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Abstract

We investigate regularization methods for solving the problem of crack detec-
tion in bounded planar domains from electrical measurements on the boundary.
Based on the multiple level-set approach introduced in Alvarez et al (2009 J.
Comput. Phys. 228 5710-21) and on the regularization strategy devised in
De Cezaro et al (2009 Inverse Problems 25 035004), we propose a Tikhonov
type method for stabilizing the inverse problem. Convergence and stability
results for this Tikhonov method are proven. An iterative method of (multiple)
level-set type is derived from the optimality conditions for the Tikhonov func-
tional, and a relation between this method and the iterated Tikhonov method
is established. The proposed level-set method is tested on the same benchmark
problem considered in Alvarez et al (2009 J. Comput. Phys. 228 5710-21). The
numerical experiments demonstrate its ability to identify cracks in different
scenarios with high accuracy even in the presence of noise.
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1. Introduction

The presence of cracks drastically reduces the structural strength of materials. Hence, the
development of methods for crack detection from indirect measurements becomes a para-
mount issue. This inverse problem is related to non-destructive testing and finds application
in techniques used in the science and technology industry, e.g. [3, 8, 16, 20, 21, 25, 33] and
references therein. In contrast to elastic materials [8, 32], crack identification in the electromag-
netic medium is considered in the setting of inverse scattering (see, e.g. [12, 34]) or in imped-
ance imaging with boundary measurement (see, e.g. [3, 8, 16, 22, 29]). Crack reconstruction
approaches includes shape optimization methods [3, 12, 23, 24, 34], reciprocity principle [32],
probe method [22], factorization method [6, 7, 19], asymptotic analysis [9], among others.

In this manuscript, we investigate the problem of determine both position and shape of a
crack in a material represented as bounded domain 2 C R?, from a finite set on N electrical
measurements on the boundary 052 related to the Neumann-to-Dirichelt map [26, 27].

As a model problem, we assume that the domain {2 has Lipschitz boundary and represents
the specimen under investigation, in which a set of currents profiles {77]‘}]1'\,:1 are applied at
the boundary 0f2, for with, we have access to measurements of the corresponding potentials
{u; }JN:1 only on 0f2 (i.e. we measure u;]gq). Furthermore, we investigate problems constituted
by an insulating crack with finite conductivity b(x), that represent a high contrast between the
interior and the exterior of the crack®. In other words, we assume that a crack can be modeled as
a thin structure with small thickness 3 > 0 along a curve contained in €2, satisfying the system
of Neumann boundary values problem (BVP)

V- (b(x)Vuj(x)) = 0,x€ Q, b(x)(uj(x)), = ni(x), x€ 09, €))

with [, 7 =0, forj=1,...,N (here (1;(x)), denotes the normal derivative of u; at x € 92).

We further adopt the following parameter space for the conductivity b given by D := {b €
L®(Q);b>b(x)>b>0,ae.inQ} CX:={beL>®(Q);b(x) >b>0, ae €2} Assum-
ing that the boundary data 7; € H='/2(0%2) in (1), then, it is well known that the system
of Neumann BVP (1) has a unique solution u; € H, :={u € H'(Q); [,,u; =0}, for each
j=1,...,N,e.g. [14].

Therefore, the crack detection problem can be written in terms of the system of nonlinear
operator equations

F it DrCcX—Y
b Fj(b) = ujlog =:7; 2
where Y := H'/ 2(092) and uj|aq is the Dirichlet trace (e.g. [1]) of the corresponding solution u;
for the BVP (1), for each j = 1,...,N. Hence, the crack problem under investigation is related
to the electrical impedance tomography problem for the Neumann-to-Dirichlet (NtD) operator
with a finite number N of measurements [5, 26, 27].

In practical applications the exact data v; € Y, for j=1,...,N is, in general, not known.
Instead, one disposes only an approximate measured data 7;5 € Y satisfying

N
>l =lly <6, 3)
j=1

4 See section 2 for a precise representation of b.



Inverse Problems 39 (2023) 035009 A De Cezaro et al

where § > 0 is the noise level.

Our formulation and numerical computation concerns cracks with a small and fixed thick-
ness of size 5 > 0 and known conductivity and background conductivity values (see the details
in section 2). The main results in this article can be summarized as follows:

(a) We prove that any forward map F; in (2), for j=1,...,N is continuous in the L'(Q)-
topology (see proposition 4). Such property is necessary to establish regularization prop-
erties for the level set approximated solutions for the inverse problems.

(b) The position and shape of the crack are parameterized by a pair of level set functions
(see section 2). A Tikhonov functional based on a TV-H' penalization is proposed and
analyzed (see section 3). We prove that this generates a regularization method for the crack
identification problem in (2) and (3).

(c) The optimality conditions for the Tikhonov functional allow the derivation of a stable level-
set type method (namely, an iterated-Tikhonov type method) for the crack identification
problem.

This article is outlined as follows: In section 2, we formulate the level set modeling setting
for the crack detection. In section 3, we prove regularization properties of the level set approach
for the crack detection. In section 4, we formulate the numerical approach and derives the
algorithm used in the numerical experiments presented in section 5. Section 6, is devoted to
some final remarks and conclusions.

2. Modeling the parameter space

In order to model the space of admissible parameters (cracks), we use the approach proposed
in [3]. According to this representation strategy a level set function ¢ : {2 — R is chosen in
such a way that its zero level-set I',, := {x € Q; ¢(x) = 0} defines a connected curve within
2 and that the cracks are located ‘along’ I',,. Moreover, a second level-set function ¢ : 2 — R
is chosen such that the intersections of the level-set curve I'y, := {x € Q; ¢ (x) =0} with ',
coincide with the endpoints of the cracks, and the cracks are contained in {x € Q; ¥(x) > 0}.
Therefore, the position of the cracks corresponds to the set

S=S(p, ) =T, N{xeQ; Y(x) > 0}.

In the ‘ideal insulating crack’ case (with zero thickness 8 = 0), the set S correspond to a proper
subset of Iy, and the strategy above allow us to exactly represent the cracks (in a non unique
way), see [3].

