical
tomography [6, 8|), it may be necessary to generalize the above calculations to the
situation where the tangential diffusion coefficient d depends on the geometry of the
interface; for instance via its curvature. In that case, we have to impose that d(x),
assumed to be known, is shape differentiable with respect to ;. Theorem 3.5 then still
holds provided that we add the term —(d'V u,V,¢)s to the right hand side in (37).
Although this may not be as relevant practically, similar generalizations are possible to
the case where D(x) and a(x) also depend on the geometry of the interface.

The calculation of the material and shape derivatives of the solution u to (1) can also
be done with model (6). We provide the following result without detailing its derivation.
Similar results when D and §D are constant can be found in [26, 27, 38].

Theorem 3.7. Assume that D(x) and a(x) are functions of class C*. Then the material
derivative i € H' of the solution u to equation (6) is the unique solution to

= —(V-VDVu, Vo)) — (DAVY, V) ) — (V- (aV)u, d) o) (44)

for all p € HL(Q). The shape derivative of v’ € H' of u € H' then satisfies
(DVU’, ng)(Q) + (au’, ¢)(Q) = —(5DVnVLu, quﬁ)(g) (45)
for all p € HL(Q).

The proof of this theorem is very similar to that of Thm. 3.5 except that we have
to replace identity (42) by

(DV(V - Vu), V) + ()1 + AY)DVu, Vé) o) + (V- VDVu, Vo) q)
= (V- (DVu),V - V) + (6DV,V.iu,Vi¢)x). (46)

Remark 3.8. The method based on the map in (8) that we have adopted in the paper is
not the only choice for shape sensitivity analysis. An a priori more general method called
the speed (or velocity) method consists of defining the transform F; by F;, = X(x, 1)
with X(x,t) the solution of the following equation:

X(t,x) = V(t,X(t,x)),

X(0,x) = x. (47)

It has been shown that the velocity method and the transform method used in this
paper are actually equivalent in the sense that under sufficient regularity conditions, it

is possible to associate a unique velocity field to a given transform F; and vice versa
[38, sec. 2.9].
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Remark 3.9. The calculations obtained in the preceding two sections show that the
Banach space B({)) may be chosen as the Hilbert H&(Q) in the definition 3.2 of the
material derivative for model (1) and as H'(2) for model (6); this is because [i] = 0
across X. In both cases, thanks to estimates of the form Cj(t) < Ct for a constant C' in
(27), we can show that convergence occurs for the strong topology.

The definition of the space B(f2) in definition 3.1 is the same for model (6). It is
however more complicated for model (1). Because «’ jumps across ¥, it is not an element
of HY(), let alone HL(€2). We can however choose B(2) = L?(2) and observe that
convergence in (9) is strong in that space. The singular interface model (1) introduces
singularities that are not present in the inclusion model (6).

4 Choosing the direction of descent

The analysis presented in the last section enables us to compute the sensitivity of the
error functional (48) to geometric changes in the interface. Since the vector field V(x)
in (8) has compact support, the boundary I' stays unaffected by perturbations in the
interface. We can thus obtain the Eulerian derivative of the error functional as

dF,(2) ;= lim Fa(E) = Fa(X)

t—0 t

= (u—ul, u) iy + a(k(x), Vo) (5. (48)

The second term comes from [26, 38]:

(% /E | do(x))| = /E k() Vador (). (49)

We recall that x(x) is the mean curvature of the interface ¥ at x € X.

Since we want the error functional (5) to decrease as the interface moves, we need
to find a vector field V such that dF,(3) < 0. Let us denote by w the solution to the
following adjoint equation

-V - D(x)Vw(x) +a(x)w(x) =0 in Q\X
D(x)v(x) - Vw(x) =u—u on T’
[w] =0 on %
n-DVw|=-V, -d(x)V, w(x) onX.

