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Abstract. The aim of this paper is to study a topological derivative based anomaly detection
algorithm. We compare its performance with other imaging approaches such as MUItiple Signal
Classification algorithm (MUSIC), backpropagation, and Kirchhoff migration. We also investigate
its stability with respect to medium and measurement noises as well as its resolution. A simple
postprocessing of the data set is introduced and shown to be essential in order to obtain an efficient
topological based imaging functional, both in terms of resolution and stability.

AMS subject classifications. 35R30, 35B30
Key words. stability, resolution, imaging, Helmholtz equation, topological derivative, MUSIC,

backpropagation, Kirchhoff migration, asymptotic expansion

1. Problem Formulation. Consider an acoustic anomaly with constant bulk
modulus K and volumetric mass density p. The background medium 2 is smooth
and homogeneous with bulk modulus and density equal to one. Suppose that the
operating frequency w is such that w? is not an eigenvalue for the operator —A
in L?(Q) with homogeneous Neumann boundary conditions. The scalar acoustic
pressure u generated by the Neumann data ¢ in the presence of the anomaly D is
the solution to the Helmholtz equation:

V- (1(2\5@) + pfllp(:c)) Vu + w2(1(2\5(:c) + K '1p(z))u=0 in Q,

0
a—z =g on 0,
(1.1)
while the background solution U satisfies
AU 4+ w?U =0 in Q,
U (1.2)

- g on 0f.
Here, v is the outward normal to 92 and 1p is the characteristic function of D.

The problem under consideration is the following one: given the field © measured
at the surface of the domain €2, we want to estimate the location of the anomaly D.

Recently, the concept of topological derivative has been applied in the imaging
of small anomalies. See, for instance, [12, 13, 15, 9, 20, 17, 16]. The concept first
appeared in shape optimization [14, 23, 11]. However, the use of the topological
based imaging functional has been heuristic. As far as we know, it lacks mathe-
matical justification. A stability and resolution investigation is also missing in the
literature.

The goal of this paper is threefold: (i) to explain why the concept of topological
derivative works for imaging small acoustic anomalies, (ii) to compare the topologi-
cal derivative based imaging functional with other widely used imaging approaches
such as MUTItiple Signal Classification (MUSIC), backpropagation, and Kirchhoff
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migration, and (iii) to carry out a detailed stability and resolution analysis for the
topological derivative based algorithm. Both medium and measurement noises are
considered.

The paper is organized as follows. In Section 2, we recall an asymptotic ex-
pansion of the boundary pressure perturbations. In Section 3, we introduce the
topological derivative based imaging functional and prove that it attains its max-
imum at the location of the anomaly. Sections 4 and 5 are devoted to a stability
and resolution analysis of the topological derivative based functional in the presence
of medium and measurement noise, respectively. In Section 6, we review MUSIC,
backpropagation, and Kirchhoff migration imaging approaches. In Section 7, we
perform a variety of numerical tests to compare the topological derivative based
imaging functional with MUSIC and backpropagation. The paper ends with a
short discussion.

2. Asymptotic Analysis of the Boundary Pressure Perturbations.
Suppose that the anomaly is D = z, + 0B, where z, is the “center” of D, B
is a smooth reference domain which contains the origin, and §, the characteristic
size of D, is a small parameter.

In this section, we provide an asymptotic expansion of the boundary pressure
perturbations, u — U, as § goes to zero. For doing so, we need to introduce a few
auxiliary functions that can be computed either analytically or numerically.

For B a smooth bounded domain in R and 0 < k # 1 < 400 a material
parameter, let © = ©(k, B) be the solution to

Ad =0 inR%\ B,

Av=0 in B,

13|_A—'&|+ :AO on JB, (2.1)
%_%+O on 0B,

0(€) —&—0 as €] — +oo.

Here we denote
v|£(€) ;= lim v(€ £tve), &€ 0B,
t—0t

and
ov

— T; T
5 i(é‘) = tlj)l(l;l+ I/£ V’U(£ j:t’/g), £ S aB,

if the limits exist, where v¢ is the outward unit normal to 0B at £ and T stands for
the transpose (so that a”d is the scalar product of the two vectors a and b). Recall
that © plays the role of the first-order corrector in the theory of homogenization
[21].

Define the polarization tensor M(k, B) = (Mpq)g,qzl by

v
Mpq(k,B) == (k —1) a—gq(ﬁ) dg, (2.2)
B P
where © = (01,...,94)7 is the solution to (2.1). The formula of the polarization

tensor for ellipses will be useful. Let B be an ellipse whose semi-axes are along the
21— and zg—axes and of length a and b, respectively. Then, M(k, B) takes the
form
a+b
M(k, B) = (k —1)[B| | @ Tk . (2.3)
a+b
b+ ka




For w > 0, let for « # 0,

eiw\ac|
e 70
I',(x) = & 2.4
@)=y Tl 2.49)
ZHO (wlz|), d=2,

which is the outgoing fundamental solution for the Helmholtz operator —(A + w?)

in R?. Here, H((,l) is the Hankel function of the first kind of order zero.
Let 8% be the single-layer potential for A + w?, that is,

Slgl() = /6 Tu(e—)e(y)doly), @R (2.5)

for p € L?(092). Let the integral operator K¢ be defined by

Kalel(e) = [ P B oyas), @< on

It is well-known that the normal derivative of S& obeys the following jump relation

[5]:
9(Ss[#))

ov

1
(x) = <:|: §I+ (ICS;“’)*) [p](x) a.e. xe I, (2.6)
+
for p € L?(99), where (K5*)* is the L?-adjoint of K*; that is,

05 Tollw) = [ Hee=y)

o0 o) p(y)do(y).

