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Perturbative numeric approach in microwave imaging

A. Rozanova-Pierrat® *

& Laboratoire de la Physique de la Matire Condense, cole Polytechnique, Route de Saclay,
91120 Palaiseau, France

(v8.3 released May 2008)

In this paper, we show that using measurements for different frequencies, and using ultrasound
localized perturbations it is possible to extend the method of the imaging by elastic deforma-
tion developed by Ammari and al. [Electrical Impedance Tomography by Elastic Deformation
SIAM J. Appl. Math. , 68(6), (2008), 1557-1573.] to problems of the form

div(yVu) + k?qu =0 in Q,

1o}
v—u = ¢ on 01,
on

and to reconstruct by a perturbation method both + and ¢, provided that v is coercive and
k is not a resonant frequency.

Keywords: imaging, Helmholtz equation, perturbations, inverse problem, asymptotic
analysis

AMS Subject Classification: 31B20; 31A25

1. Introduction and Notations

In the recent years, a lot of attention has been devoted to the reconstruction of
physical parameters of partial differential equations from electromagnetic mea-
surements. In the case of electrical impedance tomography (EIT) it is well known
that the detection of the conductivity from boundary measurements is a very ill-
conditioned problem. This drawback has limited its use so far to anomaly detection.
In a recent work, Ammari et al. have shown that combining these measurements
with simultaneous localized ultrasonic perturbations allows to recover the con-
ductivity with great precision. The purpose of this work is to show that such an
approach can be generalized successfully to the study of Helmholtz type problems.
In what follows we use the following notations:

Q2 is a smooth domain in R™ with a regular boundary denoted by 01,

x is a point in £,

O = {z € Q|dist(x, Q) > dy > 0} represents the interior points of (,

w C € is the region of the localization of the ultrasound perturbations, which
is supposed to be small compared to the size of €,

|w| is the volume of w,
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e 1, denotes the characteristic function corresponding to the set w, i.e., the func-
tion which takes the value 1 on the set and the value 0 outside,

e z € w is the centre point of the region of the ultrasound perturbation,

e k; > 0 is a frequency,

e v(x) is the conductivity and is a scalar real-valued function such
that 0 < ¢o < v(z) < Cp for all z € 0,

e g(x) is the permittivity and is a scalar real-valued function such
that 0 < ¢g < q(z) < Cp for all z € 0,

e u(x) is the potential induced on the boundary by the electromagnetic field ¢
in the absence of ultrasonic perturbations (u(z) and ¢(z) are complex-valued
functions),

e U, is the perturbed potential field induced on the boundary by the electromag-
netic field ¢ in the presence of ultrasonic perturbations localized in the domain
w (uy is a complex-valued function),

e ) is the amplitude of the ultrasonic perturbation,

e 7Yu(x) is the perturbed conductivity (real-valued positive bounded function),

e 7 is the value of the perturbed conductivity ,, in the area w of the perturbation
(real-valued positive bounded function),

e qu(z) is the perturbed permittivity (real-valued positive bounded function),

e ( is the value of the perturbed permittivity g, in the area w of the perturbation
(real-valued positive bounded function),

e M, and m,, are the polarization tensors,

o N, ,(x,2) is the Neumann function for the operator div(y(z)V;) + ¢(z) in
corresponding to a Dirac mass at z,

e WL () is the Sobolev space of the functions u(x) such that u € L. (2) and
Vu € Lo (R),

e for the complex-valued function wu, the function u denotes its complex-
conjugated.

The problem we consider is the following. Let v € C1(Q2) and ¢ € C°(Q) be
bounded scalar real-valued functions (see the list of notations). For i = 1,2, let
u; € H'(2) be such that

div(yVug) + k¥qu; =0 in Q, (1)
’y% = p; on 0N (2)

The well-posedness of this problem requires that klz is not an eigenvalue of the
generalized eigenvalue problem

—div(yVu) = Aqu in Q, (3)
7% =0 on 0.

It is well known that this problem admits a countable number of eigenmodes,
with no accumulation point, and that each eigenvalue as a finite multiplicity. We
will assume that k1 and ks do not correspond to eigenvalues of problem (f). The
generalization of the method introduced in [[ll] is the following. For frequency k;
being fixed, we measure the potential u;, solution of problem ([])-(B), on 0.
Assume now that ultrasonic waves are localized around a point z € §2, creating a
local change in the physical parameters of the medium. Further, we suppose that
q and -y are known close to the boundary of the domain, so that ultrasonic probing
is limited to interior points x in Q' (see the list of notations), where dj is very large
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compared to the radius of the spot of the ultrasonic perturbation.