In this article, we assume the cracks have fixed thickness 5 > 0 (and 5 < 1) and conductiv-
ity b; > 0 much smaller than the background value b, > 0, where all the three constants 3, b;, b,
are known. Therefore, the position of the cracks can be represented by the set

Sp=Ss(p,9) :=TJN{x € Q; ¢(x) >0},

where I' := {x € Q; —/2 < p(x) < /2}.
Consequently, the conductivity distribution in (1) can be modeled by

b(x) = be + (bi — be) xs, (%), )
where X, is the indicator function of the set Sg.

3
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It is worth noticing that in (4) a multiple level-set representation (see, e.g. [10] and ref-
erences therein) of the unknown parameter b is proposed. Following [10], we introduce the
Heaviside projector

1, if p(x)

() () = {0 NI

define the ‘symmetric translation’ (Hg(y))(x) := H(¢(x) + 8/2) — H(¢(x) — 3/2), and write
the conductivity distribution b(x) in the form

b = (bi=be)Hp(0) H(Y) +be =: P(,1)). (5)
As already observed in [10], the operator H maps H'((2) into the space
Vo = {weL>®(Q)|w=xs, S CQ measurable, H'(dS) < oo}, (6)

where H!(S) denotes the one-dimensional Hausdorff measure of the set S. Thus, the operator
Pin (5) maps H'(Q) x H'(£2) into the admissible class V C X defined by

V= {weL>®(Q)|w=b,+ (bi—b,) xs, S C Q measurable, H'(3S) < 0o} . (7

In the forthcoming analysis, we write P(p,¢):=q(H(¢+5/2),H(¢—8/2),H()),
where the operator g : (L>(Q2))? — L*°() is defined as

q:(2",222) = (bi—b.) (' =) +b.. (8)

Within this framework, the inverse problem (2) with data given as in (3) can be written in the
form of the system of operator equations

Once an approximate solution (¢, ) of (9) is calculated, a corresponding approximate solution
of (2) is obtained in a straightforward way, indeed, b = P(p,1)).

3. Tikhonov regularization

Here, we follow [10] and introduce the Tikhonov functional

G 0) = S IF(P. ) = 15+ (i o+ 6/2) o+l ~ /D

o+ 13 ) aw + pralle = ol + 15110 = Yol ) (10)

based on TV-H'! penalization, where o > 0 plays the role of a regularization parameter. The
H'-terms act simultaneously as a control on the size of the norm and as a regularization on
the space H'(2) (here ¢,y € H'(Q2) are reference level-set functions). The BV-seminorm
terms are well known for penalizing the length of the Hausdorff measure of the boundary of
the sets {x: p(x) > —3/2}, {x: ¢(x) < 8/2} and {x : ¢)(x) > 0} (see [15]). The constants 1,
forje {1,...,5} are weight parameters.

3.1 Choosing the parameter space

Once the Tikhonov functional has been chosen, we concentrate on the task of finding an
adequate parameter space to minimize G, (¢, ) in (10). We start posing some general assump-
tions to the model.
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(A1) © C R? is bounded with piecewise C' boundary Of).

(A2) System (9) has a solution, i.e. there exists b* € U satisfying F;(b*) =~;, j=1,...,N.
Moreover, there exist functions ¢*, ¥* € H'(Q) satisfying P(p*,%*)=b*, with
[Vp*| # 0, |Vy*| # 0 in a neighborhood of {¢* € [-3/2,8/2]}, {¢/* =0} respect-
ively. We further assume that H(p* + 3/2) =z, H(p* — 3/2) = 22, H(v*) = 2%, for
some z!, 7%, 723 € Vo,1.

The choice of the parameter space (as well as it is topology) should be such that existence
of minimizers for the functional G,, in (10) can be guaranteed. This is not the case as explained
in the following remark.

Remark 1. According to the model exposed in section 2, the unknown parameter b is to be
modeled by b = P(¢,9) = q(O(p,)), where

O: (H'(Q))* 3 (0,9) — [H(p— 5/2),H(p+ 5/2), H{¥)] € (LX())*.

However, since H is discontinuous, the graph of the operator O is not closed as a sub-
set of (L>=(Q2))* x (H'(£2))?. Consequently, it is not possible to guarantee that minimizing
sequences for the functional G, have limit in (L°°(Q2))? x (H'(Q))>.

With the remark 1 in mind, we adapt the concept of generalized minimizers introduced in
[10] to the framework described above. As we shall see in definition 1 below, we introduce an
extended parameter space (the so-called set of admissible quintuples), which corresponds to
the closure of the graph of @ in (L= (Q))? x (H'(£2))? with respect to a topology related to the
concept of I'—convergence [4]. Furthermore, we redefine the Tikhonov functional G, (¢, 1) on
this extended parameter space in order to introduce a new concept of (generalized) minimizers
of G,.

Before introducing the generalized minimizers, we define the operators {H. }.~¢

0, ifpop<—e¢
He(p) == l+yp/e, ifpe[-e0] ,
1, ife>0

which represent continuous approximations to the operator H. Analogously, we define the
approximations { P }.~¢ to the operator P by

P.(p,¥) = (bi—be)Hp,e () He(¥) + be (In
where Hp . () := H (o + 5) = He(0 = 5).
Definition 1. Let the operators H,, Hg . be defined as above.
(a) A quintuple of functions (z',z2,2%,¢,1) € (L>(Q))? x (H'(£2))? is called admissible if

there exist sequences { o, ¥ hren in (H'(£2))2, and a sequence of positive numbers ; — 0
such that

Am floe =@l =0, lim [l =20 =0,

klgrolo |He (ox+5) =2 o) = klggo 1He (ox—5) =2 |l

= lim ||He, (1) — 2|11 () = 0.
k— o0
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(b) A minimizer of G, is considered to be any admissible quintuple of the form (z', 72, 23, , )
minimizing

s 2
Ga(2",2,2,0,0) = ||F(q(2",2,2%)) =Y’ ||, + ap(z". 2.2, 00)  (12)

over all admissible quintuples. Here the functional p is defined by

ple' 22,2 o, p) 1= inf { limint (ju1[Hoy (01 + D)lov + 2 ey (01— 3oy

o il () v + sl o = poll + mslle = wollf ) o (13)

where the infimum is taken with respect to all sequences {e; }ren and {x, ¥y }bren satis-
fying (a).

(c) A generalized minimizer of G, (¢,) is a minimizer of Go (z',22,2,¢,1) on the set of
admissible quintuples.