For z € €, let us now introduce the Neumann function for —(A + w?) in Q
corresponding to a Dirac mass at z. That is, N, is the solution to

7(Am + w2)Nw(mv z) =0, in (),

2.7
ONy =0 on Jf). (2.7)
ov

We will need the following lemma from [7, Proposition 2.8].
LEMMA 2.1. The following identity relating the fundamental solution 'y, to the
Neumann function N, holds:

( %IJr ICE) [No(-,2)](x) =Ty(x—2), =€, zc. (2.8)

In (2.8), Z denotes the identity. Assuming that w? is not an eigenvalue for the oper-
ator —A in L?(Q2) with homogeneous Neumann boundary conditions, we can prove,
using the theory of relatively compact operators, the existence and uniqueness of a
solution to (1.1) at least for § small enough [24]. Moreover, the following asymptotic
formula for boundary pressure perturbations that are due to the presence of a small
acoustic anomaly holds [24, 5].

THEOREM 2.2. Let u be the solution of (1.1) and let U be the background
solution. Suppose that D = z, + B, with 0 < (K, p) # (1,1) < 4+o00. Suppose that
wd < 1.

(i) For any x € 09,

w(z) = Uz) — o6 (VU(za)TM(l/p, B)V.N,(z, za)
WK~ 1)|B|U(2) N (z, za)) +o(5%), (2.9)

where M(1/p, B) is the polarization tensor associated with B and 1/p.
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(ii) Let w be a smooth function such that (A + w?)w = 0 in Q. The weighted
boundary measurements I, [U,w] defined by

LU, w] = /a (- U)(m)g—f(m) do() (2.10)

satisfies

1,[U, 0] ~ —6d(VU(za)TM(1/p, B)Vw(za)+w2(K_1—1)|B|U(za)w(za)).
(2.11)
Combining (2.9) and Lemma 2.1, the following corollary immediately holds.
COROLLARY 2.3. For any x € 011,

(%I K8~ Ul(w) = ~5* (VU (2)"M(1/p, B)V.Tu( — 2)

(K™Y — 1)|B|U(2)lw(z — za)) +o(5%). (2.12)

3. Topological Derivative Based Imaging Functional. Suppose that K >
1l and p > 1 (one of the two inequalities could be an equality). To locate the anomaly
D, we consider the quadratic misfit

5[U](ZS) - l /BQ |(*EI + K [uzs — umeaS](x)|2 do(z) (3.1)

2 2
over the search points z°, where u,s is the solution of (1.1) with D' = 2% + §' B/,
K’ > 1, p) > 1, B’ being chosen a priori, and ¢’ being small. If K < 1 and p < 1,
then we choose K’ < 1 and p’ < 1. According to Theorem 2.2, the synthetic field
u,s can be expanded with respect to §’ as

uys () = U(z) — (8)¢ (VU(zS)TM(l/p’, B')V.N,(x,2°)
(KT - 1)|B’|U(zS)Nw(m,zS)) +o((8)1).

Therefore, in view of Corollary 2.3, the quadratic misfit function can be expanded
as powers of &’ as

) = 5 |57+ Kl = U+ U — (@) do@)

1

— 5 /BQ ‘(7514* K?ﬁ)[U — Umeas](m)‘ dg(m)

~0)Re{ VU()™M1/0. B) [ V.Tu(a 2 (- 5T+ BT ~ () dor(a) }

~(0)%A (K = 1)|B'|Re{U (=) /ém T (@ — zS)((—%IJr KU ~ thmeas](@)) do (@) |
+o((50")% + (8)%%).

Let w be defined in terms of Umeas — U as

1
w(x) = 86(—514— KE)U — tmeas)(z) for z € Q, (3.2)
where 8§ is defined by (2.5). From (2.6), it follows that w is the solution of the
Helmholtz equation

Aw+w?w=0 in Q,

ow 1 | "
5 = (f§I+ (Ka™) )(f§I+ KE)U — tmeas) on 0.
4
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The function w is obtained by backpropagating the Neumann data

(7%I+ ( 5)*)(*%14* K?ﬁ)[U - umeas]

inside the background medium (without any anomaly). Note that (Kg)* = (Kg5“)*.
Therefore, we can rewrite the expansion of the quadratic misfit function as

E0)(=°) = /a 5T+ KRV = e (&) dor ()

(5')dRe{VU(zS)TM(1/p’, B)WVuw(z%) + W (K" — 1)|B’|U(z3)w(zs)}
+0((66")" + (8')%).
By computing the topological derivative for z° € Q,

9E[U]
6(6/)d (5/)(!20,

ITD[U](ZS) =

i.e., minus the derivative of £[U] with respect to the volume (¢’)? at zero, we obtain
the values of the topological derivative imaging functional:

Irp|U)(2%) = Re{VU(zS)TM(l/p’, B)Vw(z%)+w?(K'~ - 1)|B’|U(z5)w(z5)}

(3.4)
The functional Ztp[U](27) gives, at every search point z° € Q, the sensitivity
of the misfit function relative to the insertion of an anomaly D’ = z° + §'B’ at
the point z°. The maximum of Ztp[U](z°) corresponds to the point at which
the insertion of an anomaly centered at that point maximally decreases the misfit
function. The location of the maximum of Zp [U](27) is, therefore, a good estimate
of the location z, of the anomaly that determines the measured field upeas. In fact,
as we show below the functional Zrp attains its maximum at 25 = z,.
Substituting (2.9) into (3.2), we find that

w(z%) = & (VU(za)TM(l/p, B) - V.l (x — 2,) VT, (x — 2°) do(x)

+wi (K - 1)U(za)/ To(x — 2)Ty(x — 2%) da(:n)) + 0(6%),

and, for j =1,...,d,

ow(z%) — — ol (z — 2%)
azf =7 (VU(ZG)TM(l/p, B) /6(2 szw(m - zG)T}S dO’(ﬂ?)
2/ =1 _ 1\TT T (x—2 afw(:c—zs) oz o(s?
+w* (K 1)U(za)/6(2 Ty(x a)iﬁzf do( )) + 0(6%).