(50)

Upon multiplying (50) by v/, performing an integration by parts and taking into account
the fact that u’ jumps across the interface, we obtain that

(DVw, V') ) + (aw,u) ) + (dV 1w, Viu'") s
= (u—ud, )y — (W], Pn- Vw ). (51)
We also observe that the solution of (50) belongs to Hy. Replacing the test function ¢
in (37) by w, we obtain

(DVu’, Vw)(Q) + (au’, w)(Q) + (dVJ_U/+7 VJ_UJ)(Z)
= —(ddiVEVJ_VJ_U, VJ_'LU)(E) — (d/@'VnVlu, VJ_UJ)(E) + (V : VU+, VJ_ . dVJ_w>(E)
— (VL . VLdVLU, VLw)(E) — (dA{)VLu, VLw)(g) + (VL . VLU), V- dVlu)(g). (52)
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The above equations (51) and (52) imply that

(u—ud,u) ) = (W], Pn - Vw ™)) — (ddivs V1V 14, Viw) s

— (d/iVnVJ_u, VJ_/LU)(E) — (VJ_ : VJ_dVJ_U/, VJ_U))(E) -+ (V . Vqu, VJ_ : dew)(E)
- (dA{)VLu, VLw)(g) + (VL : VLU), V. deu)(g). (53)

Since the tangential component of V does not affect the evolution of the interface
[35, 38], we can assume that the vector field Vg is normal to ¥, i.e., V |y = 0. Then
a combination of (48) and (53) yields

dfa(Z) = (VnVL : deU, n- Vw_)(g) + (Vnn : Vu+, VL : deIU)(E)
— (VadrV L, VJ_'LU)(Z) + (ak, Vn)(g). (54)

Using the interface conditions in (1) and (50) we can further simplify the above equality
as

dFo(2) = Vi, —deViu-Viw—n-Vun-DVw" +n-Vun-DVw" + ar)y).
(55)

It remains to choose V such that dF,(X) < 0. For the singular surface model (1)
and the model of inclusion (6), we show the following result.

Proposition 4.1. For the model in (1), the functional F,(X) given in (5) will not
increase if the interface moves according to a vector field characterized by

V,=dcViu-Viw+n-Vun -DVw" —n-Vu n-DVw — ak, (56)

where u and w solve (1) and (50), respectively. For the model given by (6), the functional
Fo(X) (5) is non-increasing if the interface ¥ mowves in the direction

V, = — (wvw Viw+ om), (57)

where u solves (6) and w solves the adjoint problem:

-V - D(x)Vw(x) + a(x)w(x) =0 in Q

x)v(x) - Vw(x) = u — u) on
Eu(]lo() v " on; (58)
n-DVuw| =0 on 3,

with the diffusion coefficient D(x) given by (7).

Note that (57) is the well-known result for the inverse obstacle problem obtained
by shape sensitivity analysis [9, 26, 27, 34]. Allowing the diffusion coefficient D to be
spatially dependent in model (6) does not modify the choice of a velocity field. In the
inverse problem for singular surfaces, both the geometry of the surface (via its mean
curvature k) and the tangential diffusion process it carries, enter non-trivially in the
choice of the vector field given in (56).
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5 Level set implementation

Once the direction of descent has been chosen, we need an efficient way to move the
interface along that direction. We use here the level set method [28, 31] to do so. The
level set method represents interfaces as the zero level sets of level set functions and then
moves of the interfaces implicitly by solving a Hamilton-Jacobi equation for the level
set functions. The application of the level set method to shape optimization problem
has been pioneered in [34] and further studied in [2, 9, 12, 26]. We refer to the recent
monographs [28, 29, 36] and their references therein for a detailed account of the method
and its many applications.

5.1 Representing and moving interfaces

Let ¥; be an evolution interface in 2 C R” viewed as the zero level set of a function

(x,1):
Y, = {x:x €, such that ¢(x,t) = 0}.