In what follows, we present some remarks related to definition 1.

Remark 2. The set of admissible quintuples is to be considered as a topological space, namely
a subset of (L>=(0))? x (H'(£2))? endowed with the topology of (L'(2))? x (L?(£2))?. The
closedness of this extended parameter space, which contains the generalized minimizers of
G, is analyzed in lemma 2.

Remark 3. Let *, 1* € H'(f2) satisfying Assumption (A2). Define the constant sequence
{(¢r,¥x) = (¢*,9*) }ren. Then, arguing with the co-area formula [15, chapter 4], we can
prove that

[He (0x+B/2) =2l = 0, [|He (k= 8/2) = 2|0 = 0, || Hey () =20 — 0

as k— oo (see [10, remark 1] for details). Now, from definition 1, we conclude that
(z',2%,2%,*,1*) is an admissible quintuple. Consequently, it follows from assumption (A2)
that the set of admissible quintuples satisfying F;(P(,)) = 7; is not empty.

Remark 4. From definition 1 (b), it follows that for each admissible quintuple (zl,
2,23,0,0) € (L>=(2))? x (H'(2))? the functional p in (13) is the ['-limit of the sequence
of functionals pi(p, %) := pu1|Hey (0 + 5)|ov + pa|Hey (9 — 5)|ov + p3| He, (1) sy + p1a ]| 0 —
@ol|F + ps||Y — wol|7:, where {e; ke is a sequence on which the infimum on the right hand
side of (13) is attained.

Moreover, from the fact that p is a I'-limit together with the I'-convergence definition [4,
section 6], we conclude that p is lower semi-continuous on the set of admissible quintuples
w.r.t. the topology described in remark 2.

Next, we verify some basic properties of the operators P.,, H., and g that are necessary in
the forthcoming analysis

Lemma 1. Under assumption (Al) the following assertions hold true:

(a) Let {(z},73,2}) teen € (Vo,1)° be a sequence converging in (L'(Q))* to some element
(z",22,2) € Vo1)*. Then q(z},73,2)) — q(24,2%,2°) in L'Y(Q).

(b) Let (Z',p,1) € L>(2)* x H'(Q)? be such that H.(o+ 3/2) — 2!, Ho(p— B/2) — 2
H.(v) — 23 in LY(Q) as e — 0. Then P.(p,%) — q(z',722,2°) in L' (Q) as e — 0.

(c) Givene >0, let { (o, 1) }ren be a sequence in (H'(Q))? converging to (p,1) € (H'(Q))?
in the L*-norm. Then H.(ox+ 8/2) — H. (¢ + B/2), H:(px — 3/2) = H-(¢ — 3/2) and
H_(Yy) — Ho (1)) in LY (), as k — oo.
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Proof. Assertion (a) follows from the estimate
la(ztszicr2) —alz' 22,2 [l < /Q 16 = bel|(zx — %)z — (2 =) £ (' =)z
< Ibifbel/Q(IZi*Z1|+IZ§*ZZ\)IZZI+|11*zzllz]fffl
<2|bi—be|/Q(lzi—z‘\+|z%—z2|+lz2—z3\>v

where in the last inequality we used the fact z',zi € Vy ;. The proof of assertion (b) follows a
similar argument. For a proof of assertion (c) we refer the reader to [10, lemma 1]. O

The following result guarantees the closedness of the set of admissible quintuples with
respect to the (L'(£2))? x (L?(£2))? convergence (see definition 1). The prove follow the lines
of the proof of [10, lemma 2].

Lemma 2. Let {(z,'c,zi,zz,gpk,wk)}keN be a sequence of admissible quintuples converging in
(L'(Q))? x (L*(Q))? to some (7',72,2,0,9) € (L°(2))? x (H'(Q))?. Then (z',2%,2%,p,1)
is an admissible quintuple.

In the next lemma, we verify the coerciveness and lower semi-continuity of the functional
p on the set of admissible quintuples.

Lemma 3. For each admissible quintuple (z',7%,2°,p,1), we have
3 .
S milz v+ palle = ollin + psllv = wollin < p(2',2%,2,0,0) - (14)
i=1
=

Moreover; given a sequence {(z},23,23, Pk, k) bken of admissible quintuples such that 7, — 7'
in LY (Q), or — ¢ in H'(Q), Yp — ¢ in H' (), where (7',2%,2%, ¢,%) is some admissible
quintuple, then p is weak-lower semi-continuous, i.e. satisfies

p(z", 2,2, 0,9) < liiréianp(Zi,Z%Zi,wk,wk)

Proof. What concerns the lower semi-continuity property of p, this issue is addressed in
remark 4. The proof of the coercivity property in (14) follows the lines of the proof in [10,
lemma 4]. O

3.2. Convergence analysis

As we have seen in lemmas 1 and 2, the set of generalized admissible parameters shall be
considered endowed with the L' (2)-topology. Therefore, for the convergence analysis of the
Tikhonov approach, we shall be able to prove the continuity of forward operators F; in (2)
w.r.t. the L'(2)—topology. It is the content of the following proposition (for L7 continuity
results of the forward operator in the Complete Electrode Model, see [28]).

Proposition 4. Let the boundary data in the BVP (1) satisfy n; € (W'=1/49(9Q))’, for g =
p/(p—1), for any p €]2,po|, where po > 2 is an adequate constant. Then, the operators F; :
D(F) C LY(Q) — Y are continuous on D(F) with respect to the L' ()-topology.

Although proposition 4 is quintessential for the forthcoming convergence analysis (theor-
ems 5-7), a proof is postponed to section 3.3. In what follows, we prove that for any regu-
larization parameter o > 0 the functional G,, in (10) is well posed in the generalized sense of
definition 1.
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Theorem 5 (Well-Posedness). Let the assumptions of proposition 4 and the general assump-
tion of this paper hold. The functional G,, in (10) attains generalized minimizers on the set of
admissible quintuples.

Sketch of the proof. It follows from remark 3 that the set of admissible quintuples is not
empty. Thus, there exists a minimizing sequence of admissible quintuples for Ge.. It follows
from the coercivity of p in lemma 3, the Sobolev compact embedding of H' into L? [1], and
the compact embedding of BV into L' [15], that this minimizing sequence converges to some
quintuple which is admissible (see lemma 2). Next, from the weak lower semi-continuity of p,
together with the continuity of F; (see proposition 4), and the continuity of g (see lemma 1),

we conclude that this limit quintuple is a minimizer of Ga. O

In the next two theorems we present the main convergence and stability results. The proofs
use classical techniques from the analysis of Tikhonov type regularization methods (see, e.g.