We suppose that this deformation affects v and ¢ linearly with respect to the
amplitude of the ultrasonic signal. Such an assumption is reasonable if the am-
plitude is not too large. Thus, when the electric potential is measured while the
ultrasonic perturbation is enforced, the equation for the potential is

div (7 V) + k?qwui,w =0 in (4)
yag# =¢; on 0. (5)
with
Yw :7+1w('7)‘_7)> (6)
qu ZQ+1w(qA_Q)> (7)

where A is the amplitude of the ultrasonic perturbation given by the ratio of the
perturbed volume Vi, of w over the unperturbed one V,, (see [fl]). In other words

(z), x € Q\ w,

W, aew " w@ =30, s

Yoo() = {)\(x)ﬁ(x), rTEwW

where \(x) = Vi /V,, is a known function.

The analysis of the change of the Neumann-to-Dirichlet map as a result of elec-
tromagnetic perturbation of small volume follows [fl]. The main differences between
the case of the conductivity equation considered in [f[] and our case of the Helmholtz
equation are the following: this time the boundary data ¢ and the solutions w; are
complex-valued functions in our case while they are real in [[lf]) and in our case
we need to reconstruct simultaneous two coupled real-valued parameters v and q.
Therefore we expand the main ideas of [fl] to our case (see Section f]). The choice
of real v and ¢ implies the existence of eigenfrequencies (see problem (f])) and this
gives an additional difficulty in numeric reconstruction. The case of complex v and
q which allows to avoid the resonances, will be considered in [f].

The signature of the perturbations on boundary measurements can be measured
by the change of energy on the boundary, namely

_ AN S ~ _
/aQ(uw—u)goda = |w] {Mw (77) (AN — 7)Vu(z) - Vu(z) — k*(G\ — q)u(z) - u(z)] .
@
Assuming the perturbed region is a ball, the polarization tensor My, (WW—A) is a
scalar,

My =GN =)/ (GA+7).

Therefore, for a localized perturbation focused at a point z, we read the following
data (rescaled by the volume)

IN—1)2 .
D.(N) = 7|VU(2)|2% - 1</‘2(JIU(«2)I2(§A —1). (9)

We notice that the data D,()) from (f) can be measured for given A and k thanks
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to the identity:

1

D.(\) = —
N =1l e

(uy — u)pdo.

The parameters %(z) and g(z) are unknown, but the amplitude A is known.
Varying the position of localization, we are able to recover this localized internal
data everywhere inside the domain. Thanks to the following lemma [g, f,

Lemma 1.1: If the data D, is known for four distinct values of A, chosen inde-
pendently of v and q, then one can recover v(z)|Vu(2)|? and q(z)|u(2)|?.

we can find directly the functions J(z) = v(2)|Vu(2)|? and j(z) = ¢(z)|u(2)|? for
the unique solution u of problem (fl)-(H).

The proof of Lemma [L.]] is simply a study of functions of one variable, which is
detailed in Appendix [Al.

The rest of the paper is organized as follows: in Section ] we prove formula (§),
in Section B we describe a reconstruction method by perturbations and in Section
we give and analyse our numeric results, obtained for two different frequencies and
one boundary data in the form of a plane wave.

2. Proof of asymptotic expansion (f§)

We suppose that k? do not correspond to eigenvalues of problem (f§). To prove the
asymptotic expansion (F), we first need the following Proposition:

Proposition 2.1:  We have the following identities

78(%5“_ u) —0, (10)
div (v V (e — 1)) + E2qu(ty — )

= - div(lw(’}/w - ’Y)vu) - k21w(qw - q)u7 (11)
div(YV (g — 1)) + k2q(ty — u)

= — div(Ly (Y — ¥) V) — k21 (quw — @)t (12)

Thanks to Proposition P.1], we can estimate the difference between the perturbed
and unperturbed solutions u,, —u in Lo(£2) by a norm of u in the perturbed region
w and by a power of the small volume |w| bigger than 0.5.

Lemma 2.2: Suppose that Q C R"™ contains a subset of Q' C Q of class C?, such
that dist(,09) > do > 0, and such that w C Q. Let q, v € Loo(Q) be positive
functions, satisfying 0 < co < q(x),v(z) < Cop < +00 a. e. x € 2, and k? is not
a Neumann eigenvalue for problem (3). Then for the functions w, and u € WL
verifying Eq. ([{4) and Eq. ([{1) we have

ww — ull g (@) < Clwlz [ulws (w)- (13)
Therefore, thanks to relation (1), for m = max{2,n} and all k satisfying 0 < Kk <
% there ewists a positive constant C > 0 depending only on ', dy, cg, and Cj,

such that

[t — ull ) < Clwlz ™ |ulw: () (14)
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Proof. The proof of estimate ([[J) follows the proofs of Lemma 15.1 and Proposi-
tion 15.2 from [f]. Indeed, as soon as q(z)/v(z)k? is not an eigenvalue for the opera-
tor —A\ in Ly(€2) with the homogeneous Neumann boundary condition, in our case
problem ([l)-(B)) has a unique weak solution u in H(Q) (for every ¢ € H~Y/2(09)).
As is uniformly continuous and uniformly coercive on H' x H'. The embedding
H(Q) € Ly(Q) is still compact because 9 € C? and (2 is compact.

