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in unknown background

L. Audibert'? A. Girard! and H. Houssem?

1 EDF RE&D, Departement STEP, 6 quai Watier,78401, Chatou, France
2 INRIA, CMAP Ecole Polytechnique, Route de Saclay, 91128, Palaiseau, France

E-mail: lorenzo.audibert@edf.fr

Abstract: We introduce a qualitative method capable of imaging defects in an unknown
complex environment using differential measurements. The main difficulty is that the back-
ground medium is unknown and too complex to obtain a reliable estimate of the associated
Green function. To overcome this difficulty our approach exploits two measurements of the
farfield operators, one without defects and one with defects. The analysis of our method
relies on the recently introduced Generalized Linear Sampling Methods (GLSM) and the
link to the solutions of the interior transmission problems. We give numerical examples
related to non destructive testing in concrete-like materials, illustrating the performance of
our method.
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1 Introduction

We are interested in the imaging of defects inside unknown heterogeneous medium from multi-
static measurements of waves at a fixed frenquency. The main difficulty of our setting is that
the background medium is unknown and complex, which means that one cannot obtain a good
estimate for the background Green function. This discards the possibility of using classical (qual-
itative) imaging methods [2]. We assume that two sets of measurements, one for the defect free
and one for the defect containing medium, are at our disposal and we design a numerical inversion
algorithm that exploits those supplementary data to visualize the defect location. The analysis of
our method relies on the GLSM and the link it has with the solution to the interior transmission
problems (see [1] and [5]). Ones ends up with an indicator function that combines the indicator
functions from the GLSM and a filtered difference term computed without additional significant
numerical cost. We shall briefly introduce the scattering problem by a heterogeneous medium
and the needed notations in Section 2. In Section 3 we review the main theoretical results of
[5]. We give in Section 4 some numerical experiments on concrete like materials, illustrating the
performance of our method.

2 Scattering by an inhomogeneous medium

We restrict ourselves to the case of scalar time harmonic waves and we focus on full aperture
farfield measurements associated to incident plane waves. For a wave number k& > 0, the total
field solves the Helmholtz equation:

Au+ k*nu =0 in R¢



for d = 2 or 3 and n the refractive index, where 3(n) > 0. We denote by D the support of n — 1
and assume that D is a bounded domain with Lipschitz boundary and connected complement.
We are interested by the case where u is generated by an incident plane wave, u*(f, ) := etk=¢
for x € R? and 6 € S¥~!. We also introduce the scattered field u* defined by:

u(0,-) == u —ui(f,-) in RY,
lim [ ‘%L:—ikusf ds = 0. (1)
|=r
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We introduce the farfield u*°(0,%) defined through the following expansion: u®(6,z) =

emklm\

W(um(ﬁ,i) +0(1/|z])) for |z| — oo and for all (§,#) € S4=1 x S4-1.
Leading to the farfield operator:

Fg(z) = /Sd_1 u™(0,2)g(0)ds(0).

It is well known that the farfield operator admits two factorisations F = GH = H*TH. The
compact operator H : L?(S%~1) — L?(D) is defined by :

Hg = / e*04(0)ds(9), g € L*(SY), z € D, (2)
§d—1

and is dense in {v € L2(D) s.t. Av+ k*>v = 0 in D}. Tts adjoint H* : L}(D) — L*(S471) is
defined by :

H*p(&) = /;”"““%(Mdy, p e L*(D), & €S

We define the compact operator G : R(H) C L*(D) — L*(S%"1) defined by: Gv := w* where
w™ is the farfield of w € H} (R?) associated to the incident wave v :

Aw + nk?*w = k*(1 — n)v in RY,

Tlingo‘ lf 88—1;’ — ikw’Q ds = 0. (3)
=7

Finally we define T: L?(D) — L?(D) by:
Tv:=—k*(1 —n)(v +w). (4)

In the following we will use the operator Fiz = |R(F')| + |(F)|, which can be factorised
as Fy = H*TwH, where the operator T is a real selfadjoint operator [1] that satisfies (under
hypothesis 1) :

2
(Tyh, )| = | @) 20| = wlnl? vhe ROH), (5)
where ¢ > 0 is a constant independent of h.

Hypothesis 1. The index of refraction n and the domain D satisfy n € L> (R%), supp(n —1) =
D, $(n) > 0 and there exist a constant n, > 0 such that R(n(z) — 1) > n, for a.e. x € D.

3 Theoretical Results

The GLSM relies on the solvability of the so-called interior transmission problem defined by
(u,v) € L*(D) x L*(D) such that u — v € H?(D) and

Au+k*nu=0 1in D,

Av+E*n'v=0 in D, 6
(u—v)=f ondD, (6)
a%(u—v) =g ondD,

ITP(D7f7g7n?n/) =

We denote by o(D,n,n’) the set of wave number k& € R for which the ITP(D, f,g,n,n’) is not
well posed for all f € Hz(0D) and g € H™2(dD).
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Hypothesis 2. We assumed that k* € R, and n are such that for all f € H%((?D) and g €
H~2(0D) the ITP(D, f,g,n) has a unique solution (u,v) € L2(D) x L*(D) such that u — v €
H?(D).

This hypothesis is verified [0] for all k> € R except a countable set without finite point of
accumulation if n verifies 1/(n — 1) € L*(D) and R(n — 1) is either positive or negative definite
in the neighbourhood of dD. We introduce the farfield pattern of the Green function:

¢Z(§7) — e—ikﬁf'z
and the key ingredient of the GLSM:

Theorem 1. Assume that k ¢ o(D,n,1). Then G is compact, injective with dense range and
¢, € R(G) if and only if = € D. Moreover, if z € D then G(v) = ¢, if and only if there exists
u € L?(D) such that (u,v) is a solution of ITP(D,®,, %,n, 1).

