LIMITED VIEW RESOLVING POWER OF CONDUCTIVITY
IMAGING FROM BOUNDARY MEASUREMENTS

HABIB AMMARI, JOSSELIN GARNIER, AND KNUT SOLNA

ABSTRACT. In this paper we consider resolution estimates for a linearized in-
verse conductivity problem with limited-view data. Our purpose is to precisely
describe the effect of the limited-view aspect on the resolving power of the mea-
surements in the presence of measurement noise. We first show that, in the
shallow probing regime, where the inclusion is close to the boundary of the
background medium, we can resolve for any signal-to-noise ratio a sufficiently
shallow perimeter perturbation of a conductivity inclusion on the overlap of
the source and receiver apertures. Then we provide explicit formulas for the
modes that can be resolved and the resolution measure for a given signal-to-
noise ratio in the deep probing regime, where the radius of the inclusion is
small.

1. INTRODUCTION

This paper is the continuation of [6] where we have introduced for the first
time the notion of resolution in solving the inverse conductivity problem with mea-
surement noise in the full aperture case. The problem is to image inclusions in a
background medium from boundary measurements. It lays a mathematical founda-
tion to electrical impedance tomography, which is a method of imaging the interior
of a body by measurements of current flows and voltages on its surface. On the
surface one prescribes current sources (such as electrodes) and measures voltage
(or vice versa) for some or all positions of these sources. The same mathematical
model works in a variety of applications, such as breast cancer imaging [9, 23] and
mine detection [16].

In [6] we have indeed shown that on the one hand, we have “infinite resolution” in
the near-field limit and on the other hand, the relative resolution decreases rapidly
with the “depth” of the conductivity inclusion. We have also given estimates for
the sensitivity of the linearized inverse conductivity problem to noise.

Our main objective here is to go further and precisely describe the effect of
the limited-view aspect on the resolving power of the noisy measurements. We
consider here imaging of a perturbed disk-shaped inclusion in the conductivity
case. We impose non zero currents on part of a background medium (a concentric
disk) containing the perturbed disk and collect the boundary voltage perturbations
on another (possibly the same) part of the boundary. We distinguish two important
regimes: the shallow probing regime (also called the near-field regime), where the
inclusion is close to the boundary and the deep probing regime, where the radius
of the inclusion goes to zero.
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We first observe that the data in the limited-view case can be expressed as a
function of the data in the full-view case using source and receiver filters. We then
show that, in the shallow probing regime, we can resolve for any signal-to-noise
ratio a sufficiently shallow perimeter perturbation of a conductivity inclusion on
the overlap of the source and receiver apertures. Therefore, we have in this case
“infinite resolution” on the overlap of the source and receiver apertures. In the
deep probing regime, i.e., when the radius of the inclusion is small, we provide a
constraint on the number of modes that can be estimated for a given signal-to-noise
ratio (SNR). For doing so, we use a filtering approach. Because of the limited-view
configuration, it is in general critical to use an inverse filter with off-diagonal terms.
We use a matrix filter to estimate the lowest modes of the perimeter perturbation
in the situation with a small inclusion. We also show that the estimations of the
high modes are more sensitive to measurement noise than those of the low modes.

In connection with our results, we refer in particular to the works by Isakov [19],
Ide et al. [17], and Alessandrini and Di Cristo [3] on reconstructing conductivity
inclusions. For further discussions on the stability of the inverse conductivity prob-
lem, see for instance, [2, 9, 10, 12, 13, 20]. As far as we know, our formulas for the
resolving power of limited-view measurements in terms of the SNR are new. They
provide a deep understanding of the ill-posed nature of the inverse conductivity
problem and precisely quantify the effect of the limited-view aspect on the quality
of the reconstructed conductivity images. Recently, there has been a lot of work
done on the inverse conductivity problem in the limited-view case [15, 22, 18, 24].
Our results also clarify the connection between the full- and the limited-view cases.

The paper is organized as follows. In section 2 we formulate the reconstruction
problem of interest. Our goal is to estimate the shape perturbations of a disk-
shaped inclusion from limited-view boundary measurements. We use an asymptotic
characterization of the effect of small shape changes on boundary measurements to
get an explicit form of the map from the shape perturbations to the boundary data.
In section 3 we describe different strategies for solving the reconstruction problem
from limited-view data. Section 4 is devoted to the regime where the interface of the
conductivity inclusion is located just below the boundary of the background domain.
We provide an inverse filtering approach to estimate the shape perturbations and
prove that we can resolve for any fixed SNR a sufficiently shallow shape perturbation
on the overlap of the source and receiver apertures. In section 5 we consider the
case where the inclusion is small and perform a matrix filtering approach to get the
lowest modes of the shape perturbation in this case. It is worth mentioning that a
filtering approach with a diagonal scaling would not work in this case because of a
mode coupling. A reasonable inverse filter should include off-diagonal terms in this
case and therefore should be a matrix one. The paper ends with a short discussion.