We now explain in more detail why the topological derivative imaging functional
attains its highest value at the location z, of the anomaly. For simplicity assume
that K =1or p=1.

If p =1 then

Trp|U)(z5) = s%w (K~ —1)(K~' — 1)|B'|Re{U(zS)rw(zS,za)U(za)}
+0(8%), (3.5)

ro(2°,2) = /6Q Iu(x — 29Ty (x — 2) do(x). (3.6)
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If K =1 then
Irp[U](27%) = 4 Re{VU(zS)TM(l/p’,B’)Rw(zs,za)M(l/p,B)TVU(za)}

+o(6%),

R, (2%, 2) = V.l (z—2°)V.T,(z — 2)7 do(z).
19}
Recall that Helmholtz-Kirchhoff theorem (see, e.g., [1]) states that, for z and
z° away from the boundary 02, the quantities rw(zs z) and Ry, (2° z) are (ap-
proximately) proportional to the imaginary part of T',;:

S

/6Q To(x — 2)Ty(x — 2%) do(x) ~ %Im{l"w(zs - z)},

/m Volw(x — 2°)V.To(x — 2)" do(x) ~ wIm{T, (2% — z)}< z— 25 ) < z—2°

|z — 29| ERl

Here, A ~ B means A ~ C'B for some constant C.
Let, for simplicity, (61,...,0,) be n equi-distributed directions on the unit
sphere and denote by U; the plane wave

Uj(:c):ei‘*’gfrm, e, j=1,...,n. (3.7)

For sufficiently large n we have

n T )= { sinc(w|x|) for d = 3, (3.8)

1 )
- Zezwel ~ 4( d 21m {F
n Jo(wlx]) for d =2,

where sinc(s) = sin(s)/s is the sinc function and Jy is the Bessel function of the
first kind and of order zero.

When p = 1, by computing the topological derivatives for the n plane waves,
we obtain

1 < 5wt & AT (S
— NS ~ 2 Re{ w8 (27 —2a) . S "
njE:1ITD[U]](Z ) =~ - JEZI e{e j ro(2”, 2 )}

~ W HIm{Ty (2% — z4) } )2 (3.9)

Similarly, when K = 1, by computing the topological derivatives for the n plane
waves, Uj,j =1,...,n, given by (3.7), we obtain

—ZITD %) = o 2—ZRe{e“" (=22 [0TM(1/p, B )Ru(2%, 2a)M(1/p,

Using p/ = 0 and B’ the unit disk, the polarization tensor M(1/p’, B') = Cy4I, where
Cy is a constant, is proportional to the identity. If, additionally, we assume that
M(1/p, B) is approximately proportional to the identity, which occurs in particular
when B is a disk or a ball, then

1 n
~ > Trp[Uj](2°) ~ w*H(Im{Ty (2% — za) }). (3.10)
j=1
Therefore, the topological derivative based imaging functional

Irp(z ZITD (3.11)

6
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attains its maximum at z,. Moreover, the resolution for the location estimation is
given by the diffraction limit. It is of the order of half the wavelength A\ = 27 /w.
We conclude this section by making a few remarks:
- In (3.1), we postprocess tz —Umeas by applying the integral operator (— éIJr
Kg). This postprocessing is essential in order to derive an efficient topo-
logical based imaging functional. See Section 7.
- The topological derivative based imaging functional cannot detect anoma-
lies close to the boundary.
- The results of this section apply to the Dirichlet problem as well as to the
case of a hard anomaly.

4. Stability with Respect to Medium Noise.

4.1. The Topological Derivative in the Presence of Medium Noise.
We consider the case in which the medium is randomly heterogeneous around a
constant background. Let K be the bulk modulus of the anomaly D. We assume
that the density p of the anomaly is equal to one (i.e., the same as the density of
the background) in order to simplify the analysis, but the results could be extended
to the general case in which p # 1. The scalar acoustic pressure u generated by the
Neumann data g in the presence of the anomaly D is the solution to the Helmholtz
equation:

Au+ w?n®(x)u =0 in Q,
ou (4.1)

529 on 0f).

The index of refraction is of the form
n?(x) =1+ (K" = 1)1p(x) + p(=),

where 1 stands for the constant background, (K ~!—1)1p () stands for the localized
perturbation of the index of refraction due to the anomaly, and p(x) stands for the
fluctuations of the index of refraction due to clutter. We assume that p is a random
process with Gaussian statistics and mean zero, and that it is compactly supported
within Q. The background solution U, i.e., the field that would be observed without
the anomaly, satisfies

AU 4+ w?(14+p)U =0 in Q,
oU 4.2
— =g on 9. (4.2)
ov
Note that U is not known because it depends on u, only the background reference
solution U®) can be computed:

AUO 42U =0 in Q,

(0) (4.3)
3g =g on 0f.