[10D]).
Theorem 6 (Convergence for exact data). Assume we have exact data (i.e. "/j‘; = ;) and let

(z),22,23,0astba), >0, denote a generalized minimizer of Ge. Then, for every sequence
of positive numbers {cy }ren converging to zero there exists a subsequence (denoted again by
{aw}) such that (2,23, .23, o> ay) is strongly convergent in (L' (Q))* x (L*(2))? 10 some
(z',72,2%,8,1). Moreover; the limit is a solution of Fj(q(z',7%,2%)) =, j=1,...,N.

Sketch of the proof. Let {ay }ren satisfy the above assumptions. For each k € N, we denote
by (24,242 Pk Vk) = (2,125, Ziy» Pove» Yy ) @ minimizer of G, (that exists by theorem 5).
It follows from Assumption (A2) that

=

G (22, 00, 0k) < || Fila(z',22,2%)) — || + awp(2, 22,2 0%  00%)
j=1

= aup(z', 22, 2¢% %), kEN. (15)

As a consequence of (15) we obtain
Pz 2,2 o) < ple',22,279%,9%) < oo (16)

Then, arguing with (16) and lemma 3, we prove that the sequences {(}, {¢x} and {z}} are
bounded in H'(£2) and BV respectively.

Arguing as in theorem 5, we conclude the existence of strong converging subsequences,
with limit (21,22,23 ,@,@) being an admissible quintuple. Moreover, from lemma 1 (a), the
continuity of F; (see proposition 4), the assumption on the sequence {ay}, and (15) we obtain

v = lim Fq(z.2.3)) = Fie(z',7,2),
—00

concluding the proof. O

Theorem 7 (Convergence for noisy data). Ler o= «(d) be a function satisfying
lims_0 a(8) =0 and lims_,o 6> (8)~! = 0. Moreover, let {8 }ren be a sequence of pos-
itive numbers converging to zero and v € Y be corresponding noisy data satisfying (3). Then
there exists a subsequence, again denoted by {6}, and a sequence {oy := a(0k)} such that
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(2hy, 5, 2oy P Vi) comverges in (L)) x (I(Q)) 1o some (,2,2,p,40) satisfying
Fi(qZ,222)=,j=1,...,N.
Sketch of the proof. For each k€N, let {ay}ren := {ow(0k) }ren and the corresponding

(z}(,z%,z,z,wk,z/)k) = (Z(Lk(ﬁk),zak,zik,@ak,?bak) be a minimizer of G,, (that exists by the-
orem 5). It follows from Assumption (A2) that

2
+akp(z1,z2,z3<p*,1/)*)

N
Gon(s0) (T2 P k) < 3 HFj(q(z1 ,22,2%)) =
=1

SNG; +aup(z',22,2¢% %) kN, (17)

From (17) and the assumptions on {cy }, it follows that {p(z} , 27,7}, ¥k, 1) } is bounded. From
this fact and lemma 3, we conclude that {¢;}, {¢} and {z}} are bounded in H'(Q) and BV
respectively. To conclude the proof, it is enough to argue as in the last paragraph of the proof
of theorem 6. O]

3.3. Proof of proposition 4

In the proof of proposition 4, a result of L”-regularity for the solution of elliptic boundary value
problems of Neumann type is needed. Such regularity is obtained by a modification of a result
by Meyers [30], which guarantee W'”-regularity of u* (the solution of (1)), provided b* € V.
For details, we refer the reader to [18].

Lemma 8 (Meyers). Let Q2 C R? be a bounded connected domain with Lipschitz boundary,
b€V andu c H' () be the unique solution of (1).

There exists a constant py € (2,00) depending only on b;, b, and ), such that for every
p € (2,po) and s € [p/2,00|, there exists a constant C = C(p,s,b;,b,,?) such that

lullwiry < Clinlloo),
whenever 1; has the extra regularity 1y € (W' =1/44(9Q)), forg=' +p~ 1 =571

The constant p in proposition 4 is chosen as in lemma 8. Next, we introduce some notation
and the necessary assumptions on the smoothness of the boundary data in (1). Let b € V be
given as in (7), and assume that the current profile 7; in the BVP (1) satisfies® the assumption
of proposition 4.

Now, for each j € {1,...,N}, consider the operator G; : V. C X — H' () given by G;(b) =
u;, where u; € H'(€2) is the unique solution of (1) in H,(Q) := {we H'(Q) : [,,w=0}.
Thus the operator F; in (2) satisfies Fj(b) = I'p(G;(b)), where Tp : H'(Q) — H'/?(99Q) is the
Dirichlet trace operator, which is linear and continuous [1]. Consequently, in order to prove
the continuity of F; stated in proposition 4 at some point b* € V, it is sufficient to verify the
estimate

*11
1G;(6) = Gi(6") Iy < C*[lb—b*, {7, (18)

for some constant C* > 0 depending only on b* and some p > 2, as in lemma 8.
In what follows, we denote (for simplicity) u := G;(b) and u* := G;(b*). Using integration
by parts, we obtain

5 Note that, under the hypothesis of proposition 4, we have (W' ~1/44(8Q))" ¢ H~/2(8Q).
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/b\V(u*—u)|2:/b|Vu*|2—2/ b(u)yu*+/b|Vu|2
Q Q o0 Q
:/(b—b*)|Vu*|2—/b*|Vu*|2+/b|Vu|2
Q Q Q

:/(b—b*)|Vu*|27/ b*(u*)yu*+/ b(u),u

Q o0 oN

:/(b—b*)|w*|2—/quVu*+/b*vu*vu
Q Q Q

:/Q(b—b*)|Vu*|2—/Q(b—b*)Vu*Vu

_ / (b—b%) Vie* (V" — Vi), (19)
Q

Since b € V (see (7)), it follows from the Holder inequality

b [ 19 =P < ([ lo-0e) ([ rowr) ([ v -ar) o

for p, g, r > 1 with Il—) + % + % = 1. Choosing r =2 in (20), we obtain

bi(/QIV(u*—u)lz); < (/Q|b—b*|‘1>[l’(/Q|Vu*p)'l’7 21

for p, g > 1 with 11) + é = 1. From the L/-regularity resultin lemma 8, it follows the existence of
po > 2 such that || Vu* ||, < oo for2 < p < po. Thus, choosingp =2+candg=p/(p—2) =

(2e+4)/ein (21), we conclude that
IV = Vullz < b7 Vit |l |lb— b .
Consequently, we get the estimate
1G;(b) = G;(0" )l < (cpbi) ™" [V 1o |1 — b1, (22)

where cp = cp(2) is the constant in the Poincarré inequality with null mean [1].