2. INTERFACE ESTIMATION WITH LIMITED-VIEW DATA

In this section we formulate the reconstruction problem in the case of limited-
view noisy conductivity data in the two-dimensional case. We contrast this process
with estimation based on full-view measurements and find the connection between
the full- and the limited-view cases. For simplicity, we consider inclusions with
constant conductivities and image only small changes in their shapes.

2.1. Differential Measurements. The partial measurements are taken on a cir-
cle of unit radius in our non-dimensionalized setting. The domain of interest,
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encapsulated by the measurements, is thus
(1) Q={z=rep|r<1, —7<b<7},

where ey = (cos8,sin ). Imbedded in the domain there is a homogeneous inclusion
centered at the origin and with the shape of a perturbed circle. Our objective is to
estimate the rim of the inclusion. We denote the domain of the unperturbed disk
by D and the perturbed domain by D.:

(2) D = {z=reg|r<a,-rm<0<n},
(3) D. = {x=reg|r<a+ch(), -r<0<n}.
We let here h to be of order one and assume that h is of class C! and ¢ < 1.

A central point of our analysis will be to consider partial aperture. We re-
fer to [6] for the full aperture case. The source aperture is parameterized by
(cos(#),sin(0)); 0 € (—¢s, ¢s) and the receiver aperture is parameterized by
(COS(€>7 Sin(e))§ 0 € (de — r, Pc + 9251")

For analysis of the case with partial measurements it will be convenient with a
notation for the aperture or source function:

efim97r/¢>’ 0] <
¥ () E{ 0, |elle. ’

Given 0 < ¢ < m, the field for different source configurations are indexed by
m =0,£1,42, ... and chosen to solve in the perturbed case:

V-(14(k—-1xp.)Vul*(x)=0, e,

with the Neumann boundary conditions at the surface 0€:

ou b . .
A (o) =05 (6), e lmm), | wrtends =0,
Here, x p, is the characteristic function of D,, v denotes the outward normal to 052
and the positive constant k is the contrast in the conductivity between the inclusion
and the background.

The field corresponding to the unperturbed domain D is denoted by u™ = ug'.
The differential measurements are now denoted by

Pet+dr . ‘
&n,m = / e_lnwi@(‘)ﬂ—ﬂz)r (UZL - um)(eg)dﬁ .
c_¢7‘

We use the Fourier convention

. ™ —ip0 <.
hp:/ h(9)62 o, hO)= > he,

™

p=—00

and
o0

. ™ etpt . .
_ s _ —ipf
= [ oG, v - 3 e,
For the full measurements corresponding to the “full aperture sources” we use the
notation

(4) UMJ(& 7") = um(ﬁ,r) Ps=T > u;nﬂf(e’r) = u?(e, 71) ps=m -

The following lemma clarifies the relations between the differential measurements
with partial aperture and the differential measurements with full aperture.
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Lemma 2.1. The differential measurements ayp, . corresponding to a source aper-
ture ¢ and a receiver aperture ¢, can be expressed in terms of those corresponding

to the full-view case (¢ps = ¢ =7), a7, ,,,, as follows

an m o Z 1/)¢7 7/1%( ) iﬁ%&g,p )
p,p=—00

where the filters @ﬁf and 1&% are defined by

(5) 1&?2 (p) = %sinc(mﬂ' —pd),
and

ag ., = / (ub™ — up’”)(eg)e_iﬁede.

Proof. From (4) we have
= Y ), = Y ),
p=—00 p=—00

where %" and % are defined by (5). Note that @Z?S’(O) = ¢/m and ¥2 (0) =
0 for m # 0. With this parameterization we have the following representation of
the measurements (in the absence of measurement noise):

b = [ 02060 3 UG- (e

p=—00
= / S B e P S g (o)™ — T (eo)dd,
T p=—00 p=—00
which completes the proof of the lemma. ([

In our analysis we moreover make use of asymptotic characterization of the dif-
ferential measurements to get explicit results on the resolving power of the measure-
ments. This representation uses the results of [8]. We have, for any |n|, |m| < (1/e),
the representation

~ 7 27
ap m = €Cnm (k) hpym + 7V

with the coefficients
8w (k — sign(nm 1
(6)  cnm(a, k) = — STk = slgn(nm))

Oé(k — 1) (a‘|"‘% —+ a|n|)(o¢_|m‘% —+ o[‘m|) ’

if nm # 0, and ¢, (v, k) = 0 if nm = 0. Here, 52V,;§m is the approximation error
(more exactly, the linearization error) for the full aperture case, of order £ when
ek 1.

