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1

The Green’s function of the wave equation

In this chapter we review a few important properties of the Green’s function,
the fundamental solution of the wave equation. These properties -reciprocity
(Proposition 1.1) and Helmholtz-Kirchhoff identity (Proposition 1.2)- are in-
strumental in the analysis of time-reversal experiments and imaging.
We consider the scalar wave model:
1 0%u

2(z) O — Agzu=n(t,x). (1.1)

Here n(t, x) is the source term and c(x) is the propagation speed (parameter of
the medium), which is assumed to be constant outside a domain with compact
support. We consider the three-dimensional case x € R3.

1.1 Green’s function

We introduce the time-dependent Green’s function G(¢,x,y) which is the
fundamental solution of

1 902G
———— —A,G=6)(x — y), 1.2
2y g~ e =000 ) (12)
with the initial conditions
G(t,z,y) =0, Vvt < 0. (1.3)

It corresponds to the wave propagating in the medium when there is a point
source at y emitting a Dirac pulse at time 0.
If the medium is homogeneous c¢(x) = ¢, then

(t—'w_y|)7 t>0,
drlx — y| Co

G(t,z,y) =
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which corresponds to a spherical wave propagating at speed c¢q (see for instance
[25, Chapter 2] or [23]).

The time-harmonic Green’s function is the Fourier transform of the time-
dependent Green’s function:

Glw, 2.y) = / Gt @, y)etdr.

It is the solution of the Helmholtz equation

w2

()

A,G + G=—6x—y)), (1.4)

and it satisfies the Sommerfeld radiation condition (¢(x) = ¢ at infinity):

lim |x|(£ Vg — icﬁ)a(w,x,y) ~0. (1.5)
0

Moreover, the convergence is uniform with respect to a/|x| over the sphere
and the Sommerfeld radiation condition also implies that

limsup /|G (w, 2, )| (L6)

|| =00

is bounded uniformly with respect to «/|x| over the sphere. The time-
harmonic Green’s function corresponds to the wave propagating in the medium
when there is a point source at y emitting a time-harmonic signal at fre-
quency w.

If the medium is homogeneous c¢(x) = ¢, then

- 1

Gw,z,y) = eralmyl, (1.7)

|z — y|

The solution of the wave equation with source n(¢, ) can be expressed as
the convolution of the Green’s function and the source term:

u(t, ) = / / Glt — 5,2, y)n(s, y)dyds. (1.8)

Throughout these notes, the integrals with respect to a time variable are
carried over (—oo,00) and the integrals with respect to a space variable are
carried over R?, unless stated otherwise. Note however that, by (1.3), the
integral (1.8) is causal:

t
ult, @) = / Gt — s, y)n(s, y)dyds
— oo JIR3

in the sense that u at time ¢ only depends on the values of the source term
for times smaller than ¢.
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The Fourier transform of the solution
i(w,x) = /u(t,az)ei“’tdt

is simply given by:

i, @) = / G(w, 2, y)h(w, y)dy.

1.2 Sommerfeld radiation condition

The Sommerfeld radiation condition plays an important role. A solution of the
Helmholtz equation is called radiating if it satisfies the Sommerfeld radiation
condition (1.5) uniformly in all directions (¢(x) = ¢o at infinity).

The Helmholtz equation (1.4) has an infinite number of solutions. For
example, if ¢(x) = ¢, then, for any a, the function

LW
Ga(wvwvy) = ‘ exp (Za|w_y|) +

—_— exp | —i—|x —
drle —y | P Co Y

a
dr|lxe —y
is solution of the homogeneous Helmholtz equation. However, only the solution
with a = 0 satisfies the Sommerfeld radiation condition. It corresponds to a
field radiating from y. The other solutions are “unphysical”. For example, the
solution with @ = 1 can be interpreted as energy coming from infinity and
sinking at y.

The important result is the following theorem (see [19, Vol. 2, Chap. IV,
Sec. 5] for a classical statement or [40] for a more detailed presentation): The
Helmholtz equation (with ¢ bounded and constant outside a compact) has a
unique radiating solution.

1.3 Reciprocity

An important property satisfied by the Green’s function is the reciprocity
property:

Proposition 1.1. For any x,y € R?, we have

G(wamay) - G(wayam)' (19)

This result means that the wave recorded at & when there is a time-harmonic
source at y is equal to the wave recorded at y when there is a time-harmonic
source at «. It is obvious in the homogeneous medium case from the explicit
expression (1.7) of the time-harmonic Green’s function. In the general case
it follows from the divergence theorem as shown in the following proof. This
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proof is standard but we give it because its key arguments will be used several
times in the forthcoming sections.