For passing to the perturbed problem, we change § on w (repeat the procedure
from [B]) and obtain with the help of relation ([L1]) the desired estimate ([[3).

Let us prove estimate ([[4). Select v as the solution to

div(yVv) + k*qu = uy — u

ov
— =0.
’Yan!ag

For this v we have [|[v[|f2(q) < Clluw — ul|1,(q), and

luy — uf?de = — | Y(@)V(uy — u)Vide + | w?q(x)(uy — u)vde
Q Q

Q
= /QE [div(y(2)V (wy — u)) + k() (uy — u)] d
- /sﬁ [div(Lu (v = 7) V) + kLo (qu — q)uw] da

<

/96 [div (Lo (Ve — 7) V) + k% Ly (qw — @)ue] dz

<

_l’_

/ 1w (Yw — ) VOVuy,de
Q

/ k10 (qw — q)Tuypda
Q
<C ((/ ]Vuw]qu> ’ </ \Vv\pdx>p + </ ]uw]qu> ! </ \v\ﬁdx>ﬁ>

w Q w Q
sc&((/rva¢quwmgn+</vmﬁm) wmpmJ
<G, ((/ |Vuw|qu> ’ + (/ |uw|qu> q) |uw — ull L0 (15)

provided p, p and ¢, ¢ are related by % + % =1 and % + % = 1. We use Sobolev’s
Embedding Theorem to provide the inclusions H? C VVp1 and H' C L. We require

that ¢, ¢ > WQL—TQ, so that 1 < p, p < % For any 1 < ¢ < 2 (see [, p.164]) we
have

wwll Lyw) < Ntw = ullL, () + [UllL,w) <

§</1m> s — ull Loy + [0 1l )

< Clw| |[ull L. (w), (16)
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and for any 1 < ¢ < 2 we obtain
IVuwllL, w) < Clwl||[VullL,. - (17)

A combination of estimations ([Lf), (7)) and ([L6) yields
[t = | o) < Clwl(Julr w) + IVulL )

for any m+2 < ¢ < 2. In other words, 2 5 < < ”5;2 5 + 2 with m = max{2,n},

fromwherewecantakeq:%—§+/<;for0<n<E.D

In addition of estimates ([3J) and ([[4), let us show that the difference u —u,, can
be totally described by an integral expression over w.

Proposition 2.3: Suppose that k* is not the Neumann -eigenvalue for
div(y(2)Vz)+q(z) onw. Let Nyg(z, z) be the Neumann function for div(y(x)V,)+
q(x) in Q corresponding to a Dirac mass at z. That is N.q is the solution to

{diV( V(@) VaNyg(,2)) + k2q(2) Nag(x, 2) = =0, in Q,

1
0% ]avqu = on O0f2. (18)

Then, by definition of N~q (which is a real function!), the function U defined by

0= [ N 2)e(da )

is the solution of system ([1)-([8). Therefore, the solutions u and u,, of systems ([1)-

W) and @)-(B3) satisfy

(u—11)(2) = / (V=) (2) Vit (2) Ve Ny (2, )+ / K2 (0 ) (2) s (2) Ny (2, ).
(19)

_ Proof. Note that the Neumann function N,,(z, 2) is defined as a function of x €
Q for each fixed z € Q. Since k? is not the Neumann eigenvalue for div(y(z)V,) +
q(x) on w, the direct problem (fl) admits a unique solution u (see [B]). Thus, the

solution wu is represented by the formula

D)= [ N 2)o()do(:).

We notice that
div(v(2) V) + k2 q(2)uw = = div(Ly (v —7) () Vi) = k1w (g — ¢) (€)1, (20)
We multiply relation (20) by N,, and integrate over {:
/ ©(2)Nyq(z, 2)do(z) — / Y(2) Vi (2) VN (2, 2)dz +/ E2q(2)uy (2) Noyg (2, 2)dz =
o9 Q Q
= /Q Ly (2)(Yw — 7)(2) Vi (2)VNyg (2, 2)dz — / k21 (2)(quw — @) (2) i (2) Noyg (2, 2)dz.

Q
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Therefore, using [, uw(2)y(2) VN, (2, 2)do(z) = 0, from the following equality

u(z) + /Quw(z) (Aiv(7(2)V Nyg (7, 2)) + k2q(2) Ny (2, 7)) dz =
= / L (2)(Yw — 7)(2) Vi (2) VNyg (2, 2)dz +/ k214 (2)(q — qu) (2)tw (2) Ny (0, 2)dz,
Q Q

we obtain Eq. ([[9).0
Multiplying Eq. ([l9) by ®(z) and integrating over 952, we find

/m(u—uw)ada()— 0= D@V ([ Mgl apaos) ) d:
- [ B (/m (2)do(z >)dz,

which gives

/ (u — uy)pdo(z) = / (Yw — 7)(2)Vuy (2)Vudz —|—/ k2(q — qu)(2) uw(2)udz.
o2 w w

(21)
Remark 1: [fJ] Consider a sequence of sets we CC 2. Since the family of functions

‘w—lé‘lwe is bounded in L1(€2), it follows from a combination of the Banach-Alaoglu

Theorem and Riesz Representation Theorem that we may find a regular positive
Borel measure p, and a subsequence we, , with |we, | — 0, such that ‘w ‘ = dp.