14

If the anomaly is of the form D = z, + §B, then one can show that the field
measured at the surface of €2 can be expanded as

umeas(w) = U(w) - 6dw2(K71 - 1)|B|U(Za)Nw($a le) + 0(6(1)’ (44)

where N,, is the unknown Neumann function for —(A + w?(1 + u)) (it is unknown
because it depends on ). It is worth mentioning that we changed the notation in
this section: N,, is the Neumann function for —(A + w?(1+ p)), not for —(A + w?)
as in the previous section. The Neumann function for —(A + w?) will be denoted
by N (the superscript (0) indicates the ‘zero noise’).
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We want to compare the measured data with the synthetic field u,s, which is
the solution of

Augs +w?(1+ (K" = 1)1p (z))uys =0 in Q,
Ous

ov

=g on 04,

with D' = 2% +¢'B’, K’ and B’ being chosen a priori, and ¢’ being a small param-
eter. We can expand the synthetic field u,s in powers of 6’ and we find that

ugs (@) = U (@) — (") (K™ = 1)|BIUO (z5)ND (@, 2%) + o((5')%).

The quadratic misfit functional

E[U(O)](zs) - % /6(2 |(7%I + ’CL;Z,(O))[UzS - umeas](m)|2 dU(:B)

uses the background reference solution U(®) and the known integral operator ICg’(O)
defined in terms of the Green function I',, of the reference background medium. It
can be expanded as powers of §’ as

E[U(O)](ZS) - % /an ‘(_%I + Kgy(O))[U(O) - umeas](m)’2 do(w)

—(8") W (K" - 1)IB’IRe{U(°’(zS) /{m T,z — zs)((f%I + K NTO) — thyend] () do(m)}
+o((68") + (6)%4),

This shows that the computation of the topological derivative gives the imaging
functional

Irp[UD](25) = W?(K'™" = 1)|B'|Re{U® (%)@ (25)}, (4.5)

where w(©) is given by

w 1 w,
w®(2%) = 57 (=37 + KGNV = tmeas]) (%), (4.6)

which is the known solution of
Aw©® + 20w =0 in Q,
8w(0) 1 —w,(0

1 w
o = 5T+ K )N T + K O)UO — ] on 99

Here, Sg’(o) is the single-layer potential associated with the Green function I',, of
the reference background medium. The function w(®) is known because it depends
only on U () that can be computed and on umeas that is measured at the boundary.

4.2. Stability and Resolution Analysis. Let A(?) = (—%I—HCS’(O))*(—%I—F

ICg’(O)). We want now to carry out a resolution and stability analysis. Using (4.4)
we have

w® (2%) = /asz NO(x, 25)AO[UO) — U](x) do(x)

Fow? (KT - 1)|B|T(z) /mA(O) INO (., 25)|(2) Vo (@, 20) do ()
+o(6%). (4.7)

This expression shows that clutter noise has two effects:
8



- First the background field U is not known, so that the backpropagation
step transports not only the field due to the anomaly but also the field
U — U due to clutter, which generates a contribution (the first term of
the right-hand side of (4.7)) which is spatially distributed for 2 throughout
the domain €.

- Second the Neumann function N, is not known exactly, so that the back-
propagation by N“(,O) of the field generated by the anomaly is not perfect
and may alter the sharp peak around z° ~ z, that is observed when the
two Neumann functions are identical.

In the sequel we study the imaging functional in the weak fluctuation regime
(when the standard deviation of p is small). For this we need to characterize the
statistical distribution of the function w(®) defined by (4.7):

- The first term of the right-hand side of (4.7) requires to model the difference
U—UWO. If we assume that the random process p has small amplitude,
then we can expand U as U = U® + UM where UM is the solution of

AUD + 02U = —02uU O in Q,

(0) (4.8)
ag =0 on 0.
14

This is a single scattering approximation for the cluttered field as we have
neglected the term pU™) in this equation. Therefore U(!) is given by

U (@) = —u? / NO (@, y)u(m)U® () dy.

- The second term of the right-hand side of (4.7) requires to model the term
N,. In the weak fluctuation regime, the error in this term is essentially de-
termined by the phase mismatch between N, (x, z,) and A [N“(,O) (-, 2%)](x)
when 2° is close to 2z, (which is the position of the peak). This phase mis-
match comes from the random fluctuations of the travel time between x
and z, which is approximately equal to the integral of 11/2 along the ray
from x to z,:

N, z) AOIND (-, 2%)) (@) = N (@, 2) AN (-, 2%)]()e T,

with

— 1 p—
T(m)NLQZ(A/O u(zaJr'miza )ds.

s
T — 24|

Therefore w®) can be expanded as

WO = [ )T ) [ NO (@, 25)AO N (-, )](@) do<w>] dy

o0

+6%w (K~ = 1)|BlUO) () / AONO (-, 29 (@) N (@, z0)e ™ T® do ().
o0

If the correlation radius of the random process p is small, then the last integral is
self-averaging and therefore

w(2%) = w? /

Q

u(y>U<0><y>[ [ VO 2O Cyl@) da<m>] dy
Fot (K1 — 1) BT () / AOINO (. 25 ()N (@, 2 )e— 5 o ().
o0

9



Let us introduce the kernel
Q=" 2,) = Re{UO (25U (z,) / AOINO (-, 25)](@)N (@, 20) do(@) |
[o]9)

and the function

)\3 d
Qo(z°) = —5d U@ > for d =2 or 3. (4.9)

As shown in Section 3, we have

Q2% z4) = Re{U(O)(zS)U(O) (za)/ Lo(x — 2y (x — 24) da(:c)}.

o0
Moreover, the function 2° — Q(z°, z,) is maximal for z° = z,, its maximal value
is Qo(z4) and the width of the peak of z° — Q(2°%,2,) centered at 2% = z, is
of the order of half the wavelength \. We can express the topological derivative
imaging functional in terms of the kernel Q:

Tep[UO)(=%) = W!'(K = 1| / v)dy

FOAE T KT DB BIQ e
(4.10)
where we have assumed that Var(T'(x)) is constant for & € 9 in order to simplify
the analysis.