The linearization of the map from the perimeter perturbation (iAzp)p_7OO to the
data (anm); 50

n,m=—oo

is described by the linear operator Q defined by

(7) (Qh)nm =& Z GE(P)d: (p)e PP cpp(ar, k) e

D,p=—00
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Our objective is to assess the resolving power of limited-view data in the presence
of measurement or instrument noise. The measured data can be expressed as

(8) d?ffﬁs = (Qil)mm + OWmm + 52‘7717171 )

with the noise terms VAme modeled as independent standard complex circularly
symmetric Gaussian random variables (such that E[[W,,,[?] = 1; E being the
expectation) and ¢ modeling the noise magnitude. The term sszn,m models the
linearization error and we shall focus on the case €2 < ¢ so that the measurement
error is the dominant error. We therefore focus on this contribution to the error
and write with some abuse of notation:

(9) ames = (Qh)n,m + oW .

2.2. The Linear Operator. Our objective is now to identify the rim or perimeter
perturbation of the inclusion, that is the function h. As shown in [6], only pr
for 0 < |p| < 1/e can be reconstructed from boundary measurements in the
linearized context, otherwise the linearization error 52‘7”77” is too large. Therefore,
let M < 1/e be a positive integer and suppose that ﬁp =0 for [p| > M.

We start by noting that the adjoint of the operator Q is

(10)  (Q4a),=c Y. -l ()e %, (0 k) bnm -
j,m,n=—o00
‘We moreover have

(Q*sz)p = g2 Z el (n+i—p)c g ér (p—j—n)H* (G — m)
J,m,n=—00
X Cp,j’j (Oé, k)c’ﬂ,m<a7 k)iLner 5
where we have introduced

e 2

(1) M) = D GG+ p) = Lsinc(on).

In order to simplify somewhat the expressions involved in the reconstruction of
h we shall assume from now a relatively high contrast situation with & > 1 and
make the replacement:

—8m
a|n| + a*‘"|) (a‘m‘ —+ a*|m‘) ’

(12)  cpmlo k) = cnm(a), Cnm (@) = o

so that we have

o0

2 12
(Q°0h), = 28T S Posine(s, (p )
j,m,n=—0co

(13) xsine(a(j — m))eg—s (@) m(@) s
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2.3. The Full Aperture Case. We review here briefly the full aperture case with
¢s = ¢ = 7 that was treated in detail in [6]. We have

(14) (Q*Qﬁ)p = 52%(5“);%’ ap(a) = Z cp—jj(@)?.

j=—o00

Compared to (13), note the diagonal character of Q*Q in the full-view case. The

Ameas

least squares estimate of h, using a
Ble)st _ ((Q* Q)—lQ*ameas)p _ 6_2qp(a)_1 (Q*dmeaS)
(15) = Ep+05_2qP(a)_l(Q*W)p-

is

P

Using
E [I/i/’n, ,m L/T/'n,’ m’ } - ]-’n, (77,/) l'm, (777//) )

where 1,,(n') =1 if n = n’ and 0 otherwise, we find

(16) E[[(QW),["] = (QQ1,),,
which gives using (14):

E[[(QW),|"] = s%,(a),
and we then have

7 est 712 -1 o’
(17) B| |t = hy|*] = ap(e) 5
We can therefore conclude from (17) that in order to resolve the pth mode of A,
hp, we need the following resolving condition to be satisfied:

o2

— < «@).
52 QI?( )
We introduce the signal-to-noise ratio SNR:

62

(18) SNR = — .
o
Using (12) we find that a mode resolving sufficient condition when o < 1 is

s2m2a?1=2(2lp| — 1) if [p > 1,

—1
(19) SR < { dr?a? if p=0.