Moreover, since g > 2, we can write ¢ = 1 4+ g (with g > 1) and estimate the last term in (22)
by

* * *|q 1/ q/ wnl/q
lo=b%les = ([ 1b=b*16=0%7) " < (2b)77 5" 23)
Q

(notice that b, b* € V implies |b — b*| < 2b, a.e. in ). Finally, from (22) and (23) follows (18)
with ¢ = (2¢ +4)/e and C* = C*(u*) = (cpb;) || Vu*|| 1 (2b,)%/4, where p = 2 + €. [

4. Towards numerical realization

The Tikhonov functional G, defined in the previous section is not suitable for computing
numerical approximations to the solution of (9). This becomes obvious when one observes the
definition of the penalization term p in (13). In this section we introduce the functional G, ,,
which can be used for the purpose of numerical implementations. This functional is defined
in such a way that it is minimizers are ‘close’ to the generalized minimizers of G, in a sense
that will be made clear later (see proposition 9). For each € > 0 we define the functional

10
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N
ga,a(@ad)) = ZIHFJ(PE(QOVQZJ)) - ’YJ§|‘§/+0‘(NI|HE((P+B/2)|BV +N2|H€(§0 - B/z)lBV
j=

+ 13| He () [sv + palle — @oll7n + ps |l — oll3), (24)

where P.(p,v) :=q(H-(¢+ 3/2),H-(¢ — 8/2),H-(¢)) is the functional defined in (11). In
the next proposition we verify that this functional is well-posed. Moreover, we prove that, for
¢ — 0, the minimizers of G, , approximate a generalized minimizer of G,. The proof follow
the lines of [10, lemma 10 and theorem 11]. For the convenience of the reader, a sketch of the
proof is presented.

Proposition 9. Let o, 3, € > 0 and g, 1o € H'(Q) be given. Then

(a) The functional G ., in (24) attains a minimizer on (H'(Q))>.

(b) For each € >0 denote by (pe q,%ea) a minimizer of G. . There exists a positive
sequence {ex} converging to zero such that (He, (¢e;,0 + g),Hsk(np%a — g),HEk(@ngya),
Der.arVep.o) converges strongly in (L'(Q))? x (L*(Q))? and the limit is a generalized min-
imizer of G, in the set of admissible quintuples.

Proof. Sketch of the proof Since £ >0, o> 0, and inf{G. »(,%) : (p,?) € (H'(2))?} <
G:,0(0,0) < oo, there exists a minimizing sequence {(¢x,¥x) }ren for G. . The definition of
Ge o, implies that the minimizing sequence { (¢, %%) }ren is bounded in (H'($2))?. Then, the
compact embedding theorem [1, chapter 5] and lemma 1 imply the existence of a subsequence
(denoted with the same index) such that (¢, 1) — (¢,9) in (L*(2))2, P (or, k) — Pe(@,1)
in L'(Q), He (e £ 5) = Ho(p £ 5) and H. () — He () in L'(92).

Furthermore, from the weak lower semi-continuity of the BV-seminorm [15, the-
orem 1, p 172] and of the H'-norm, we obtain |H.(yp + §)|BV < I}Einf\He(gpki %)\BV,

|H () sy < lggglles(wkMBV’ llo — 900”?11(9) < l}cgigf”‘»@k - SOOH%{‘ Q) | — ¢0||1211 Q) <
I}Cm inf||¢x — 1o ||12111 Q) These facts together with the continuity of both F; and ¢ (see propos-
— 00
ition 4 and lemma 1) allow us to conclude that G. ,(¢,1)) < lgcminfge,a (¢, x) =1inf G, 4,
— 00

proving Assertion (a).

Add Assertion (b).

Let (z,72,2,,¢L,12) be an admissible quintuple minimizing G (that exists by the-
orem 5). From definition 1 follows the existence of a positive sequence £, — 0 and a cor-
responding sequence (i, 1) € (H'(£2))? such that

(prstous He (01 5), Hey (01— 5) Hey(90)) = (003 Yo Zar )

in (L?(2))? x (L'(2))* as k — oo. Moreover, from lemma 3 we can further assume that
P(Zidgﬁsz DoY) = im0 (Ml |H, (o + §)|Bv + po|He, (o — §)|BV + p3|He, (1) sy +

palloor = pollzn + sl — woll7n )
Let (¢c,,%,) be a minimizer of G, o, for each k € N. From the definition of G, .

follows that each coordinate of the sequence {(||l¢, — ol l1%e, — Yol s [He, (e, +
5)lav, |He, (9, — 5)|sv,|He, (¥e,)|av) }, is uniformly bounded by Ge,.o(0,0) < co. Hence,
from the compact embedding theorems for H' () in L?(12), and for BV in L! (Q2), we conclude
the existence of subsequences (again denoted by the same indexes) such that

(@Ekvw&?HEk(SDEk + g)vHEk(SDEk - g)vHEk(wﬁk)) - (@7/&72] 722,23)

1
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in (L2(Q))? x L' ((2))? as k — co. This characterizes the limit (3,1, 2,22,2%) as an admissible
quintuple (see definition 1). Now, the continuity of F; and ¢ (see proposition 4 and lemma 1)
and the characterization of p as a I'-limit (see lemma 3) implies that ||Fj(q(2",2%,2%)) — 77 || =
kll)n(;lo ’|Fj(P€k(50€ku¢6k)) - FY](SH and

p( 17A27 7@ ¢) g 1?3102“#1 |Hak(%0q + g)lBV +/L2‘H8k (@Ek - g”BV

+ palHe, (Ve ) v + pialloe, — pollin + pslltbe, — vollzn)-
Thus,

Ga(", 22,2, 0,0) = ZHF 22,2) 7,H+apzzz7sow)