To track the position of the interface 3;, we evaluate the derivative of ¥ (x(t),t) = 0
with respect to ¢ to obtain

%
ot

. 0
+x(t)-v¢:a—1f+v.w=o, (59)
where V is the velocity field at the interface. Since the tangential velocity does not
affect the evolution of the interface [35], we can choose V; = 0. Using the fact that the
normal vector of the interface can be written as n(x) = V¢ /|V|, we arrive at
0
0 v vl =o. (60)
ot
This is a nonlinear transport equation of the Hamilton-Jacobi form. Let us now suppose
that we know an approximate position for the interface and the normal velocity V,, at
a given “time step”. Then by solving this Hamilton-Jacobi equation, we can compute
the position of the interface at the following “time step”.

5.2 Implementation of the level set method

The level set method is implemented numerically as follows. We focus on the two-
dimensional setting to simplify the calculations.

Algorithm:

L1. We choose an initial level set function 1°(x), such that the interface can be rep-
resented as 3y = {x: x € Q,¢°(x) = 0}, and set k = 0;

L2. We solve the state equation (1) (resp. (6)) with the interface ¥ = {x : x €
Q, Pk (x) = 0}

L3. We compare the solution with given measurements. If a stopping criteria is satis-
fied, we stop the calculation. Otherwise:
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L4. We solve the adjoint equation (50) (resp. 58)) to compute the normal velocity V/,
on X by (56) (resp. (57)). We extend the velocity field to a computational tube
around X by using (64) below;

L5. We move the interface ¥, to a new interface ;1 by updating the Hamilton-Jacobi
equation (60) by one time step At;

L6. We re-initialize the level set function according to equation (67) if necessary;
L7. We set k:=k + 1 and go back to step L2.

Here are additional details about the implementation. The Hamilton-Jacobi equation
(60) has been discretized by using the following first-order scheme [28§]

el
W + max(V", 0)Hy + min(V;",0)H_ = 0, (61)
where the superscript n and subscript ¢, j denote time and space grid point, respectively.
The numerical Hamiltonians H, and H_ are given by

H, = y/max(a,0)? + min(b, 0)2 + max(c, 0)2 + min(d, 0)2

62
H_ = y/min(a,0)? + max(b,0)? + min(c, 0)2 + max(d, 0)? (62)
with - n n
o Z_T_ b= D= ﬁ (63)
c=Djyp; = e d = Dy = Rt

Ay Ay
The time step At is chosen so small as to satisfy the CFL stability condition. The
surface X, is updated to Xx; after each iteration of the Hamilton-Jacobi equation and
the vector field is updated according to (56).

The vector field V,, in (56) is only defined at the interface . We need to extend it
in the neighborhood of X to solve the Hamilton Jacobi equations. This is done by using

the following two way extrapolation equation [13]

Vi
Vi+ S(W) == -VV =0, 64
where the sign function is defined as
-1 ify <0
S(v) = 0 ifyY=0 (65)
+1 if¢ >0.

A detailed discussion can be found in reference [28, P.76]. The equation (64) is solved
as follows [32]:

Vot
Y+ max(S;;n;, 0) D, V¥ + min(Sj;ng;, 0) DI V!

At (YR x Vg YR z Vijg

+ max(Syn?;, 0) D, Vi} + min(Syn!;, 0)D; Vi =0, (66)

157 150
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over a time interval of roughly 5 — 10 times At, where DFV;? and DFV;! are finite

differences defined as in (63). The sign function S(¢) is approximated by \/h with
§ a small regularization parameter. The directions 7 = (n®,n¥) = (—= Uy

VU2 42
are computed by a central difference scheme.

Finally, we comment on the re-initialization process (step L6 in the above algorithm).
The level set function may become very flat or very steep near the interface . To avoid
this, we replace the level set function ¢ (x, t) by d(x,t) which is the value of the signed
distance from x to 3. The quantity d(x,t) satisfies the Eikonal equation |Vd| = 1, and
is the steady state solution of the following re-initialization equation

%§+ﬂ%mvw—w=0 tn £ (0, +00) (o7
P(x,t) =1y in €2 >{0}.