Using (12) and

= 1 a—sl 2 o dx 1
20 ~ =
(20) y;oo (a|y\ + a—|y\)4 1—a A (e + e—)4 12(1—a) )
we find a mode resolving sufficient condition when a@ — 1 is

1672
3(1—a)’

(21) SNR™! <

We can see in particular that we have “infinite resolution” in the limit « — 1 in
the sense that we can estimate all modes h), in this limit.
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When a < 1 we can estimate the modes h, with |p| < ppax where

2
—oo i SNR < 2=

472’
L. a?
(22) Pmax — 0 if m < SNR < 3271_27
, a? a7 < SNR < 1 a2 b> 1
P p—13272 " S opt132m2 P

3. STRATEGIES IN THE PARTIAL APERTURE CASE

In this section we outline different approaches for solving the reconstruction
problem with limited-view data.
Using (12) and (13) we have the following lemma.

Lemma 3.1. We have

(23) (Q*Qh), =< Y Hyala)hs,
where
P07 ;
Hpo(a) = = Z e~ #Pesine (¢, 2)sinc(ds(p — x — 2))
Y,z=—00
(24) XCp—y,y (a)cp—(y+Z)7(y+Z)—p+x ().

As mentioned above, in the full aperture case ¢, = ¢s = 7 the matrix H(«)

becomes diagonal:

Hp,x(a) = qp(a)lp(x) )
where 1,(z) = 1 if x = p and 0 otherwise, and we can obtain an estimate of
the perimeter perturbations h by a simple diagonal scaling (see Subsection 2.3).
In the limited-view case this matrix is complicated and we need to construct an
approximate inverse.

One approach to constructing such an inverse would be to use the Singular Value
Decomposition of Hj ;(c) and construct a regularized or pseudo inverse, the cutoff
or regularization is then chosen according to the noise magnitude. However, in this
case the explicit form of the Singular Value Decomposition is not known.

A second approach would be to minimize over h the discrepancy functional

o] . 2 oo ~ /r
> Hyalalhe— (@), 40 3 lipt)"

T=—00 p=—00

o0

DS

p=—00

where a™ = (dﬁ‘fﬁs);ﬁ:_w, 7 is a regularization parameter, and r is a positive

real. Choosing r = 1 promotes sparse minimal solutions [14]. The algorithm of Beck
and Teboulle [11] can be used in this case to efficiently compute the minimizer.

A third simpler and direct approach would be inverse filtering [21]. We can use
a diagonal scaling and construct an estimate as

(26) hest = e 2 A (@) (Q*a™),, .

We will see that this strategy gives good results when « is close to one or when
the source and receiver apertures are full, but it fails when the source or receiver
aperture is partial and the inclusion is small, because any reasonable inverse must
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include off-diagonal terms in this case. Therefore, the strategy when « is small is
to look for a matrix (filter) B such that

(o)
(27) Wt =e72 > By(@)(Q1a™), .
r=—o00
A good candidate for B(«) is of course the (pseudo-)inverse of the matrix H(«), in
the sense that it is the least-square solution. This is the basis of our strategy, and
we will show how to construct this pseudo-inverse in an efficient and stable way.

4. ESTIMATION OF THE PERIMETER PERTURBATION FOR A LARGE RADIUS
BALL

In this section we consider the regime where the interface of the conductivity
inclusion is located just below the boundary of the background domain. We show
that an inverse filtering approach with a diagonal scaling allows us to estimate the
shape perturbations. Moreover, we prove that one can resolve for any fixed SNR
a sufficiently shallow shape perturbation on the overlap of the source and receiver
apertures.

We consider the approach (26). Following the inverse filtering approach (26),
the estimator

(28) RO =2 YD Apl)(Q ),
p=—00
has mean

¢2¢2 0 .
E[h(0)] = ;_4T Z Ap(oz)eﬂwcsinc(¢rZ)SinC(¢sx)

p,x,yY,2=—00

(29) X oy (O)Cpy—zy—z(@)hpye™’.
The fluctuations due to measurement error are
eest(e) — hest(e) o E[hest(g)]
0 = - ,
T 2 Z Ap(oz)(Q*W)peng
p=—00
o G5 -
= 280 S Ayfa)sine(nn — (p = f)or)sinc(mn — jo,)

JyT,m,p=—00
(30) xeT=Pbec . (a) Wy me™?

In this section we consider the regime when the interface is located just below the
surface @« — 1. We will prove that we can resolve for any fixed SNR a sufficiently
shallow perimeter perturbation of a conductivity inclusion on the overlap of the
source and receiver apertures.

It turns out that the operator Q*Q is (approximately) diagonal on the overlap
of the source and receiver arrays. The following result holds.