< lim lnfgak,a (5061{ ) wﬁk)
k— o0

< liminfga,a(kak) < limsupGey,a (@i, k)

k— 00

2
< 5 timsup [ (Pau(or, )~ | +atimsup (s Ha (o1-+ §)lav
—00

j=1 k—oo

+ 2 |He, (0x — 5)|ov + 13| Hey, (i) by + pallox — wolln + s 1|vx — ol zp)
1) 2 1 2 3 . 5
- ZH (CI ZOL7ZOL7ZOL _’7] H +ap(ZmZa,Za7€0a,wa) :lnngt7

1A2

proving that (2',22,2%,¢,4)) is a minimizer of Gq,. O

Proposition 9 justifies the use functionals G, , in order to obtain numerical approximations
to the generalized minimizers of G, . It is worth noticing that, differently from G, the minim-
izers of G, o can be numerically computed. In the next subsection we compute the first order
conditions of optimality for the functional G, o, which will allow us to compute the desired
minimizers.

4.1 Optimality conditions for the Tikhonov functional

For the numerical purposes we have in mind, it is necessary to derive the first order optimality
conditions for a minimizer of the functionals G, . To this end we consider G, , in (24) and
we look for the Gateaux directional derivatives with respect to ¢, 1.

Since H! (¢ 4 3/2) and H. (1)) are self-adjoint®, the optimality conditions for a minimizer
of the functional G, , can be written in the form of the system of equations

aps(I— A) (@ — o) = —RL o (0,0), aps(I— A) () — o) = —R2 ,(¢,0),in Q (25a)

(907900)1/:03 (7/}*1/)0)”:07 at 90 (25b)

where v(x) is the external unit normal vector at x € 02, and

/e te(—e,0)

6 Notice that H. () = {0 |
else
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=
e [mng?)v <|§ZE§12§|>
Fratle =) (;Zi:z; ] e
R () = 306, = ) Ho ) L) F{(Po(o.0) (FP- () =)
~$usHl()V- (). (a6b)

It is worth noticing that the derivation of (25) is purely heuristic, since the BV seminorm is
not differentiable. Moreover, due to the terms |[VH, (+)|, |[VH: (- = g) | appearing in the denom-
inators of (26), we have to assume that the gradients V¢, V1 do not vanish in a e-neighborhood
of the level curves {p = g}, {p=— g} and {¢ = 0} respectively (compare with assumption
(A2)).

In what follows we apply iterative regularization to the system of optimality conditions (25).
This idea was suggested in [10] and allow the derivation of an iterative regularization method
on the space of parameters modeled by level-set functions. The resulting method is the starting
point of the iterative algorithm proposed in this article for solving the crack detection problem
(see section 5).

4.2. An iterative regularization method

The method discussed in the sequel consists of successively solving the system of optim-
ality conditions in (25). This regularization method was used in connection with level-set
approaches in [10, 17].

For n=0 set géf’g (p,%) := Ge a(p, 1) as in (24), where (g, 1)) is some initial guess. The
iterative regularization method under consideration consists in minimizing the family of func-
tionals

N
G 0) = LI Pel,0) =+ a(julHelio+ Slow + ilHelio = Slow
J:
o 103 e ()l + pallp = ol + sl = il ). @7)

The minimizer of gé’fll (¢, 1) is denoted by (@y+1,%n+1). Notice that (@,41,1,+1) can be
realized by solving the system of optimality conditions

apa(I= D) (¢ —pn) = —Re o (90), aps(I = A) (Y — 1) = —R2 o (,4) ,in
(¢ —on)y =0, (Y —tn), =0, at 0Q.
In the sequel we describe an algorithm (see algorithm 1) to implement the iterative regular-

ization method for the crack identification problem. Each iteration of this algorithm consists
of four steps:
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Algorithm 1. Iterative regularization method for solving the crack detection problem.

L Evaluate [5]; = [Fj(P:(pn,tn)) =7 L1 = Wiloa — 11,
where [wj]J{V:l € [H'(Q)]" solves

V- (Pe(¢n,n) Vwj) =0, in Q; b(wj)y =n;, at 9.

2. Evaluate [F} (Pc(¢n, %)) 1]l i= —[Vw; - Vil € [L*(Q)]V, where [w]\, is the

function computed in Step l.and [i]Y, € [H'(Q)]" solves
V- (P=(@n,%n) Viy) =0 in Q; b(uj), =rj, at Q.

. Calculate Ré’a(npn,wn) and Réa(apn,wn) as in (26).

4.Evaluate the updates d¢p, 69 € H'(Q) by solving
CE,LL4(17A)5()0: 7Ri:,a(gan7¢n)7 inQ; (6§0)V :Ovat o0 .
O‘/‘S([_A)(Sw: _Rg,a(¢n7¢ﬂ)> inQ; (51/))1’ :O7at Q.

5.Update the level-set functions @,+1 = @n+ 6@, Yuy1 = PYu + 0.

w

e In the first step the residual [rj]j": | € [L2(0Q)]N corresponding to the iterate (¢y,,1),) is eval-
uated. This requires the solution of N elliptic BVP’s of Neumann type.

e In the second step the solutions [u,]jN: | € H'(Q) of the adjoint problems for the residual
components [r]]jN: | are evaluated. This corresponds to solving N elliptic BVP of Neumann
type and to computing N inner product in L* (namely [Vw; - Vig] L.

e The third step consists in the computation of R;a (¢n,¥y) and Réa(gon, 1,,). Each compu-
tation requires the sum of N inner products in L.

e In the fourth step, the updates ¢, 61/, € H' () for the level-set functions ¢, and 1), are
evaluated. This corresponds to solving two non-coupled elliptic BVP’s of Neumann type.

Remark 5. In section 4.2 we propose an iterative method (summarized in algorithm 1) to
compute approximate solutions of the system of operator equation (9). The method under
consideration is the ‘iterated Tikhonov method’ given by

((Pn+1 ﬂ/’n+1) = argmintpﬂ/)ggg(@vw)vn = 07 17 e

where the functionals Qé'f()x, n € N are defined in (27). Notice that (¢;,1,%,1) is the solution
of optimality condition for gé”)l (see (25) and (26)).