A stationary solution of (67) is obtained by choosing ¢ large enough; see [28, 39]. Here
we approximate the function S(t) by \/ﬁ as suggested in [32]. The numerical
0 0|7 8T

scheme for equation (67) is given by [32, p.427]:

ntl _gmn
%ZT“mM%Wm—WWM%Wﬂ—W (68)

where H. are defined as in (62). In the examples shown in the next section, we reini-
tialize the level set function every ten time steps.

6 Numerical simulations

In this section, we numerically invert the singular surface problem (1) and the inclusion’s
support problem (6) by using shape derivative analysis and the level set method. We
consider the two-dimensional setting and the domain 2 = (—1,1) x (=1, 1). This domain
is discretized by a uniform 401 x 401 grid on which all the Hamilton-Jacobi equations are
solved by using the finite difference schemes described above and the elliptic equations
(1) and (50) during the iterative process are solved by the finite element method on
rectangular elements [10] and a nonlinear conjugate gradient solver. All the numerical
minimizations of the error functional (48) presented in this paper are performed with the
optimal choice of the regularization parameter a obtained by the Morozov discrepancy
principle [19].

The synthetic data are calculated by solving (1) and (50) by a finite element method
on an unstructured triangulation with approximately the same number of nodes as the
uniform grid mentioned above. The only common nodes of the two set of meshes are
the boundary nodes where the measurements are taken. We have checked that the
systematic error between the solutions on the uniform mesh and the fined unstructured
mesh is far below 0.05%. The synthetic measurements have been obtained by a different
numerical procedure than what is being used in the reconstruction algorithm to limit the
occurence of “inverse crimes”, where the minimization of the un-penalized functional
(48) with o = 0 may return the correct answer for the wrong reasons; see [14] for an
account of this problem.
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In all simulations, we have chosen the diffusion coefficients to be (D, d)=(1.0, 0.3)
in model (1) and (Dy, 0D)=(1.0, 3.0) in model (6). The absorption coefficient a = 0
in both models. The values taken by these parameters have a significant impact on the
reconstruction. This will be discussed briefly at the end of this section.

6.1 Reconstructions of ellipses

We start with the simple example where €); is an ellipse. Note that in real applications
such as optical imaging of human brain, we may be allowed to approximate clear layers
by such simple convex interfaces. The ellipse we want to reconstruct is given in polar
coordinate by

v {(7"»9) : (rc289)2+(rsi()n9>2 _ 1}’ (69)

with a and b the semi-major and semi-minor axis length, respectively. We test our
algorithm with different values for (a, b).

Figure 2: Reconstruction of the elliptic interface (69) with synthetic data at different
noise levels for full (top row) and local (bottom row; see text for description) Neumann to
Dirichlet measurements. We have (a,b) = (0.8,0.4). The reconstructions in (a) and (c)
are done with the model in (1), while those in (b) and (d) are done with the model in (6).
The lines in the pictures denote real interfaces (solid), reconstructions from data with
0.5% additive noise (dashed), reconstructions from data with 1% additive noise (dash-
dotted) and reconstructions from data with 2% additive noise (dotted), respectively.
The initial guess is given by the circle ¥y = {(r,0) : (rcos0)? + (rsinf)? = 0.8%} in all
the simulations.

To characterize the error in the reconstruction, we introduce the following Fourier
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decomposition of 7(6):
N

r(6) = Z cpe k0

k=—N

(70)

where we have chosen N = 20 in the following calculations. The complexity of the curve
will be measured by the magnitude of the Fourier coefficients ¢; and their decay rate
as k increases. Let ¢; be the Fourier coefficients of a reconstructed interface. We then

define the ¢y and e_; errors between the original and the reconstructed interfaces as