Lemma 4.1. When o — 1, we have

oo . ) 5 8 h(@) +O(1 — (Y) if 0 € Xoo b o
* Zpe:gzg" — o PrPs;Pe
> (@@ = o0t

a | O1—-a) otherwise,

p=—00
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where X¢,.6..6. %S the overlap of the source aperture and the receiver aperture:
Xor,bo,6. =10 € [-m, 7] | 6 € [—¢s, ¢s| modulo 27 and 6 € [¢. — ¢y, ¢ + ¢r] modulo 27} .

Proof. We consider (23-24) and replace the sinc functions by sinc(s/2) = [ 2 gisugy,

—1/2
We get via the change of variables n =p — (y+2);m = (y+2) —p+ a:

oo

R . €2d)2¢2 o -1/2 1/2 00 .
> (@i = U S [ [y enecsan
u . .

p=—00 m,n=—0o0 —-1/2 —1/2 p=—00

00
Z iy (be—20rut20su’) Jin(de—2¢ru) ,—2imbsu’ z
% ez,g(()c 2¢ru+2¢su )em((/)C 2¢, u)e 2impsu Cn,nl(a)cpfyw(a)h’nrkm )

y=—00

When o — 1 we can replace ¢,_, ,(a) by —27 up to a factor (1 — a) and we make
use of the Poisson summation formula e’ =21 3", 6(0 — k2m) to arrive at

> 7 i 2 2 r¥s
S (@Qier = 0P )
p=—00
<3 O, (@) (14001 ).

By substituting the expression (12) for ¢, ,(«) and by using that

i 1 a1l 2 /°° de 1
S @va bl = T—a )y (er4e )~ 2(1-a)

we get the desired result. (|

The previous lemma gives the form of the inverse filter that we should use. The
following proposition holds.

Proposition 4.2. If we choose

_ l—«a
8¢rds

then the estimator (28) satisfies in the regime o — 1

Ap(a)

hest(e) _ h(()) + 0(1 - O‘) if 0 € Xbr:bs,be
O(1—a) otherwise.

Furthermore, we obtain for fized SNR, defined by (18) that

1-— a
E[[est|?] = SNR ™ |X¢“§;fg;|(¢ ) (1 +0(1 - a)) 200,

where |Xe,..6,.0.] 5 the angular length of the overlap of the source aperture and the
receiver aperture.
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Proof. We have in the regime oo — 1 using (11) and (30):

2 o0
~es g T, N T ey - G
Efle P = ?2141)(@)2 Z PP (p— )L ()P Pec, (o)
3, l,m,n=—o0
xip?r (p — D) (e =P 1 (a)
02 202 1 S
= 672 ;r4s ( Z e—zzcb(.sinc(z@r)sinc(z¢s))AP(Q)Q

X<;Z %)(HOQQ)).

Using (20) and computing the sum over z:

o0
Z e_iz¢”sinc(z¢r)sinc(z¢)s) = 7T|X2‘1;;"f;’¢c ,
rTY¥s

we get the desired result. O

Z2=—00

Proposition 4.2 shows that a sufficiently shallow perimeter perturbation on the
aperture overlap can be resolved for any SNR.

5. ESTIMATION OF THE PERIMETER PERTURBATION FOR A SMALL RADIUS
BALL

In this section we consider the case where the inclusion is of small radius. Because
of the mode coupling in this case, we perform a matrix filtering approach to get
the lowest modes of the shape perturbation in this case.

5.1. The Case of Full Receiver and Partial Source Apertures. In this sub-
section we consider the case when the receiver aperture is full so that ¢, = w. The
case of partial receiver and full source apertures can be treated in exactly the same
manner.

In the absence of measurement noise, we have a™ = Oh and

* AMmes 52¢§ S : 7
(31) (Q*a™e), = — ; sinc(psx) Xy o (@) hp—y
where -
Xpz(a) = Z Cp—yy () Cp—y,y—a(a) .
Yy=—00

If we consider that (31) is an estimate iLf,St of izp, then we can write that its inverse
Fourier transform is an estimate of h(f) that has the form

hcst(e) _ Z (Q*&mcs)peip¢
p=—00
22 ™
(32) c (f K(0,6')h(0')de’,
™

—
where the imaging kernel (parameterized by ¢ and «) is given by
1 ®s

(33) K9,0) = X0 -0, v+60;a)dv,
47T¢5 — s
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FIGURE 1. Level curves of the imaging kernel (6, ¢’) for ¢ = 7/5
and for o = 0.9 (left), o = 0.5 (center), and a = 0.2 (right).

for

X(6,0;0) = Z X0 (a)etP0He0)

P, T=—00

Note that an ideal case with perfect estimation would mean that the imaging kernel
is proportional to [C(0,6") = 6(0 — 0").