Finally, thanks to the a priori estimations ([[J), (14) and the representation for-
mula (R1)), we establish the main result:

Lemma 2.4: Assume that u € WL (w). Consider a sequence of sets w CC €
such that ﬁlw converges in the sense of measures to a probability measure dy as

|w| tends to zero. Then,

/ (U —u)pdo :/ Mw(ﬁ)\—v)|Vu|2d:U—k:2|w|/ my, (G\ — ¢)|u|*dz+O(|w] ).
o0 w w

(22)
The exponent k only depends on 1, supq |qw|, supq |Ywl, Infq |gw| and infg |y,
The remainder term has the form

O] < Cluwl™ [lullw, () V¥l )

where C' depends only on Q1, supq |quw|, Supq |Yw!, infq |gw| and infq |y, |. Finally,
with a hypothesis that w is a ball, the polarization tensors My, and my, become the
scalar functions M, and m.,, which are given by

(297 = L
M, = |1w()<%A(m)+1) d my=—1,(2).

Proof. Suppose that k2 is not a Neumann eigenvalue for problem (B]). We have
relation (R1]). We are looking for an approximation of the terms of Eq. (R1)) depend-
ing on wu,, by a function depending on u. In the same way as in [, we introduce



April 19, 2010

17:56 Applicable Analysis Helm.hyper1993

8 Taylor € Francis and 1.T. Consultant

the solution (,, of the following problem

div (7 (2) V) + k2 qu ()G = div(y(2) V) + k*q(x)¢  in €,
7%% = 72_,5 on 0f).

Corresponding to (y, we define in the unperturbed case ¢ = z+C —i—z(m—i—C) where
C and C are constants in R? for z € R%. This time all functions ¢, Cy, u and
are complex. The choice of C' (C') will be discussed later. Thanks to Lemma, 2.9,
for {,, — ¢ we still have an analogue version of Proposition 3.1 of [[l, p.6]:

Proposition 2.5: Consider a sequence of sets w CC €, such that Wl‘lw converges

in the sense of measures to a probability measure du as |w| tends to zero. Then,

the corrector ﬁlw% converges in the sense of measures to Mjdu (M; is a scalar
J

function). Furthermore, it satisfies

IV (G = Ollzag) < Clul>  and [[Go = Cllzy) < Cluwla*,

where the constants k > 0 and C > 0 depend only on Qq, supq |qw|, supq [Ywl,
infq |qw| and infq |y,

The rest of the proof follows the analogous one given in details in [f[]. This time
the remaining term is bounded by

Ol < Clwl™ ullw @ ¥ lwa @

We also remark (see [f]] for the notations) that the choice of ; = 8;:: u*1n (where

n is the standard mollifier) determine the constants C' = (C1,...,Cy) and C =
(C1,...,Cyq) in the definition of the function ((z):

_ o —
~ U(Zy) — 207 -UZ
C; +iC; = (20) 08z, (20)

for a zg € w,

2-1(20)
which ensures that ¢(z)y ~ u(z).
Finally, we deduce
| =)o
1w o
=l [ Moo = DIV + ol [ 155 0= a) @) + Ol ),

with M, = ‘541 (x )<§i§fc;;1> if w is a sphere. This proves relation (§) and

provide the existence of a known function D, ()\) from (). O
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3. Reconstruction v and q by a perturbative method. Numeric algorithm

We consider the system of Helmholtz equations with different frequencies ky # ks:

div(y(2)Vug,) + kfq(z)up, =0 in @, (23)
div(y(x)Vug,) + k3q(z)ug, = 0 in €, (24)
Uk, = U, = Y on 0f2. (25)

The data v is the Dirichlet data measured as a response to the current ¢ in absence
of elastic deformation. We take 1 = e?a°tany/= which represents a plane wave.

We use the following formulas ~(z)|Vug,|? = Ji, (v) and  q(x)|up, |* = jr, (7).
Thus, we can approximate our problem by system (Rf) and (R7)
J]
div <\vk&f\)2 v%) B, =0 O, (26)
div(y(z)Vug,) + 22k (z) up, =0 in , (27)

2 .
g, [>T
where it is supposed that

|Vaug, > >0 and |up,|?> >0 forall ze€Q.

Let us explain the steps of the numeric algorithm. The method uses two sub-
algorithms to reconstruct v for a fixed ¢ (constant for the ultrasound perturbation)
and to reconstruct ¢ for a fixed 7 (constant).

First we notice that we have two frequencies k1 and ko.

Step 0. We construct the functions Jg, and jg,.

Step 1. We take an initial guess gg and ~q.