Proof. We consider the equations satisfied by the Green’s function with
the source at yo and with the source at y; (with y1 # y2):

w2

Amé(wa €, ’!JQ) +

)Cl(ww,yg) = —0(x — y2),

o

2(33
2

A w

AmG(wv T, yl) +

We multiply the first equation by G(w, ¢, y1) and subtract the second equation

multiplied by G(w, x, y2):
Vg - [é(wv , yl)vmé(wv z, yQ) - é(wa Zz, yQ)VEG’(wv Zz, yl)

= C:;(Wa z,Y2)0(T —y1) — GA(W, z,y1)0(x — y2)

=G(w,Y1,Y2)0(x —y1) — G(w, Y2, Y1)0(T — Y2).

We next integrate over the ball B(0, L) with center at 0 and radius L which
contains both y; and y-» and use the divergence theorem:

[ @) (Gl ) Vablw.a, ) - Gl 92) VoGl z,y)| do(a)
8B(0,L)

= é(w7y17 y2) - G(wvy27y1)a

where n(x) is the unit outward normal to the ball B(0, L), which is n(x) =
If « € 9B(0,L) and L — oo, then we have by the Sommerfeld radiation
condition:

L
Since we also have G(w, z,y) = O(1/L), we find that, as L — oo,

n- Vmé(w,w, y) = iié’(w, xT,y)+ o(l)
co

G(valay2) _G(w7y27y1)

W A A A A
=1 G(w7 x, yl)G(wa x, y2) - G(w7 x, yQ)G(wa x, yl)dO'(SC)
€0 JoB(0,L)
= 0’
which is the desired result. O

1.4 Helmholtz-Kirchhoff identity

Let us consider the following set up: the observation points are x; and xo,
the medium may be inhomogeneous is a region within the ball B(0, D) with
center at 0 and radius D (see Figure 1.1).
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Fig. 1.1. Situation for the Helmholtz-Kirchhoff identity: The medium is homoge-
neous outside the ball B(0, D).

The Helmholtz-Kirchhoff identity (1.11) is stated in the second part of the
following theorem. It follows from the divergence theorem and the Sommerfeld
radiation condition. This identity is known in acoustics [9, p. 473] and in
optics [13, p. 419]) and it is also presented in [42]. Note that (1.11) relates a
product of two time-harmonic Green’s functions, one of them being complex
conjugated, to a time-harmonic Green’s function. The product, in the time
domain, has the form of a correlation. This explains the importance of the
Helmholtz-Kirchhoff identity for correlation-based imaging as we will see later.

Theorem 1.2. 1) For any bounded and smooth open domain 2, the second
Green’s identity holds for any x1,xs € 2:

G(w,x1,22) — G(w, 1, T2) (1.10)

= /801?’ |:é(w7yam1)vyé(way7m2) - é(way7m2)vyé(w7yam1) dU(y),

where 1 is the unit outward normal to the (2.
2) If the medium is homogeneous (velocity cy) outside B(0,D), then
Va1, z2 € B(0, D) we have for L > D:

21w

Glw, 1, ) — G(w, 1, 22) = . / G(w,z1,y)G(w, 2, y)do(y).
9B(0,L)
(1.11)

The Helmholtz-Kirchhoff identity turns out to be very useful when we analyze
the scattering of waves by an obstacle, the refocusing of waves during a time-
reversal experiment, and the cross correlation of signals emitted by ambient
noise sources, as we will see later.

Proof. The proof is based essentially on the divergence theorem and the
Sommerfeld radiation condition, as the one of reciprocity that was given in
the previous section. Let us consider
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2

N w N
A’yG(W7 vy, m2) + CQ(y) G(wa Yy, $2) = _§(y - w2)>
S
AyG(way7$l) + cQ(y) G(waya m1) = 7§(y - 1131)~

We multiply the first equation by G(w,y,x1) and we subtract the second

equation multiplied by G(w, y, x2):

v’!,I : é(wv Yy, ml)vyé(wa Y, .’132) - é(wv Y, mZ)vyé(wa Yy, :]31)

= G(w,y, x2)0(y — x1) — Glw, y, 1)d(y — =2)
= G‘(w, T1,22)0(y —x1) — G(w, 1, x2)0(y — T2),

using the reciprocity property G(w, Lo, T1) = G(w, T1,T2).