The topological derivative has the form of a peak centered at the location z, of
the anomaly (second term of the right-hand side of (4.10)) buried in a zero-mean
Gaussian field or speckle pattern (first term of the right-hand side of (4.10)) that
we can characterize statistically.

On the one hand clutter noise reduces the height of the main peak by the
damping factor e~«*Var(T)/2 and on the other hand it induces random fluctuations
of the image in the form of a speckle field. The covariance function of the speckle
field is

COV(ITD(ZS),ITD(ZS/)) = w8(K’_1 — 1)2|B/|2
></Q/QQ(zS,y)Cu(y,y’)Q(zS’,y’)dydy’,

where C), is the covariance function of the process p: Cu(y,y’) = E[u(y)u(y’)].

If we assume that the process p is supported and stationary in €, C €, that
the correlation radius [, of p is smaller than the wavelength, and if we denote by
o, the standard deviation of p, then we have

1
Var(T) ~ gozdiam(ﬂu)lu,
and

COV(ITD(ZS),ITD(ZS/)) ~ cuS(K'_1 — 1)2|B’|2UZZZ/Q Q(zs,y)Q(zS/,y) dy.

Since the typical width of the kernel @ is about half-a-wavelength, we can see
that the correlation radius of the speckle field is of the order of half the wavelength,
that is to say, of the same order as the main peak centered at the anomaly location.
Therefore, there is no way to distinguish the main peak from the hot spots of the
speckle field based on their shapes. Only the height of the main peak can allow it
to be visible out of the speckle field.

10



It is interesting to notice that the variance of the speckle field depends on the
diameter of the heterogeneous region 2,,, because Q(z°,y)? decays as 1/|z° —y|?~!
since |z% — y| > A, so that

S -1 d d—1 1:
Var(Zrp(2%)) ~ w®(K'™" —1)*|B'Poil0Q5 (za) A diam(€2,,).

Therefore, a large heterogeneous domain implies large fluctuations in the topo-

logical derivative, and the peak centered at the anomaly location z, can be buried

in these fluctuations. More quantitatively, the Signal-to-Noise Ratio (SNR) defined
by

E[Zrp(z4)]

SNR= — —~—— 24—
Var(Zrp(z4))Y/?

is equal to

(K=Y —1)64B| A2 £/2 2 sy

SNR = ~HOuN 411
0w M diam(Q)2 @2 (4-11)

As shown by (4.11), the SNR is proportional to the contrast (K~ —1) and the
volume of the anomaly, §¢|B| over the standard deviation the noise, 0,. Moreover,
it depends on the dimensionless parameters [,,/\, diam(€,)/A, and §/A.

5. Stability with Respect to Measurement Noise.

5.1. The Topological Derivative in the Presence of Measurement
Noise. We consider the case in which the field ueas(2) measured at the surface of
the domain is corrupted by an additive noise that we denote by vneise(), T € Q.
Again, in order to simplify the presentation, we suppose that p = 1.

If we assume that the surface of the domain 2 is covered with sensors half the
wavelength apart from each other and that the additive noises have variance o3 and
are independent from one sensor to the other one, then we can model the additive
noise process Vpoise Dy & Gaussian white noise with covariance function

E[Vnoise(m)ynoise(w/)} = U][Qloise‘s(:‘B - :B/), Uzoise = U%)‘d712lid-
The topological derivative imaging functional is

Irp[UD](25) = (K"~ = 1)|B'[Re{U @ (2%) (w® (25) + wnoise (2°)) },

where

w 1 w,
wnoe(2%) = =85 (= 5T + K omoisel (2°), (5.1)

and

w 1 w
w®(z%) = §5 (=37 + Kg YU — (tneas — vioise) (%) (5.2)
5.2. Stability and Resolution Analysis. We find from (5.1) and (5.2) that
Zrp[U©](2°) = 8% (K™ = 1)(K ™' = 1)|B'||BIQ(2°, z4) — (K"~ ~ 1)| B

1 w,
xRe{ /6Q U(O) (zS)Fw(zS _ y)(7§I+ ICQ (O))[Vnoise](y) dO’(y)} (53)

Therefore, the imaging functional Ztp has the form of a peak centered at the
location z, of the anomaly. Moreover, (5.3) shows that the peak is buried in a
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speckle field, as in the case of clutter noise. However, on contrary to the clutter
noise, the value of the main peak itself is not reduced by the additive noise, which
means that the imaging functional is much more robust with respect to additive
measurement noise than with respect to clutter noise. Let us compute the covariance
function of the speckle field. We first introduce the auxiliary field defined on 0€2:

1 w
Vnoise,1(4) = (=T + K7 ) [Vnoise) (9)-

2
It is a zero-mean with Gaussian statistics and covariance
— _ o Oy —y)  lu(y —y)
E hois nois N — nome(g nou:e w
[V o se,l(y)l/ o 5971(:"/ )} 4 (y Yy ) 2 ( ay(y) + ay(y/) )
Oy (y —x) T, (y' — @)
2 w w
o d .