In Figure 1 we plot (up to a normalization constant) the imaging kernel 1C(6, ")
for ¢s = 7/5 and for @ = 0.9,0.5,0.2. One can observe that, when « is close to
one, the kernel is close to 1[_4, 4.1(0)(0 — 0'), which means that the perturbation
h(f) can be estimated with accuracy over the source aperture, as predicted by
Proposition 4.2. One can also observe that, when a is much smaller than one,
the imaging kernel becomes bad, which is related to the fact that the information
provided by the measurements is reduced. Figure 2 illustrates this by plotting the
singular value spectrum of the Fourier transform lép’p/ of the imaging kernel for
a =0.9,0.5,0.2, up to a common normalization factor. Note that the first singular
values increase for very small radii «, corresponding to enhanced resolvability for
the first modes for very small radii. In Figure 3 we show the first left singular
vector of the Fourier transform K, of the imaging kernel for ¢, = 7/5 and for
a=0.9,0.5,0.2. Note that for small radii information from only the leading modes
can be associated with the first singular vector while for larger radii the first singular
vector depends on a combination of modes.

It is thus clear that in the regime of small radii « only the lowest modes can be
resolved, even with small amounts of noise, and that the estimation should involve
a matrix filter B as in (27). Thus, to get a measure of resolution noise needs to be
taken into account. We next carry out such an analysis that discusses these issues
in detail and also the form of the matrix filter for the lowest modes in the situation
with a small inclusion.
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FiGurEe 2. The singular values of the Fourier transform
(Kpp' )y =—oo of the imaging kernel for ¢5 = /5 and for o = 0.9
(circles), a = 0.5 (crosses), and a = 0.2 (stars).
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FIGURE 3. The first left singular vectors of the Fourier transform
(/gp,);fp,:_oo of the imaging kernel for ¢, = 7/5 and for o = 0.9
(circles), & = 0.5 (crosses), and a = 0.2 (stars). We plot the
moduli of the coefficients of the vectors.

When a < 1, we can expand X, (o) in terms of o and find

64 212
(Q*dmes)o _ € ¢s |:

a2

1. a . .
Eho + gsmc(@)(hl +h_q)
2

(34) +%Sinc(2¢s)(ﬁ2 + il_g) + O(a3)} ,

* ~Ies 64e? % a? . @ A
(Q a )1 = a;b‘ [?hl + gslnc(d)s)ho

a? -
(35) +sine(29,)h-1 + O(a3)] ,

(Q*a™)_y = (Q*ames)y, (Q*a™*), = O(aP™?) for all p > 2.
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It is important to note the presence of the term %sinc(dys)ﬁo in (Q*a™°)q, which

is much larger (when ¢4 < 7) than %2;“ As a consequence, hy cannot be estimated
by looking at (Q*a™*)4; only. It is therefore critical to use an inverse filter with
off-diagonal terms.

In order to estimate iL(), we first propose to look for an estimator of the form

(36) }Algst,(l) _ 5723(()718 (a)(Q*&mes)O ,

and to identify the best coefficient Bé}g (in the least square sense). From (34) we
find that

2
ny _ @
Poo = g
which yields
(37) et = g+ 0(a) .

In order to estimate izp, p = 0,1, we may look for estimators of the form
1
7 es — 2 ~mes
(38) @ = e YT B (a)(Q M),
I=—1

and identify the best coefficients (B;(;,Ql))p:O,l,l:—l,O,l (in the least square sense).
From (35) we get

5@ _ a? 16(2 + sinc(2¢5))
0,0 6442 2 — 2sinc?(¢,) + sinc(2¢,)
B®  _ a? 1 8sinc(¢s)
0,-1 6492 a 2 — 2sinc? (¢, ) + sinc(2¢;)
B(Q) —_ a2 l 8sinc(¢s)
0.1 6402 o 2 — 2sinc?(¢s) + sinc(2¢;)
2
2
Bﬁ) = 637?? [(2 — 2sin02(¢5) + sinc(Q(bS))_1 +(2- sinc(2¢s))_1] ,
(2) o® 2 2 . -1 : -1
B, = 102 a2 [(2 — 2sinc”(s) + sine(2¢5)) ™" — (2 — sinc(265)) ] ,
B® _ _ a? 8 sinc(gs)
10 6492 a 2 — 2sinc? (¢, ) + sinc(2¢;)
and hence,
O =yt o),
iList,(Q) — ]ibl + O(a) .