N 1/2 N 1/2
60:<Z|ck—6k|2> . and 6_12(2<1+k2)—1|ck—5k|2) L)
k=—N =
respectively.
Cases 0.5% 1.0% 2.0%
(@0, o) | (0,001, 0.000) | (-0.001, -0.002) | (-0.001, -0.001)
(a,0) = (0.8,04) | ¢ 0.037 0.057 0.078
€1 0.008 0.011 0.015
(2o, %o) | (0,002, 0.000) | (-0.002, 0.002) | (-0.003, 0.001)
(a,b) = (0.8,0.6) | e 0.011 0.020 0.031
€1 0.003 0.004 0.006
(2o, %) | (-0.000, -0.002) | (0.017, 0.006) | (0.000, 0.009)
(a,b) = (0.8,0.8) | € 0.005 0.015 0.017
€_1 0.001 0.004 0.004

Table 1: Errors in the reconstructions of ellipses with different values of (a,b) using
model (1) with full measurements. The center of original interfaces (zo,yo) = (0,0).

Cases 0.5% 1.0% 2.0%

(@0, 50) | (-0.039, -0.013) | (-0.047, -0.017) | (-0.057, -0.016)
(a,) = (0.8,04) | < 0.076 0.098 0.104
€_1 0.018 0.026 0.040

(20, o) | (-0.015, 0.008) | (-0.013, 0.008) | (0.013, 0.009)
(a,b) = (0.8,0.6) | e 0.035 0.052 0.076
€_1 0.014 0.018 0.020

(@0, o) | (-0.030, 0.010) | (-0.031, 0.006) | (-0.045, 0.004)
(a,b) = (0.8,0.8) | < 0.019 0.029 0.048
€_1 0.007 0.011 0.019

Table 2: Same as Tab. 1 except that the reconstructions are obtained from partial

measurements.

The reconstruction results from different additive noise levels in the case (a,b) =

(0.8,0.4) are given in Fig. 2. The left column of Fig. 2 shows the reconstructions for
the model (1) from full and local Neumann-to-Dirichlet measurements. In the latter
case, measurements are only taken on the left side (z = —1) of the boundary. We
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have used the MATLAB contour function to plot the zero level set (characterizing the
interface ) of the level set function. All the simulations have been implemented in
Fortran 77. The same reconstructions have been performed for the model (6) and the
results are show in the right column of Fig. 2.

We list in Tab. 1 and Tab. 2 the errors in the reconstructions of ellipses of different
aspect ratios using model (1) with full and partial Neumann to Dirichlet measurements,
respectively. Note that the closer the aspect ratio g is to 1.0, the less Fourier modes are
needed to accurately represent r(6). From these tables we see that as the aspect ratio
increases, the reconstructions get more and more sensitive to the presence of noise in the
data. In the reconstructions from full data, the center of the curves is relatively stably
reconstructed even in the presence of significant noise. In the case of local measurements
on part of the boundary, the reconstructed center of the ellipse is biased towards the
part of the boundary where the boundary measurements are taken.

6.2 Reconstruction of more complicated surfaces

The reconstructions in the above section are all done with ellipses, which are convex in-
terfaces. The Fourier coefficients of those interfaces decay relatively fast as k increases.
The reconstruction of such curves is thus not very difficult because the superposition
of very few low-order Fourier modes can approximate the original interface quite accu-
rately and those low-order Fourier modes can be stably reconstructed from data with
even moderately high noise level. We now reconstruct more complicated interfaces the
representation of which require higher-order Fourier modes. Since high order modes
are more sensitive to the presence of noise in the data, we expect such interfaces to be
harder to reconstruct. For simplicity, we reconstruct here star-shaped interfaces given
by

Y ={(r,0) : r* + 0.3rsin(Ng) = 0.6} (72)

Several choices for N are considered in the reconstructions below.

Cases 0.5% 1.0% 2.0%

Full | (0.000, 0.0110) | (-0.005, 0.017) | (-0.003, 0.022)
Local | (-0.029, -0.015) | (-0.046, -0.023) | (-0.053, -0.031)
Full | (-0.001, 0.003) | (-0.003, -0.017) | (-0.013, -0.046)
Local | (-0.054, -0.028) | (-0.056, -0.028) | (-0.063, -0.031)

Model (1), N =3

Model (6), N =3

Full | (0.000, -0.007) | (0.001, -0.018) | (0.002, -0.018)
Model (1), N =
odel (1), N'=51 1 cal | (:0.061,0.013) | (:0.067, 0.019) | (-0.084, 0.018)
Full | (0.010, -0.006) | (0.012, -0.012) | (0.017, -0.015)
Model (6), N =
odel (6), N'=5 |y ol | (-0.065, 40.022) | (-0.099, 0.022) | (-0.081, 0.021)

Table 3: Reconstructed centers for the cases presented in Figs. 3 (N = 3) and 4 (N = 5).