A similar algorithm was successfully used in [10, 17] to solve the inverse potential prob-
lem under the framework of level-sets and multiple level-sets respectively. However, what
concerns the crack detection problem the method outlined above becomes disadvantageous if
the number of physical experiments N in (1) is large. Indeed, in each iteration one has to solve
2N + 2 elliptic BVP’s.

5. Numerical experiments

In this section we present reconstruction results obtained from a numerical implementation of
the level-set method discussed in this manuscript (see algorithm 1).

In what follows  C R? is the unit disk. We address the identification of three distinct
crack scenarios: the piecewise constant functions b7 (curved crack close to the boundary),
b} (S’ shaped crack far from the boundary), b3 (two straight cracks) shown in figure 1. The
(constant) thickness of the cracks is 3 = 0.04, the background conductivity is b, = 1.0 and the
crack conductivity is b; = 0.01 (see section 1).



Inverse Problems 39 (2023) 035009 A De Cezaro et al
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Figure 1. Exact cracks by, k = 1,2,3 used in the numerical experiments.
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Figure 2. Typical Neumann-to-Dirichlet experiment. (LEFT) Crack b3. (RIGHT) Solu-
tions u;, u and ug of (1) for the Neumann data 7;, 12 and ng respectively.

The solutions of the BVP’s (required for the implementation of our method) are computed
using a finite element type method and the open-source package FEniCS [2].

Remark 6. Since the conductivities are assumed to be known, these crack identification prob-
lems belong to the family of ‘shape identification problems’.

When the conductivities are not known, we face a problem of simultaneous identification
of ‘shape and contrast’. This is known to be a challenging problem. In this case, it is possible
to modify the Tikhonov functional in (10), in order to also determine the conductivity values
(see, e.g. [11, section 1.3]).

5.1. Neumann/Dirichlet data

We use N = 8 distinct pairs of Neumann/Dirichlet boundary data {(7;, fyj)}jy: | corresponding

to 8 uniformly spaced electrodes placed around 92 = {x € R?; ||x|| = 1} (see figure 2 for a
typical NtD experiment in the crack scenario b} ). Each Neumann data 1) is a piecewise constant
function that takes current values 1 over one electrode, —1 on the adjacent electrode and zero
elsewhere (adjacent current pattern); moreover, it satisfies f 00l = 0.

In order to generate the exact data, in each crack scenario the BVP’s in (1) with Neumann
data n;, j=1,...,N are solved; the corresponding solutions are denoted by u; : 2 — R. The
Dirichlet data ;, j = 1,...,N, are computed as the Dirichlet trace of u; at 00, i.e. 7; := u;|aq

In order to generate the noisy data 'yj‘s used in our experiments, the exact Dirichlet data -;
are perturbed by adding uniformly distributed random noise. Two distinct levels of noise are
used, namely 6 = 1% and § = 20%.
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Figure 3. Initial guess for level-set functions g (LEFT), 109 (CENTER), and the res-
ulting crack P-(o,%0) (RIGHT).
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5.2. Relevant aspects of the numerical implementation

5.2.1. Initial guess and regularization parameters.  The same initial guess is used in all
numerical experiments. In figure 3 the initial guess for the level-set functions (g, 1) as well
as the resulting crack P.(yp, 1) are depicted.

In all crack scenarios we use € =0.01 and p; = pp = p3 = 0.000001, pg = 1. Moreover,
is = 1 in crack scenarios b}, b3, while y1s = 0.1 in crack scenario b3.

5.2.2. Meshes used in the numerical implementation. ~ The solutions u; of the BVP’s in
section 5.1 (needed to generate the data for the inverse problem) are computed using adaptively
refined triangular meshes with average 40 000 elements (1200 boundary vertices).

In order to avoid inverse crimes, adaptively refined meshes (with average 11000 ele-
ments and 600 boundary vertices) are used in the implementation of the level-set method (see
algorithm 1). Notice that these meshes are coarser then the meshes used to generate the data
for the inverse problem (see section 5.1).

A third uniform mesh with 18 182 elements and 600 boundary vertices is used to represent
the level-set functions (¢, 1% ); the same mesh is used for all steps k of the iterative method.

5.2.3. Reinitialization. =~ We observed in the numerical implementation of our method that the
level-set function ¢, develops small gradients as k grows large. This is a well known issue
in level-set type methods, that leads to numerical instabilities. To address this difficulty, we
implement a reinitialization type method [31]. The main purpose is to enforce the property
|[Vi| =1 in Q along the iteration.

Here we use a variation of the reinitialization method in [31, section 7.4]. In other words,
we solve the IVP ¢, — aA¢ — Sa(¢r) (V| — 1) =0, ¢ > 0 with initial condition ¢(0) = .
Here S5(¢) := sign(¢) for |¢| > 2, and zero elsewhere. The constant & > 0 plays the role of a
stabilization parameter: we use & = 0.01 in crack scenario b} and & = 0.005 in crack scenarios
b} and b3.

This reinitialization procedure of ¢y is implemented after every 10 iterations. No reinitial-
ization is needed for the level-set function /.

5.3. Numerical results

The reconstruction results obtained for the three crack scenarios are presented in the figure 4.
For each crack scenario by, k = 1,2,3, two levels of noise are considered, namely 6 = 1% and

16
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Figure 4. Reconstruction results. Crack scenarios are divided by columns. (FIRST
ROW) noise level § = 1%. (SECOND ROW) noise level § = 20%.

& = 20%. Each plot in this figure shows the contour of exact crack (RED) and the correspond-
ing reconstruction (BLACK). The reconstructions are computed using k = 1500 iterations (for
6 = 1%) and k = 500 (for 6 = 20%).

In figure 5 the evolution of the relative residual and relative iteration error are presented
in all three crack scenarios, and for both levels of noise.