Step 2. In the aim of updating first vy we solve the linear system for chosen g¢q
and g and the frequency ky:

div(voVuk,) + kfqour, =0
Uk, lon = ¥

We obtain the solution of this system which we denote by wugg,. Knowing the
approximate solution ugg,, we calculate the error on +:

Ik,

o g, P
1

Step 3. We verify the condition |Epk, | < €precision for a given positive constant
€precision, Which gives the desired order of the precision of the final result. If |Eyy, |
is smaller than €precision, we take v = 7o and go to Step 5 for the reconstruction of
q, otherwise we go to Step 4.

Step 4. We apply the algorithm described in details in Subsection B.1] to deter-
mine the correctors dy; and duyy, for a fixed go and to update o using formula (BH).

Step 5. In the aim of updating qg, we solve the following linear system with the
frequency ko for a chosen ¢g and 7y updated on Step 4:

div(voVuk,) + k3qour, =0
Uk, o = ¥
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We obtain the solution of this system which we denote by wugg,. Knowing the
approximate solution ugy,, we calculate the error on g:

Step 6. We verify the condition |egg,| < €precision- If €0k, | is smaller than eprecision,
we take ¢ = q¢ and finish the algorithm, otherwise we do Step 7.

Step 7. We apply the algorithm described in details in Subsection B.9 to determi-
nate the correctors dq; and duyy, for a fixed vy and to update gy using formula ([i0)).
Next we go to Step 2.

3.1. Algorithm of reconstruction of v for a constant q
Step 1. We start from an initial guess 7g, and solve the corresponding Dirichlet
problem for the Helmholtz equation

div(yo(z)Vug) + k2qug = 0,

uolon = .

Solving the direct problem for 1) = e*?*°@n¥/* e obtain u.
Step 2. We have seen that our inverse problem is asymptotically approached by

the direct problem

{div( “é(ff‘é Vu) + w?qu = 0, in Q, (28)
u =, on 0f).
We compute the difference
Ep = ’égz)’Q — % (29)
and verify
|Eo| < Chrec, (30)

where Cpyec is our wished order of the precision. If condition () holds, we finish
our algorithm and set v = ~y. Otherwise we go to the next step.
Step 3. We use now the expression

(Y0 + 07)|V (o + dur)|* = J(x),

having the goal to approximate the known function J(z) with the help of the small
correctors du; and dv;. We suppose that § < 1 and that é max || and § max |u |
xT xT

are of the order of ¢.
By expanding the expression, we obtain

2
oy (1426 (VB VRew) + Vimug)VAmu) | IVl _ J@)
’VUQ’ ‘VUO’

N ’VUQ‘Q
70 (V(Reug)V(Reur) + VImuo)V(Imuy)) 5 |[Vugl?
—20 — 0 Y=—rs-
Vg |? Vgl
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We consider only terms of order not smaller than §:

J ()

_ (V(Reup)V(Reur) + V(Imug)V(Imwuy))
‘VUO‘Q ’

Y0
— v — 26
Yo ‘ Vg ‘ 3

oM
To find the corrector 4, = duy, we expand the following equation

div((yo + 671)V(ug + duq)) + qu(uo + ouy) = 0.

By considering the terms of order not smaller than 6 and by replacing 4+ by
the approximated formula, we can find 4, as the solution of the following problem

div [’YO (Vﬁl - QIVVTUO‘Q (V Re UOV Re u1 + VIm UOV Im ﬂ1)>:| (31)
0

+ div(Eg Vi) + div(EoVug) + k*qii, = 0,

iy |oq = 0. (32)

Let us define

([ VReuyg [ VReu
GUo = <v1mu0> and  GU, = <v1ma1>’

and suppose that

~ [ Reug ([ Rew
Uo = (Imu()) and Uy = <Imﬁ1>’

thus we have
VReuyVRei; + VImugVImi, = GUy - GUT.
We also use the relation
[Vuol* = |GU, .

We solve problem (B1)-(B2) for the real and imaginary parts of ; and using our
notations we obtain the system

, GU, [ GU,
-9 .
i [ (60s -2t (G <) )|
+div(EyGU ) 4 div(EyGU ) + k*qU, = 0,
Ul’@Q =0.

The vector 6y = égz‘ is a unit vector. We can rewrite our system in the form

div [7o (Id — 209 @ 8g) GU 1] + div(EyGU) + div(EyGUy) + k*qU, = 0,

or using eigenvectors

div [’yo (93 ® 0t — 0@ 00) GUl} + div(EyGU,) + div(E,GUo) + k2qU, = 0.
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We suppose that GU || 8y and obtain

—div (7V Re ) + div(EoV Redy) + div(EgV Reug) + k2qgRedi; = 0, (33)
Re|ga = 0;
—div (voV Im ;) + div(EgV Im @) + div(EoV Imug) + k*qIma; = 0, (34)
Im i o = 0.

This gives .
Step 4. We calculate

1
Y=+ = e (J(z) = 270(VReuyVRe Vi + VImuyVImViay)). (35)
0

We set now g = 7, and return to the first step to find the corresponding ug and
repeat the procedure.