We next introduce the auxiliary field defined on :

Vnoise,2(z) = / Fw (z - y)Vnoise,l(y) dO’(y)
o0
It is a zero-mean with Gaussian statistics with covariance:
IE[V]moise,2('Z)Vnome 2 / / Z y ( ) )E [VHOiSG,l(Z)VHOiseal(z/)] dO‘(’y) da(yl)
a0 Joaq

Using Helmholtz-Kirchhoff theorem the covariance of vpeise,2(z) can be expressed
as

0.2

E[Vnoise,Q(Z)Vnoise,Q(ZI)} = %iselm{l—‘w (Z - ZI)}

2 /
O hoise / T.(z alm{rw (z y)}
- — wlZ2 =Y do(y
2w Jaq ( ) ov(y) ®)
O—goise ————0Im Fw (Z - y)
*2—/ Ly(z' —y) {5 }da(y)
w Joo v(y)
+0302ise / OIm{T',(z —y)} OIm{T, (2’ —y)} do(y)
w o0 ov(y) ov(y)
When z and z’ are far from the boundary, using 7((2:)1’) ~ jwl,(z —y) and
Helmholtz-Kirchhoff theorem, we get
. () Ur2loise !
E[Vnoise,2(z)ynoise,2(z )} = Tlm{F(z —Z )},
and therefore
/ 1 _ /
COV(ITD(ZS)aITD(zS )) = §w4(KI ' |B nmseQ(ZS ZS )

for the search points z°, 25" € Q. This shows that the typical shape of a hot spot

of the speckle field is exactly the form of the main peak. Moreover, the variance of
the speckle field is

Var(Zrp (%)) = g0 (K = 1218 o @o(2°),

with Qo given by (4.9), which shows that the SNR is equal to

2v2w?Qo(2,)2(K ! —1)84B| _ gd—1_3/2 U (z)|(K~! —1) 6B
Onoise 01 A
(5.4)
From (5.4), the SNR is proportional to the contrast (K ! — 1) and the volume
of the anomaly, 6| B|, over the standard deviation of the noise, oyoise-
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6. Other Imaging Algorithms. Consider P well-separated anomalies D, =
zp+0B,, p=1,...,P. The volumetric mass density and bulk modulus of D, are
denoted by p, and K , Tespectively. Suppose that all the domains B, are disks.

6.1. MUSIC-type Algorithm. Let (61,...,0,) be n unit vectors in R?. For
0 c{0,...,0,}, we assume that we are in possession of the boundary data u when
the domain (2 is illuminated with the plane wave U(z) = ¢iw0"® Therefore, taking
the harmonic function w(x) = emiw0 @ for 9’ € {01, ...,6,} and using (2.3) shows
that the weighted boundary measurement is approximately equal to

P
L[U,w] ~ =Y | Dylw? ( pp 0T0/+K— ) w(0-0")Tz,
p=1 pp

Define the response matrix A = (Ay)7',_; € C"*" by

All’ = le,[Ul,W]. (61)

It is approximately given by

A”/ ~ — Z |D |w ( — 0T01/ + K ! 1)6iw(0l70”)sz,
for [,I' = 1,...,n. Introduce the n-dimensional vector fields g¢/), defined for j =
.,d+1, by
g\ (x) = (eJTGlei“’elTw, cee e?Oneiwegw)T, j=1,...,d, (6.2)
and

g(dJrl)(m) _ (eme{z, . ,eiwefz)T7 (6.3)
where (ey, ..., eq) is an orthonormal basis of R4, Let Ppoise = I— P, where P is the

orthogonal projection onto the range of A. The MUSIC-type imaging functional is
defined by

d+1

IMU (Z ||Pn01seg H ) /2- (6'4)

This functional has large peaks only at the locations of the anomalies; see, e.g., [1].

6.2. Backpropagation-type Algorithms. Let (64,...,0,) be n unit vec-
tors in R%. A backpropagation-type imaging functional at a single frequency w is
given by

s RS —2iw@] 2°
Ipp(2°) = E;e L2 L (U, ), (6.5)
where Uj(x) = wi(x) = ew0® | =1 ... n. Suppose that (64,...,0,) are equidis-
tant points on the unit sphere S?~!. For sufficiently large n, we have (3.8) and it
follows that

Tpp(2 Z | Dyplw? (

These formulae show that the resolution of the imaging functional is the standard
diffraction limit. Note that the above backpropagation-type algorithm is a simplified
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version of the algorithm studied in [2, 3]. In fact, instead of using only the diagonal
terms of the response matrix A, defined by (6.1), we can use the whole matrix to
define the Kirchhoff migration functional:

d+1

Tim(2%) = Z Z (g(j) (ZS)T”l) (g(j)(zS)Tv_l) ’ (6.6)
j=1 1

where u; and v; are respectively the left and right singular vectors of A and g%
are defined by (6.2) and (6.3).