We have improved the accuracy of the estimate of ho with respect to the approxi-
mation error in O(«) in (37), and we have derived an estimation of hy of the same
accuracy as the estimation of hg in (37).
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It is of course possible to implement this method beyond p = 1 and to identify

the matrix B+ = (B(-p+l))j:0 —pl=—p,...p SO that
ﬁ;st p+1) _ —2 Z B(p+1) Q*Ameb) , 7=0,...,p,
I=—p
and
(39) hjest (p+1) _ h + O(aPt17), 7=0,...,p

Assuming that ij =0forj=—(p—1),...,(p— 1), we obtain

(Q*a™), = 64e?¢2aP 2 [(p — })ﬁp + isinc@qus)fl,p + O(a)} ,

2
and therefore we can estimate flp by the formula
(40) ilgst — 5_2|: p,p( )(Q* mes) +B 7_p(04)(Q*&mes)_p] ,
where
By = 2 (p=1/9((p— 2 = sinet (i)
PP Teage 2/ T a6t )
0 sinc(2pgy) (L, 1, -
Bpa_P - 64¢§ 4 ((p - 5) - ESIHC (2p¢s)) .

As before, the estimation of the pth mode is a first-order estimation in «a:
hfft =hp,+O(a).

5.2. Noise Constrained Resolution. In the general case ¢, ¢s € (0, 7], we have
using (13) and (16)

E[(@W)P] = (o1,

Lo S G35
= = N sine((j — §)gr)sine((f — 5y )e

xcp—jjla)ep—jr ().

In the regime a — 0, we find

B W) = 2014 o),
2 42
EI(@ W] = P20 [ane(o,)sine(s,) cos(6) + 1] [1+O(a)]
and
2 42
BIQ W), = #2257 022 [sine(p, sine(p.) cos(p)
p—1
(1) 43 (p — )sine(j sinc(jes) cos(ige) + (2p — 1| [1+ O(a)]

To be complete, we should add that the coefficients are correlated. For instance

212
E[(Q*W)1(Q*W)o] = 52&’::7;’”a*1 sinc(¢s) + sinc(ng)e*iaﬁc} [1+40(a)] .
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Moreover, for any p > 1, we have

B(QW),( @), = = 0000 02 sinc(ap) + snc(2po,)e 2%
2p—1
(424 ) (j A@2p—3)A(p— ;)>sinc<<j - 2p)¢r>sinc<j<z>s)e"<j—2”>¢c} [1+0(a)],
j=1

where a A b is a shorthand for min(a, b).

We now come back to the case of full receiver and partial source apertures ¢, = ,
¢s € (0,7]. When we use estimator (27), the error due to the measurement noise
is given by

o0
et =het —EhS =20 Y Bp(a)(QW),.
r=—o0

When the receiver aperture is full so that ¢,. = 7, we have the following important
results:

(i) If we estimate ho with estimator (36), then the measurement error has

variance
o? o?
while the approximation error is of order O(w).

(ii) If we estimate ho with estimator (38), then the measurement error has
variance

(43) Efleg?] =

0720472 2 + sinc(2¢s)
€2 4¢2 2 — 2sinc?(¢,) + sinc(2¢)

while the approximation error is of order O(a?). By comparing (43) and
(44) we can see that we have a significant gain in the approximation error
without losing stability.

(ili) If we estimate h; with estimator (38), then the measurement error has
variance

. 2 9 2 + sinc(2¢) 1
45 ]E est — 0—7 )
) Bl = 5 (im0 + sinezan) T 2= sme(@en])

while the approximation error is of order O(«). By comparing (44) and
(45) we can see that the estimations of the high modes are more sensitive
to measurement noise than those of the low modes.

(iv) More generally, if we estimate h, with (40), then we find that

(44) E[lég "] =

(16) Bl = St Cp-1)

—

= s202((2p— 12— dsinc?(2p0,) )

while the approximation error, iLZSt - izp, is of order O(«).

This yields the following proposition.

Proposition 5.1. Suppose that « < 1 and ¢, = w. Let SNR be defined by (18).
It is possible to estimate the zero-th order Fourier mode hg if

2

(0%
Hﬁ<SNR.
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Let pmax be the highest Fourier mode of h that can be resolved. The sufficient

resolution constraint
1 a2~ 2Pmax

2pmax -1 32¢§

< SNR

holds.