3.2. Algorithm of reconstruction of q for a constant ~
Step 1. We start from an initial guess qg, and solve the corresponding Dirichlet
problem for the Helmholtz equation
YA + k*qo(z)ug = 0,
uoloq = 1.
Solving the direct problem for 1) = e?rtan¥/* e obtain w.

Step 2. We have seen that our inverse problem is asymptotically approached by
the direct problem

{fyAu + w”ﬁgu =0, in €, (36)
u =1, on 0f2
We compute the difference

0 % —qo (37)
and verify

l€o] < Cprec, (38)

where Cpyec is our wished order of precision. If condition (Bg) holds, we finish our
algorithm and set ¢ = ¢¢. Otherwise we go to the next step.
Step 3. We use now the expression

(g0 + 6q1)|uo + dur|* = j(x),

having the goal to approximate the known function j(x) with the help of the small
correctors duq and dqq.
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By expanding the expression, we obtain

I I 2 ]
o (1020 (Rt oo} | olly o),
|ug| |ug| o]

g0 (Rewp Reuy + Imug Imuy) 2, |y |2
[uol? luol?*

As in Section B.1|, we suppose that § < 1 and that § max |q;| and § max |u;| are of
x x

the order of §. Consequently, we consider only terms of order not smaller than §:

(Reug Rewuy + Imug Imuq)

Sq1 = % — go — 25

j(z)
|uo|?

|ul?
To find the corrector 4, = duy, we expand the following equation

YA (ug + dur) + k*(qo + 6q1) (uo + dug) = 0.

Considering the terms of order no smaller than § and replacing dq; by the ap-
proximated formula, we find % as a solution of the following problem
Jj(@)

yAu1 + /{?2—2ﬁ1 — 2/<:2u0 5
|uol |uol

% (Re up Re g + Imup Im ﬂl) — —eOkQUO, (39)

U1]aq = 0.

We solve the problem and obtain ;.
Step 4. We calculate

~ 1 . . .
G=qo+0q1 = W (j(z) — 2g0(Reug Rety + ImupImay)) . (40)

We set now gy = ¢, and return to the first step to find the corresponding uy and
repeat the procedure.

4. Numerical results

To study the efficiency of this approach, we have tested this method on various
problems and domains, using the partial differential equation solver FreeFem++ [f].
We present here one such test. The domain € is a disk of radius 8 centred at the
origin, which contains three inclusions: a triangle, an L-shaped domain and an el-
lipse, which represents a convex object, a non-convex object, and an object with
a smooth boundary respectively. In Figure ] (a) (respectively (b)) the background
conductivity (respectively permittivity) is equal to 1 (respectively 3), the conduc-
tivity (respectively permittivity) takes the value 2.5 (respectively 2) in the triangle,
1.75 (respectively 1) in the ellipse and 3.05 (respectively 2.55) in the L-shaped do-
main for the two frequencies k1 = 7 - 10% and ko = 7 - 1073. We purposely choose
values corresponding to small and large contrast with the background. The initial
guess in Figure [] (c) (respectively (d)) is equal to 3.5 (respectively 11.5) inside
the disk of radius 6 centred at the origin, and equal to the supposedly known
conductivity (permittivity) 1 (respectively 3) near the boundary (outside the disk
of radius 6). Figure f| shows the result of the reconstruction when perfect mea-
sures (with “infinite” precision) are available. For all presented numerical results
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(a)

Figure 1. (a) Distribution of the conductivity ~. (b) Distribution of the permittivity ¢. (c) Initial guess
for . (d) Initial guess for g.

(a) (©)

Figure 2. Reconstruction test with a “perfect” mesh. (a) Collected data J for the reconstruction of ~.
(b) Collected data j for the reconstruction of ¢. (c¢) Reconstructed conductivity 7. (d) Reconstructed
permittivity q.

we use as boundary potential ¢ = e*2ta2(=/y) Figure f] (a) and (b) represents the
collected data, J(z) and j(z). For known values of the contrast, we remark that
through we can ’see’ the structure of the permittivity. On Figures ] (c) and (d), the
reconstructed conductivity and permittivity are represented: they perfectly match
the target. Figure | (a) (respectively | (b)) presents different errors as functions
of the iteration for v (respectively q).

(a) (b) (c) (d)

Figure 3. “Imperfect” meshes for: (a) 50 boundary points; (b) 100 boundary points; (c¢) 200 boundary
points; and (d) 400 boundary points.

We have also considered imperfect data. We ran the reconstruction algorithm
with the same conditions, but now assume that the data was measured at the
nodes of a regular mesh on the disk, with 50, 100, 200 and 400 boundary points
(see meshes on Figure f}). Figure f| shows the obtained reconstructions, which still
perfectly match the target. The convergence result for different number of boundary
points is given on Figure ] for the errors ||j/|u|? — ¢||1.. and || J/|Vu|? —~]||... We
can observe that the convergence is exponential and that it is even more faster for
meshes of 50 and 100 boundary points than for meshes of 200 or 400 boundary
points.