7. Numerical Illustrations. In this section we present results of numerical
experiments that give qualitative illustrations of some of the main findings in this
paper. We consider the two-dimensional case (d = 2). The domain € is the unit
disk. We simulate the measurements using a finite-element method to solve the
Helmholtz equation. We use a piecewise linear representation of the solution u
and piecewise constant representations of the parameter distributions 19\5(93) +
p~'1p(z) and 1o (@) + K~ '1p(z). We consider a small anomaly D = z, +JB
with z, = (—0.3,0.5), § = 0.05, and B being the unit disk. We fix the working
frequency w to be equal to 6, which corresponds to a wavelength A ~ 1. We assume
that the measurements corresponding to the plane wave illuminations, U;(x) =
w0 T at the equi-distributed directions 6, for I = 1,...,n = 50.

7.1. Bulk Modulus Contrast Only. Here, the parameters of the anomaly
are p=1and K =1/2.

7.1.1. Resolution in the Absence of Noise. Within the above setting, we
first present results of the described algorithms in the absence of noise. In Figure 7.1,
plots of Zrp(2?), defined by (3.11), with respectively n = 50 and n = 2 illustrate
the efficiency of the proposed topological derivative based imaging procedure. The
imaging functional Zrp (zS ) reaches its maximum at the location z, of the anomaly
and behaves, accordingly to (3.9), like Jo(w|2® — 24|)? if the number n of incident
waves is large while for small n, it behaves, as expected, like Jo(w|2® — 24]).

FIiG. 7.1. Plots of Zrp(2°%) defined by (3.11) with n = 50 (left) and n = 2 (right).

In Figures 7.2 and 7.3, we compare the performance of the topological based
imaging functionals with and without postprocessing the data by applying the inte-
gral operator (—%I +Kg). It is clear that the data postprocessing step is essential,
specially if the number n of incident waves is small. In Figure 7.4, we show that
this postprocessing is even more essential in the case of multiple anomalies.

In Figure 7.5, we present two MUSIC-type reconstructions. Given the structure
of the response matrix A with p = 1 (contrast only on the K distribution), it is
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Fic. 7.2. Comparison for n = 50 between topological derivative based images with (left) and
without (right) postprocessing the data.

Fic. 7.3. Comparison for n = 2 between topological derivative based images with (left) and
without (right) postprocessing the data.

known that its SVD yields only one significant singular value. See, e.g., [4, 1]. Thus,
the illumination vectors g*) and g(® do not belong to the signal subspace of A.
Using these vectors in the projection step generates a blurred MUSIC image (figure
on the left). To get a sharp peak, we should project only the illumination vector
g® (figure on the right), which assumes a priori knowledge of the physical nature
of the contrast.

As shown in Figure 7.6, the backpropagation image of the anomaly has the
expected behavior of the Bessel function and reaches its maximum at the location
of the anomaly.

7.1.2. Stability with Respect to Measurement and Medium Noises.
We now consider imaging from noisy data. We first add electronic (measurement)
noise Vpoise to the previous measurements w; meas, ¢ = 1,...,n. Here, vpoise is a
white Gaussian noise with standard deviation ¢% of the L? norm of tmeas and o
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F1a. 7.4. Comparison between topological derivative based images of multiple anomalies with
(second line) and without (first line) postprocessing the data. The first column corresponds to
n =1, the second to n =2, and the third to n = 50.

Fic. 7.5. Left: MUSIC image using the projection of gV, g(®, and g3 on the signal
subspace of A. Right: MUSIC image using the projection of g(3 on the signal subspace of A.

FIG. 7.6. Plot of Igp(z°) defined by (6.5) with n = 50.

ranges from 0 to 30. We compute N, = 250 realizations of such noise and apply
different imaging algorithms. Figure 7.7 presents the results of computational exper-
iments. It clearly shows that the topological derivative based functional performs as
good as Kirchhoff migration and much better than MUSIC and backpropagation,
specially at high levels of electronic noise. Figure 7.8 shows the dramatic effect
of the postprocessing step in the topological derivative based imaging when the
number of plane wave illuminations n is small.
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Fic. 7.7. Standard deviations of localization error with respect to electronic noise level for
Imu, Iep,ZkMm, and Ztp with n = 50.

4illuminatins : 0, 2, 7, 3172 50 iluminations

stz 2,)
o
5
i3

std(z_ 2 )

o 5 10 15 20 % 30 0 5 10 15 20 2% 0 o s 10 15 20 2% 30
electronic noise level o % electronic noise level o % electronic noise level o %

Fic. 7.8. Effect of the data postprocessing on the standard deviation of localization error with
respect to electronic noise level.

We now suppose that the medium bulk modulus is randomly heterogeneous
around a constant background: K ~(x) = 1+ (K~'—1)1p(x) + pu(x). To simulate
u, we compute a white Gaussian noise in the medium and then apply a low-pass
Gaussian filter. The parameters of this filter can be linked to the correlation length
I, of p.

Comparisons between the standard deviations of the localization error with
respect to clutter noise for the discussed imaging algorithms are given in Figures
7.9 and 7.10. Again, the topological derivative based imaging functional is the most
robust functional.

7.2. Density Contrast Only. Here, the parameters of the anomaly are p =
1/2 and K = 1.

7.2.1. Resolution in the Absence of Noise. As shown in Figure 7.11, the
topological derivative based imaging functional Ztp(2°) reaches its maximum at
the location of the anomaly.

In Figures 7.12 and 7.13, we compare the performance of the topological based
imaging functionals with and without the postprocessing step. In Figure 7.14, we
show that this postprocessing is even more critical in the case of multiple anomalies.