When ¢ = 7 Proposition 5.1 gives the same result as (22). Note that the estima-
tion of the zero-th order Fourier mode corresponds to the estimation of the volume
of the perturbed inclusion. The estimation of the first Fourier mode corresponds
to the estimation of the eccentricity of the equivalent ellipse which gives the same
first-order boundary perturbations. The higher modes correspond to more refined
details. Proposition 5.1 shows that for large SNR we have

log(SNR)
Pmax < m-

Thus, the mode number bound becomes small for small inclusions. However, given
the unperturbed inclusion radius, «, we find that the following resolution measure
defined by

2
(47) A= Y

pmax

is approximately
. 4dralog(a)
~ " log(SNR) ’
and therefore, the resolution improves for small inclusions due to the reduction in
scale for fixed p with reduced radius a.

5.3. The Case of Partial Source and Partial Receiver. In this subsection we
consider the case when the receiver aperture and the source aperture are partial,
so that ¢, ¢s € (0,7). In the absence of measurement noise, we have

82(152(]52 e ) )
(Qame)y ==+ D e esine(gy(j —m))sine(¢r(j + 1~ p))
J,m,n=—00

X cp—j,j (@) Cn,m () hpm -
When o < 1, we can readily get

. 64e2¢2p2 1 1 - a, -
* ~Mmes — oo Tstr | - 1he o3 .
(Q*a™*) 2,2 [lﬁho + 5 (e'®esinc(¢,.) + sinc(ps))hy

—&-%(e‘wcsinc(@) + sine(ds))h_q + O(aQ)} ,

242 42 2
(@), = TELTTO (14 sine(o, sine(6.) cos(é0)
2

+% (sinc(2¢) + 2sinc(¢s )sine(¢,)e "% + sinc(2¢r)e*2i¢°)ﬁ_1

o

+5 (sine(0,) + sine(@,)e %) o + O(a®)]

and

(Q*a™)_y = (Q*ames);, (Q*a™*), = O(aP™?) for all p > 2.
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Similarly, if fzj =0 for |j| <p—1, then

i 646262 o 1 - )
(Q*a™*), = 52$O‘2p Q[Qp,pthrQn—ph—p] [1+O(0‘)}’

Qpp = gsine(ps, Jsine(po,) cos(po.)

123 (p — f)sinc(id, sinc(is) cos(ide) + (0 — 1),

- 2
j=1

1 - 1
Qp—p = Zsinc(2p¢r)e*2w¢“ + Zsinc(2p¢s)
2p—1 1
+ DG AEp=5) A (p = )sine((j — 2p), Jsine(jg,)e T 2%
j=1
Using (41) and (42) this gives the following proposition.

Proposition 5.2. Suppose that a« < 1. Let SNR be defined by (18). 1t is possible
to estimate the zero-th order Fourier mode hy if

m2a?

—5— <SNR.
44347
Let pmax be the highest Fourier mode of h that can be resolved. The sufficient
resolution constraint
7T2 a2_2pmax

32¢§¢12» 2Pmax — 1

< SNR
holds.

We see from Proposition 5.2 that, given SNR and «, the mode number bound
becomes small for small apertures of the source and receiver arrays, or equivalently,
the resolution measure, A* defined by (47), becomes large. Moreover, the fact that
the two arrays are superposed plays no role in the case of small inclusions, only
the apertures are important, in contrast to the case of an inclusion with a large
diameter studied in Section 4.

6. CONCLUSION

In this paper we have established resolution and stability estimates for the lin-
earized conductivity problem with limited-view data in the presence of measure-
ment noise. We have shown that in the shallow probing regime we can resolve
for any fixed SNR a sufficiently shallow perimeter perturbation of the conductivity
inclusion on the overlap of the source and receiver apertures. This has been done
using a filter with a diagonal scaling. In the general case, such a filter would not
lead correct images. In the deep probing regime, we have provided a matrix filter
in order to estimate the lowest modes of the shape perturbations. We emphasize
that the conclusions of this paper as those of [6] hold only under the assumption
that the noise is measurement noise. For medium noise or clutter, the situation is
quite different. This will be the subject of a forthcoming investigation. Another
challenging problem is to extend the present resolution analysis to acoustic and
elastic wave propagation problems. In view of [4], [5], and [7] similar resolution
estimations may be expected to hold in the acoustic and elastic cases.
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