This better convergence for meshes with 50 and 100 boundary points can be
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== /1Yl = vz,
= 19/1Vul® = Il Lo
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. 2 2
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0 2 - 0
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Number of iterations Number of iterations

(a) (b)

Figure 4. Convergence results for a “perfect” mesh on (a) v and (b) g.

(a)

(e) () (2) (h)

Figure 5. Reconstruction tests for different “imperfect” meshes: (a) v and (b) ¢ using a regular mesh with
50 boundary points, (c) v and (d) ¢ using a regular mesh with 100 boundary points, (e) v and (f) ¢ using
a regular mesh with 200 boundary points and (g) v and (h) g using a regular mesh with 400 boundary
points.

illustrated by the following example. For all types of mesh we can perfectly recon-
struct v and ¢ by the perturbative method if one of the chosen frequency (for the
reconstruction of ) is big enough and the second frequency (for the reconstruction
of ¢) is small enough. In the previous examples, the frequencies were chosen equal
to k1 = mx10% and ky = 7 x 1073, During our numeric simulations, we have noticed
that the smaller |k; — ko| becomes, less efficient the convergence. More precisely,
the algorithm does not converge for |k; — k2| < 10 for the case of meshes with 200
and 400 boundary points (see Figure ([)).

Let us analyse the explanation of these results. We notice that there are two
necessary conditions to be satisfied to ensure the convergence of the algorithm by
perturbations:

(1) Using the approximation y(z) = % and ¢(z) = %, we need to
ensure that there exist d; > 0 and do > 0 such that for each iteration step
fori=1,2,..., \Vuf,c (z)]? > 6; and ]u§€ (7)|? > 0y (where k; are the chosen
frequencies). In other words, we need that the sequences {|Vuf,g (z)]?: 1=
1,2...} and {|u§ﬂ(x)|2 : 1l = 1,2...} have some uniform positive lower
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on g for 100 electrodes
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on g for 200 electrodes
on « for 200 electrodes
on g for 400 electrodes

on v for 400 electrodes
|
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10

10"

Number of iterations

Figure 6. Convergence results. Errors ||j/|u|? — ¢||L.. and ||J/|Vu|? — 7||L., for meshes with different
number of boundary points on ¢

and 7.
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(d)

Dependence of the errors ||Ji, /|Vul? —v||r.. and ||k, /|Vu|? — g||z., on the values of k1, k.

(a) Case of 50 points on the boundary. (b) Case of 100 points on the boundary. (c¢) Case of 200 points on
the boundary. (d) Case of 400 points on the boundary.

bound.
(2) The corrector functions to update the initial guess for v and ¢ should be
small enough (|@}| = 6|u;| < 1) and for I — oo, |@t| should tends to 0.

Indeed, if the first condition does not hold, we have a division by zero and the
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Figure 8. Plot of max |1 |2 versus the number of iterations for different values of k1 = 7 x 10™, where 1
is the corrector in the reconstruction of 7. (a) Case of 50 points on the boundary. (b) Case of 100 points
on the boundary. (c) Case of 200 points on the boundary.

algorithm has no any sense. In the second condition, the smallness of the correctors
functions 7 is the basic assumption for deriving the approximate systems (B3)-(B4)
and (BY) which avoid all the terms of the second order on §. If |@}]| is not small
enough, we cannot do it any more and the solutions of systems (B3)-(B4) and (B9)
have no any sense. Moreover, the algorithm converges if and only if |ﬂll| — 0 for
[ — o0.

Figure § shows the decay behaviour of the upper bound of |ﬂll |2 for the corrector
@} from the conductivity update algorithm (see system (B3)-(B4)) for different
frequencies and meshes. We observe that we have a good convergence corresponding
to the logarithmic decay of |ﬂll|2 for all frequencies and meshes with 50 and 100
boundary points, but we have a divergence result corresponding to the non-decay
of |12l1|2 for the frequency k; = 107 and for the mesh with 200 boundary points.
The corrector function @} for the reconstruction of ¢ in our numerical tests for
ko =71 x107™, m=1,2,3,5,7, is equal to zero. This means that at each iteration
step we update gy by L]L)z

|ug, ()]

To understand why for k1 = 107 and ko = 0.17 the algorithm diverges for a mesh
of 200 boundary points and converges for a mesh of 50 or 100 boundary points, let
us verify the first condition of the convergence. Figure [J] (respectively Figure [[0)
shows the lower bounds of |Vu§% (z)]? and |u§% (x)|? for different k1 (respectively kz)
and for different meshes. We notice that we have for all cases, except the case for
k1 = 107, ko = 0.17 and for the mesh with 200 boundary points, that the sequences
{mg}n\Vuf,%(x)\Q :l=1,2...} and {mzmlufﬁ(x)\? :1=1,2...} converge for [ — oo

to a positive constant. Therefore, we see that for k; = 107 and ko = 0.1m we
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Figure 9.