Figure 7.15 shows MUSIC images. As expected from the structure of the re-
sponse matrix with K =1 (p contrast only), its SVD yields two significant singular
values [10, 4, 1]. Thus, the illumination vector g© does not belong to the signal
subspace of the response matrix A. As before, using this vector in the projection
step generates a blurred MUSIC peak (figure on the left). To get a sharp peak, we
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Fic. 7.9. Standard deviations of localization error with respect to clutter noise for
Imu, Iep,ZkMm, and Ztp with n = 50.

2 illuminations : 0, w2 4 illuminations : 0, w2, %, 32 &0 illuminations

with (12+.)
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classic classic

o 2 4 [ 8 10 a 2 4 B 8 10 0 2 4 B 8 10
clutter naise level o % clutter noise level o % clutter noise level 0 %

F1a. 7.10. Effect of the data postprocessing on the standard deviation of localization error
with respect to clutter noise.

FIiG. 7.11. Plots of Irp(2°) with (left) n = 50 and (right) n = 2.

should only project the illumination vectors g(t) and g(® (figure on the right).

As shown in Figure 7.16, the backpropagation image has the expected behavior
and reaches its maximum at the location of the anomaly. In the case of multiple
anomalies, the oscillatory pattern of the backpropagation imaging functional can
be troublesome.

7.2.2. Stability with Respect to Measurement and Medium Noises.
We carry out the same analysis as in the case of only a bulk modulus contrast.
Figure 7.17 gives the standard deviation of the localization error as function of the
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Fic. 7.12. Comparison for n = 50 between topological derivative based images with (left) and
without (right) postprocessing the data.

Fic. 7.13. Comparison for n = 2 between topological derivative based images with (left) and
without (right) postprocessing the data.

T <A1y, | T £ 3
‘ ~y 4 .4‘:0‘
05 ' 05 .. “.-
o ‘ o . e y
\“.\\, 4 ..;\.,',

Fia. 7.14. Comparison between topological derivative based images of multiple anomalies
with (second line) and without (first line) postprocessing the data. The first column corresponds
to n =1, the second to n = 2, and the third to n = 50.

noise level o for each algorithm.
Again, the topological derivative algorithm with postprocessing seems to be
the most robust. However, the effect of the data postprocessing step seems less
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FI1G. 7.15. Left: MUSIC image using projection of g1, g g®) on the signal subspace of
A. Right: image using projection of g1) and g® on the signal subspace of A.

Fic. 7.16. Backpropagation image.

apalogiel detvatvs wih (V2+Kg)
{apologial drvate )
kirchhoff migration s N .
backpropagation TN

wusic S

sz, 2,)

F1a. 7.17. Standard deviations of localization error with respect to electronic noise level for
IMU7IBP7IKM7 and ITD with n = 50.

dramatic here than in the case of bulk modulus contrast.

Finally, we suppose that the medium density is randomly heterogeneous around
a constant background: p=1(z) = 1+(p~t—1)1p(x)+u(x), with u a random process
of mean zero and tunable standard deviation o. As before, we compute N,. = 250
realizations of such clutter and the corresponding measurements. We then apply
the localization algorithms. Stability results are given in Figure 7.19. They clearly
indicate the robustness of the topological derivative based imaging functional.

8. Conclusion. In this paper we have explained why the concept of topological
derivative works for imaging small acoustic anomalies and carried out a stability
and resolution analysis in the presence of medium and measurement noises. We
have shown that in order to design an efficient topological derivative based imag-
ing functional, we have first to postprocess the data. We have proved that the
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F1a. 7.18. Standard deviations of localization error with respect to electronic noise level for
the topological derivative based functionals with and without postprocessing the data.
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Fic. 7.19. Standard deviations of the localization error with respect to clutter noise for
IMUszPszM; and ITD with n = 50.

functional behaves like the square of the imaginary part of the Green function and
then attains its maximum at the location of the anomaly with a resolution limit of
the order of half-a-wavelength. We have also shown that the topological derivative
based imaging functional, compared to other more classical imaging functionals, is
more robust in both cases of measurement and medium noise. Another advantage
of the proposed functional is that it works with a very small number of plane wave
illuminations. However, its complexity is roughly speaking O(nm3) while the com-
plexities of MUSIC and backpropagation are respectively O(n? 4+ n?m) and O(nm),
where n is the number of plane wave illuminations and m is the number of space
discretization points in the domain 2. Note that in general n < m.

Our results in this paper apply to the electrical impedance tomography problem.
In fact, let T’ be the fundamental solution of the Laplacian in R? and denote by Kq
the integral operator given by

o' (x —y)
K m:/i y)do(y), x € 0.
alelw) = | Zo P owoty)
Let Ztrp be the topological derivative of the misfit
1 1
W) =5 [ (=574 Kaftss = o) @) do(a),
2 Joq 2

where u,s and umeas are respectively the computed and the measured voltage po-
tential. In exactly the same manner as in this paper, we can prove that, for d = 2,

S)T (w — za)

1 (x—=
Trp(2°) ~ VI (x—2z° VI(x—z,)do(x N/ — do(x
ED Y f VHETENVIE =2 0@ | ap T ozl

21



provided that dist(2?, 92), dist(z,,9§2) > 1. A similar result holds in three dimen-
sions. Therefore, Ztp(2*) yields an image similar to the one proposed in [18].

Our results extend to elastic and electromagnetic waves as well as to the tran-

sient regime [19]. They can also be generalized to imaging functionals based on
high-order topological derivatives [8, 22, 17], which are based on high-order asymp-
totic expansions for the boundary pressure perturbations derived in [5].

[19]
[20]
21]
22]

23]

M.

M.
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