We show in Figs. 3 and 4 reconstructions with N = 3 and N = 5, respectively,
using synthetic data at different noise levels for full (top row) and local (bottom row)
Neumann to Dirichlet measurements. Again, we use only the left side (x = —1) of the
boundary for the local measurements.

20



Figure 3: Reconstruction of the star-shaped interface (72) from synthetic data with
different noise levels in the case of full (top row) and local (bottom row) Neumann to
Dirichlet measurements. The interface parameter is N = 3. The reconstructions in (a)
and (c) are for model (1), while those in (b) and (d) are for model (6). The lines in the
pictures denote real interfaces (solid), reconstructions with 0.1% noise (dashed), recon-
structions with 0.3% noise (dash-dotted) and reconstructions with 0.5% noise (dotted),
respectively. The initial guess is the circle g = {(r, ) : (rcos6)? + (rsin6)? = 0.8%}.

The latter reconstructions are more sensitive to noise in the data than those in
the preceding section although the centers of the interfaces are always relatively well
reconstructed when full measurements are available.

We observe in our numerical experiments that the ratios of the parameters, d/D and
Dy /6D, have important effects on the reconstruction results. The bigger the ratio, the
more stable the reconstruction. This is simply because the effect of the interface on the
boundary measurements increases. Note however that when the ratio d/dD is large, the
conjugate gradient method used to calculate the solution of (1) converges very slowly.
This is because the conditioning number of the finite element matrix in model (1) sig-
nificantly increases when the ratio increases. For this reason, we have chosen the values
(D, d)=(1.0, 0.3) to save computational time. Larger values of d would require to find
an efficient preconditioner if solutions are to be obtained in a reasonable computational
time. Indeed our simulations, based on the Morozov discrepancy principle [19] to find
the optimal regularization parameter «, are very demanding computationally.

7 Conclusions and discussions

We have considered the reconstruction of singular surfaces in diffusion models arising
in optical and electrical impedance tomography. We have performed a shape sensitivity
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Figure 4: Same as in Fig. 3 except that N = 5.

0.2 T T T T T T 0.06
—— Model (1), full data —»— Model (1), full data
—&— Model (5), full data —5— Model (5), full data
—+— Model (1), partial data —+— Model (1), partial data
o

Model (V —&— Model (5), partial data
0.4} 11 T {0.03

00 1 1 1 1 1 1 000
0.5% 1.0% 2.0% 0.5% 1.0% 2.0%
0.25 T T T T T T 0.08
—#— Model (1), full data —#— Model (1) , full data
—5— Model (2), full data —— Model (2) , full data
—&— Model (1), partial data —— Model (1) , partial data
—<— Model (2), partial data —=— Model (2) , parlial data
015+ i{/ﬁ 10 40.04
0.05 0.00

0.5% 1.0% 2.0% 0.5% 1.0% 2.0%

Figure 5: Errors in the reconstructions of (72) for different noise levels and different
parameters N. Upper left: ¢g and N = 3; Upper right: ¢_; and N = 3; Bottom left: ¢,
and N = 5; Bottom right: e_; and N = 5.

analysis to describe the effects of variations in the surface on the boundary measure-
ments. We have obtained that such effects primarily depended on the mean curvature
of surface and the value of the tangential diffusion process supported on the surface.
This is in contrast to the classical case of discontinuous diffusion coefficients across an
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interface.