We outline the main results of the GLSM in the case of noisy data (see [5]). The noisy
operators, F9% and F%i are such that HF‘S — FH < ¢d and HF;; — F#H < § where ¢ is a real

constant.Let ¢2% € L2(S%"!) be the minimizer of
_ 2
J3(619) == a(|(Fig, g) |+ 00" |g*) + |[Fog = o. ], (7)
for a > 0,6 >0, 7 €]0,1[ and ¢, € L2(S?"1). The functional

A*0(g) = |(Flg. g)| + a5 lgll (8)
gives a characterisation of D through the following result.
Theorem 2. Under hypothesis 2 and 1 we have:

e 2 € D implies lim sup lim sup A% (g%%) < oo,
a—0 6—0

. . . . @8 (8 _
o z ¢ D implies hgnj{}fhf;n_}élf“‘l (g2°) = o0.

When we have two measurements campaigns, the same results applies to Dy = supp(ng—1) C
D where Ag % is defined as above using F¢ (the farfield associated with ng and Dy) and

a0 _ : 5 —n 2 S 2
950 =ars _min | o(|(F 4, 9)|+ 50 lglf) + |y — o]

However we are interested in supp(n — ng). The filtered difference term defined by:

D°(g,90) = |<F§,#(g —90), 9 — 90)| +0lg—g0ll?,

will be used to image the simply connected part of Dy that have been modified between the two
measurements. We denote this domain by Dy. Let €2 be the part of supp(n — mng) such that
QN Dy = 0. We introduce the following indicator function:

1

0
30 (ge?

&
20 908) = : 9)
N R

which will image a domain larger than the defect as follows:

Theorem 3. If we assume that k ¢ o(D,n,1) U o (Dg,ng,1) Uc(D,n,ng) and, n and ng verify
hypothesis 1, then z € Dy U Q) if and only if limO 1ign iglfl';"s(g?’57gg"6) > 0.
a— — >

z



4 Numerical Simulations

In order to fix the ideas, we shall limit ourselves to the two dimensional case and will introduce the
algorithms for the discrete setting. We identify S! with the interval [0, 27[. In order to collect the
data of the inverse problem we solve numerically (3) for N incident fields u(3g2, ), j € {0..N—1}
using a finite element method implemented with Freefem++- [5]. The discrete version of F is
then the matrix F := (u™ (2%, 22k))o; r<n_1. We add some noise to the data to build a noisy
far field matrix F° where (F°); 1 = (F);x(1 + oN;;) for ¢ > 0 and N;; an uniform complex
random variable in [—1,1]?. We similarly generate Fg We denote by ¢, € CN, the vector defined
by ¢.(j) = exp(—ik(z1 cos(3gL) + 25 sin(2g2)) for 0 < j < N—1. The analysis of previous sections
suggests to consider

2

. 1
gsP M = argming ¢ 261 (a H(Fﬁ6)29‘

- 2
Lz(Sl) + al 775 ||g||iZ(Sl) + HFég - ¢ZHL2(81)> .

The minimizer is explicitly given by

GLSM _ (O[Fﬁé —&—ozl_"éld—i—Fé*F‘s)_lFé*(bz.

z

We similarly construct gS%I;SM using FJ. In our numerical simulations we choose 7 = 0 (which

corresponds to the one used in [4]) and set o with the same heuristic as in [4]. We then look at
a,0/ a8
z— I3° (g2

5 oo .
29, 9gos) as an indicator function.

All our experiments are conducted for the background medium ng shown in Figure 1. This
background medium is a simplified numerical description of a concrete like material. The wave

frequency is 150kHz , the celerity of the medium is 4300m.s~! (which means a wavelength of
-1

2.87cm) and the celerity inside the inclusion is 5700m.s

Figure 1. The background medium, n = 0.57 inside the yellow inclusions

Our theoretical analysis is only valid for inhomogeneous perturbations n and ng. One example
of this setting is shown in Figure 2 where we modified the celerity (3 times higher) in two of the
inclusions between the two measurements.

The main concern with concrete non destructive testing is the case of cracks. Our analysis
do not include this case and its extension to it is the subject of an ongoing work. However the
results shown in Figure 3 for a crack being either inside or outside the inhomogeneity ng gives
promising results. To obtain this results we do not test with ¢, but with its normal derivatives
as explained in [7].

[1] A. Kirsch and N. Grinberg, The factorization method for inverse problems (Ozford Lecture Series in Math-
ematics and its Applications vol 36) (Oxford: Oxford University Press)

[2] F. Cakoni and D. Colton, Qualitative methods in inverse scattering theory,Interaction of Mechanics and
Mathematics (Berlin: Springer).

[3] D. Colton and R. Kress, Inverse acoustic and Electromagnetic scattering theory (Applied mathematical Sci-
ences vol 93) 3rd edn (New York Springer)

[4] L. Audibert and H. Haddar, A generalized formulation of the linear sampling method with exact characteri-
zation of targets in terms of farfield measurements, Inverse Problems 30 035011

[5] L. Audibert, H. Haddar and A. Girard, Identifying defects in an unknown background using differential
measurements, submitted

[6] J. Sylvester, Discreteness of transmission eigenvalues via upper triangular compact operators, SITAM J. Math.
Anal.,44(1):341-354, 2012



o

" ~

2]

:

o

"

T

a,d
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