Some considerations about the numerical experiments follow:

o Crack b7 is successfully reconstructed at both noise levels.

e The reconstruction quality of crack b5 deteriorates for the noise level § = 20%. The curvature
of b} is recovered in both noise levels, but instabilities in the reconstruction appear as
the noise level increases (a possible explanation is the fact that the Neumann data in
section 5.1—using adjacent pattern—do not favor the reconstruction of information located
in the interior of €2; see, e.g. [5]).

o The reconstruction of crack b} represents the most challenging scenario. Since b} consists
of two disjoint cracks, we observe a geometry split in the evolution of level-set function
1, (see figure 7), which requires a large number of iterations. A detailed description of the
evolution in this crack scenario is given at the end of this section (see figures 6 and 7).

e In all three crack scenarios the relative residual is monotonically decreasing; a few observed
instabilities are related to the reinitialization procedure (see figure 5). On the other hand, the
relative iteration error increases in the first iterations. A possible explanation is the fact that
the zero level-sets of (i, 1) abruptly change in the first iterations (this is a well documented
fact in the level-set literature; see, e.g. [17]).

17
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Figure 5. Evolution of relative residual (FIRST ROW) and relative iteration error
(SECOND ROW). Crack scenarios are divided by columns.

e Iterative methods for ill-posed problems are commonly stopped according to the discrep-
ancy principle [13]. Here the iterations are not stopped using discrepancy, since no theoret-
ical results are available for our multiple level-set method. Instead, we observe the relative
residual: the numerical experiments are terminated when the evolution of the relative resid-
ual stagnates (see first line in figure 5). Consequently, the experiments are terminated at
either k = 1500 iterations (for § = 1%) or k =500 (for § = 20%).

Next we present more details about the sequence (py, 1) produced by our method in crack
scenario b} with level of noise 6 = 1%. In figure 6 the evolution of the reconstructed cracks
by = P<(k, ) is presented. The initial guess consists of a single crack (see figure 3). At
k =250 steps the iteration by splits in two disconnected components. The evolution stagnates
at k= 1000 steps (compare with figure 5, third column). In figure 7 the corresponding evolution
of the level-set functions (¢, 1) is presented (in all pictures of this figure, the zero level-sets
of ; and 1), are plotted in black).

5.3.1. Revisiting the generation of Neumann/Dirichlet data

5.3.1.1. Choosing the number of NtD pairs.  In all experiments above we used N = 8 pairs of
Neumann/Dirichlet boundary data {(7;,7;) };_,. It is worth mentioning that we also conducted
numerical experiments for different values of N (ranging from 4 to 20) and observed that the
use of a larger amount of NtD data may lead to a reconstruction of better quality (however, it
certainly increases the numerical effort to run the iterative method).

In all crack scenarios b} considered in this section, we observed that the choice N = 8 rep-
resents a fair balance between ‘accuracy of the reconstruction” and ‘numerical effort’. In order
to justify this assertion, we revisit in figure 8 the crack scenario b5 with noise level § = 20%.
The reconstruction results corresponding to the choices N = 4,8, 16 are shown in this figure
(the other parameters remain unchanged).
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Figure 6. Crack scenario b3 with § = 1%. Evolution of by = P.(¢x, %) for distinct
values of k.
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Figure 7. Crack scenario b3 with § = 1%. Evolution of the level-set functions ¢y and
1y, for distinct value of k.
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5.3.1.2. The choice of the current pattern.  In our experiments the adjacent current pattern
(1,—1,0,0,0,0,0,0) was used. We performed tests using other patterns, e.g. opposite pattern
(1,0,0,0,—1,0,0,0) and jump-one pattern (1,0,—1,0,0,0,0,0). In all crack scenarios b} we
observed that the choice of current pattern do not strongly influence the quality of the recon-
struction (crack scenario b} with § = 20% is revisited in figure 9; reconstruction results using
adjacent/opposite/jump-one current patterns are compared).

19
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Figure 8. Crack scenario b5 revisited: 6 = 20% and adjacent current pattern. Recon-
struction results for distinct values of N.
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Figure 9. Crack scenario b} revisited: 6 = 20% and N = 16. Reconstruction results for
distinct current patterns.

5.3.1.3. The choice of the regularization parameters. ~ Concerning the choice of parameters
for the Tikhonov functional in (24), we follow [11, 17] in the numerical setup.

® (i1, /12, 43 relate the BV-seminorm penalization and are small (or zero [17]);

o (4, 15 influence the stepsize for the updates (d¢, d1)) respectively, and usually g = pus = 1
[11]. In crack scenario crack b}, we chose a smaller value for ;5 in order to stabilize the
evolution of the level-set function v));

e we set ¢ = 3/4 (the constant 5 > 0 is known); consequently, the thickness of the iterates
P.(¢n,y) is compatible with the thickness of the exact solutions b}.

6. Conclusions

In this article we introduce and analyze a hierarchical level-set approach for solving an inverse
problem of crack identification in 2D-domains. The crack is modeled by two level-set func-
tions: the first one represents the shape of the crack, while the second one determines the
endpoints (by intersecting the first one). Based on this approach the Tikhonov functional G,
using TV-H' penalization is introduced.

20
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The concept of generalized minimizers in [10] is extended to the Tikhonov functional G,
introduced here. Using this concept, coercivity and lower semi-continuity of the TV-H' pen-
alization term is proven.

The fist main contribution of this manuscript is the regularity result in proposition 4, where
the L'-continuity of the parameter-to-output operator F (see (2)) is proven. This is necessary
to prove the existence of minimizers of G,. Moreover, convergence and stability results are
obtained. These results characterize our Tikhonov approach as a regularization method in the
sense of [13, chapter 4].

For the purpose of numerical implementations, we introduce the smoothed functionals G, .,
and prove that the corresponding minimizers converge to a (generalized) minimizer of G, as
e—0.

The second main contribution of this manuscript consists in using the optimality conditions
for G, o to derive a multiple level-set iterative method. In this context, our multiple level-set
method can be interpreted as an iterated-Tikhonov type method for the smoothed functional
Ge o with small € > 0.

Numerical experiments for the two-dimensional crack identification problem on a circular
domain are used to verify the theoretical results using the iterative regularization algorithm
presented in section 4.2 and detailed in algorithm 1. The numerical setting was built with
synthetic Neumann/Dirichlet adjacent pattern data and artificially added noise. The level set
iterations were performed with reinitialization steps in a constant fine mesh and the crack
conductivity steps in an adaptive coarser mesh.

The numerical results show accurate reconstruction of simply/multiple connected cracks
under the presence of noise. Moreover, these results are in agreement with the original purpose
of the multiple level-set method proposed in these notes: while one of the level-set functions
recover the shape of the crack, the other evolves to establish its endpoints.
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