We have introduced a level set method to evolve the surface so as to minimize an
error functional. We have shown numerically that the reconstruction of the low-order
Fourier modes of the interface can be achieved quite accurately from moderately noisy
data. Higher frequency modes require less noisy data. The reconstructions can be done
from either full or local Neumann to Dirichlet measurements although full measurements
obviously provide more accurate reconstructions.

The major drawback of the current method is that it requires the diffusion coefficient
d(x) to be known. Generalizations, for instance along the lines of the works [12], to
reconstructions of both the interface and the tangential diffusion coefficient need to be
addressed. Note that in such a context, the coefficient d(x) will depend on the geometric
properties of the interface ¥ (see Rem. 3.6 and [6, 8, 24]).

Acknowledgment

The authors acknowledge useful discussions with Martin Burger and Stan Osher on the
implementation of the level set method. This work was funded in part by NSF grant
DMS-0239097. GB acknowledges support from an Alfred P. Sloan fellowship.

References

[1] R. A. Apawms, Sobolev Spaces, Academic Press, New York, 1975.

[2] G. ALLAIRE, F. JOUVE, AND A.-M. TOADER, Structural optimization using sensitivity
analysis and a level set method, J. Comput. Phys., 194 (2004), pp. 363-393.

[3] L. AMBROSIO AND G. BUTTAZZO, An optimal design problem with perimeter penalization,
Calc. Var., 1 (1993), pp. 55-69.

[4] S. R. ARRIDGE, Optical tomography in medical imaging, Inverse Problems, 15 (1999),
pp. R41-R93.

[5] S. R. ARRIDGE, H. DEHGHANI, M. SCHWEIGER, AND E. OKADA, The finite element
model for the propagation of light in scattering media: A direct method for domains with
nonscattering regions, Med. Phys., 27 (2000), pp. 252-264.

[6] G. BAL, Transport through diffusive and non-diffusive regions, embedded objects, and
clear layers, SIAM J. Appl. Math., 62 (2002), pp. 1677-1697.

[7] G. BAL, Reconstructions in impedance and optical tomography with singular interfaces,
Inverse Problems, 21 (2005), pp. 113-131.

[8] G. BAL AND K. REN, Generalized diffusion model in optical tomography with clear layers,
J. Opt. Soc. Am. A, 20 (2003), pp. 2355-2364.

[9] H. BEN-AMEUR, M. BURGER, AND B. HACKL, Level set methods for geometric inverse
problem in linear elasticity, Inverse Problems, 20 (2004), pp. 673-696.

[10] S. C. BRENNER AND L. R. ScorT, The Mathematical Theory of Finite Element Methods,
Springer-Verlag, New York, 1994.

23



[11]

[12]

[13]

[14]

[15]

M. BURGER AND S. J. OSHER, A survey on level set methods for inverse problems and
optimal design, (2004).

T. F. CHAN AND X.-C. TAI1, Level set and total variation regularization for elliptic

inverse problems with discontinuous coefficients, J. Comput. Phys., 193 (2003), pp. 40—
66.

S. CHEN, B. MERRIMAN, S. OSHER, AND P. SMEREKA, A simple level set method for
solving stefan problems, J. Comput. Phys., 135 (1997), pp. 8-29.

D. CortoN AND R. KRESS, Inverse Acoustic and FElectromagnetic Scattering Theory,
Springer-Verlag, New York, 1998.

R. DAUTRAY AND J.-L. LiONS, Mathematical Analysis and Numerical Methods for Sci-
ence and Technology, Vol 2, Springer-Verlag, Berlin, 1993.

[16] ——, Mathematical Analysis and Numerical Methods for Science and Technology, Vol 6,

[17]

18]

[19]

[20]

[21]

[22]

23]

Springer-Verlag, Berlin, 1993.

F. DESAINT AND J.-P. ZOLESIO, Shape derivatives for the Laplace-Beltrami equation, in
Partial Differential Equation Methods in Control and Shape Analysis, G. D. Prato and
J.-P. Zolésio, eds., Marcel Dekker, Inc., New York, 1997.