Plot of min|Vu|? and min |u|? versus the number of iterations for different values of k1 =
m X 10", where u is the numeric solution of the Helmholtz problem. (a) and (b) Case of 50 points on the
boundary. (c) and (d) Case of 100 points on the boundary. (e) and (f) Case of 200 points on the boundary.

Wu“];c(f(l)‘z and |“g¢((g;))|2' The divergence does

not take place for a small number of boundary points because of a lower order
of the precision. For example, we notice that with the growth of the number of
boundary points (i.e. with the growth of the precision) the limits of the sequences
{mgn|Vu§€i(x)|2 :l=1,2...} and {mwin |uf,€(x)|2 : 1 =1,2...} becomes more and

more smaller, as illustrated on Figure [[1] for min ]ufﬁ |2. In the case the mesh of 400
x

boundary points, the divergence stops the numeric test by the error of the division
by zero.

obtain a divergence of the quantities
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Figure 10. Plot of min |Vu|? and min |u|? versus the number of iterations for different values of ko =
m x 107™, where u is the numeric solution of the Helmholtz problem. (a) and (b) Case of 50 points on the
boundary. (c) and (d) Case of 100 points on the boundary. (e) and (f) Case of 200 points on the boundary.

Appendix A. Proof of Lemma m

Let D(z) = F(u)f(za) + G(u)(bx — 1), where a = % with b = g are unknown

and f(x) = (3;;11)2. Using the linearity of the second term, and by introducing
N(z) = F(u)f(za) — D(x), we see that

N($2) — N(ml)x + $2N($1) — xlN(xg)
To — X1 T2 — X1
N(z1)(z2 — @) + N(z2)(z — 71)
Tro — 1

N(z) =
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Figure 11.  Plot of min |u|? versus the number of iterations for different values of k1 = m x 10™, m = 1,5,
where wu is the numeric solution of the Helmholtz problem.

By returning to D, and by introducing the function

D(z1) (@2 — x) + D(x2)(x — x1)
Tro — I

d(zy,x9,2) = D(z) —

we have

d(1,2,7) = F(u) [fua) _ flam)(@z = 1) + flaws)(x - m] ,

T2 — X7

which is also

d(z1,22,2) = F(u) [4@2 r(r — 21 — T2) + 2172 } |

adrxixe + a?(x(x1 + x2) + x122) + a(xy + 22+ 2) + 1
Let us define

r3(x3 — 1 — 22) + 21T
adr3r179 + a?(x3(wy + 22) + 112) + a(wy + 2 + 3) + 17

Q(z1,72,73,0) = 4a*
We have obtained

d(xi,JTj,xk) = F(U)Q(,IZ,,I],,Ik,Q)

Note that Q(z;,x;,xk,a) = Q(zj,2;, Tk, a), but other permutation do not in gen-
eral yield the same values.

As a consequence, from n distinct measurements, we obtain 3C? identities, that
is, 3C3 formulas of the form

1 1
m = Q(z;,xj, ), a) (A1)

d(wi, xj, .%'k) ’

The value of a can thus be deducted by intersection.
Note that @, as a function of a, has only two roots equal to zero (for zz(x3 —
x1 —x2) + 2122 # 0). By an appropriate choice of x;, x;, 2, we can set a € (0, 00).
We see that the equation becomes

d(xiawﬁxk‘) I
Q(w,,x],xk,a) - d(x’l,x},x%)Q(wl’xj’xk’a)'
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Q(z4,x;,xk,0)

Qo apa) bijective, a is determined uniquely.

By using relation ([Ad]), this defines F', and therefore N and finally G.
Consequently, to determine a and b, it is sufficient to choose four different points
x1, T2, r3 and x4 to obtain a bijective function on (0,00) of the form

Q(x1,x2,23,a)

a .
Q(xla Z2, T4, a)

References

1]
2]
3]

H. Ammari, E. Bonnetier, Y. Capdeboscq, M. Tanter, and M. Fink, Electrical Impedance Tomogra-
phy by Elastic Deformation SIAM J. Appl. Math. , 68(6), (2008), 1557-1573.

H. Ammari, H.Kang Layer Potential Techniques in Imaging. Mathematical Surveys and Monographs,
153, Am. Math. Soc., Providence, 2009.

Y. Capdeboscq and M. Vogelius, A general representation formula for boundary voltage perturbations
caused by internal conductivity inhomogeneities of low volume fraction. Math. Modeling Num. Anal.,
37 (2003), 159-173.

Y. Capdeboscq, Private Communication. 2008.

H. Ammari, Y. Capdeboscq, A. Rozanova-Pierrat, Microwave imaging by elastic perturbations. in
preparation.

F. Hecht, O.Pironneau, K. Ohtsuka, A. Le Hyaric, FreeFem++, http:// www.freefem.org/ (2007).
H. Ammari, Y. Capdeboscq, H. Kang, A. Kozhemyak Mathematical models and reconstruction meth-
ods in magneto-acoustic imaging. Preprint.