O. DORN, Shape reconstruction in scattering media with void using a transport model and
level sets, Canad. Appl. Math. Quart., 10 (2001), pp. 239-275.

H. W. EnGL, M. HANKE, AND A. NEUBAUER, Regularization of Inverse Problems,
Kluwer Academic Publishers, Dordrecht, 1996.

W. FanG AND K. IT0O, Identification of contact regions in semiconductor transistors by
level-set methods, J. Comput. Appl. Math., 159 (2003), pp. 399-410.

M. FIRBANK, S. R. ARRIDGE, M. SCHWEIGER, AND D. T. DELPY, An investigation of
laght transport through scattering bodies with non-scattering regions, Phys. Med. Biol., 41

(1996), pp. 767-783.

D. GIiLBARG AND N. S. TRUDINGER, FElliptic Partial Differential Equations of Second
Order, Springer-Verlag, Berlin, 2000.

J. HASLINGER AND P. NEITTANMAAKI, Finite Element Approximation for Optimal
Shape, Material and Topology Design, John Wiley and Sons, Chichester, New York, sec-
ond ed., 1996.

P. H. HUNG AND E. SANCHEZ-PALENCIA, Phénomeénes de transmission o travers des
couches minces de conductivité élevée, J. Math. Anal. Appl., 47 (1974), pp. 284-309.

V. Isakov, Inverse Problems for Partial Differential Equations, Springer-Verlag, New
York, 1998.

K. Ito, K. KUNISH, AND Z. L1, Level set function approach to an inverse interface
problem, Inverse Problems, 17 (2001), pp. 1225-1242.

A. LitmaN, D. LESSELIER, AND F. SANTOSA, Reconstruction of a two dimensional
binary obstacle by controlled evolution of a level-set, Inverse Problems, 14 (1998), pp. 685—
704.

24



28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

S. OSHER AND R. FEDKIW, Level Set Methods and Dynamic Implicit Surfaces, Springer-
Verlag, New York, 2002.

S. OsHER AND N. PARACIOS, eds., Geometric Level Set Methods in Imaging, Vision,
and Graphics, Springer-Verlag, New York, 2003.

S. J. OSHER AND F. SANTOSA, Level set methods for optimization problems involving

geometry and constraints i. frequencies of a two-density inhomogeneous drum, J. Comput.
Phys., 171 (2001), pp. 272-288.

S. J. OsHER AND J. A. SETHIAN, Front propagation with curvature-dependent speed:
Algorithms based on hamilton-jacobi formulations, J. Comput. Phys., 79 (1988), pp. 12—
49.

D. PENG, B. MERRIMAN, S. OSHER, H. ZHAO, AND M. KANG, A PDFE-based fast local
level set method, J. Comput. Phys., 155 (1999), pp. 410-438.

J. RipoLL, M. NIETO-VESPERINAS, S. R. ARRIDGE, AND H. DEHGHANI, Boundary

conditions for light propagation in diffusive media with nonscattering regions, J. Opt.
Soc. Am. A, 17 (2000), pp. 1671-1682.

F. SANTOSA, A level-set approach for inverse problems involving obstacles, ESAIM: Con-
trol, Optimisation and Calculus of Variations, 1 (1996), pp. 17-33.

G. SAPIRO, Geometric Partial Differential Equations and Image Analysis, Cambridge
University Press, New York, NY, 2001.

J. A. SETHIAN, Level Set Methods and Fast Marching Methods, Cambridge University
Press, Cambridge, MA, 1999.

J. SIMON, Differentiation with respect to the domain in boundary value problems, Numer.
Funct. Anal. Optim., 2 (1980), pp. 649-687.

J. SOKOLOVSKI AND J. P. ZOLESIO, Introduction to Shape Optimization, Springer,
Berlin, Heidelberg, 1992.

M. SussMAN, P. SMEREKA, AND S. OSHER, A levelset approach for computing solutions
to incompressible two-phase flow, J. Comp. Phys., vol. 114 (1994), pp. 146-159.

25