We integrate over the domain {2 and we use the divergence theorem to
obtain (1.10). When {2 is the ball B(0, L), then the unit outward normal
is n = y/|y|. The Green’s function also satisfies the Sommerfeld radiation
condition

. Yy LW A
lim |y| (7 ' Vy - Z*)G(W,’!j,ml) = 07
lyl—oo |y co

uniformly in all directions y/|y|. Using this property, we substitute

ic—é(w,y, x9) for n - Vyé(w,y,mg)
0

in the surface integral over 9B(0, L), and

7¢;m for n - Vym,
0

and we obtain the desired result. O

1.5 Application to time reversal

In this subsection we will apply the Helmholtz-Kirchhoff identity to study a
time-reversal experiment. Originally time reversal was proposed not for imag-
ing, but for energy focusing. The idea was to focus ultrasound energy on kidney
stones to destroy them [24]. However the analysis of this situation has trig-
gered most of the work on reverse-time migration and also correlation-based
imaging as we will see later. That is why we first study this idea.

A time-reversal experiment is based on the use of a special device called
time-reversal mirror, which is an array of transducers that can be used as
sources or as receivers. In a time-reversal experiment the time-reversal mirror
is used first as a receiver array, then as a source array. Let us consider the ideal
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case in which the time-reversal mirror covers the surface of the ball B(0, L)
(see Figure 1.2).

In the first step of a time-reversal experiment (Figure 1.2, left), a point
source at y emits a pulse f(t). The waves @(w, x) are recorded at the surface
0B(0, L):

i(w,x) = G(w,z,y) f(w), = €0B(O,L).

Fig. 1.2. A time-reversal experiment with full-aperture time-reversal mirror. In the
first step (left), the time-reversal mirror is used as an array of receivers. In the second
step (right), the time-reversal mirror is used as an array of sources.

In the second step of the experiment (Figure 1.2, right), the recorded
signals are time-reversed and sent back into the medium. The signal received

at y? is drgr(w, y°):
irr(w,y°) = /8 o @G Y )G ) ),

where we have used the fact that the Fourier transform of the time reverse
of a real-valued function is the complex conjugate of the Fourier transform of
the function. Using reciprocity G(w, x,y) = G(w,y, x):

tirr(w,y°) = / do(z)G(w,y, z)G(w,y°, ) f(w).
dB(0,L)

By Helmholtz-Kirchhoff identity:

21w

G(w,y,95) - Clw, y,95) = - /aB(OL)da<w>é<w7y,m>é<w,ysyw>7

Co

we get

G(w,y,y%) — Glw,y,y5)
2iw/co

aTR(wa yS) = f( )
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Remember that y is the original source location. Therefore, the focal spot, i.e.
the spatial form of the time-reversed wave, is determined by the imaginary
part of the Green’s function:

irn(w.y°) = ZIn(Glw.y.y") ] (). (1.12)

In a homogeneous medium with propagation speed ¢y we have

~ 1 cwly—yS
G wayvys =——"F€ @ ’
V)= S
which gives the focal spot
- s L. wly — ys‘ 7 . sin s
irr(w,y°) = 4—s1nc(7)f(w), sinc(s) = . (1.13)
T

This shows that the focal spot has a diameter equal to A/2, where A\ = 27¢g /w
is the wavelength. This is the so-called diffraction limit.

Remark: In a complex medium Im(é(w, Y, ys)) can be sharper than in
a homogeneous medium. This is the “super-resolution effect” mentioned in
the recent literature [36]: if a micro-structured medium surrounds the original
source vy, then the focal spot can be smaller than the diffraction limit A/2. In-
deed, the main effect of the micro-structured medium is to modify the effective
wavelength. This can be proved by an asymptotic analysis (homogeneization
result) [4, 33, 37].

In this subsection we have presented a proof that time reversal of waves
results in a refocusing at the original source location. This proof is based
on the Helmholtz-Kirchhoff identity, which requires that the time-reversal
mirror completely surrounds the region of interest. This is the full-aperture
case. However, time-reversal refocusing happens also with spatially limited
time-reversal mirrors. This is the partial aperture case. This has been shown
experimentally, numerically, and theoretically. The proof that time-reversal
refocusing happens in the partial aperture case cannot use the Helmholtz-
Kirchhoff identity, but rather follows from asymptotic theory for wave prop-
agation (especially in the high-frequency regime). The size of the focal spot
is then larger than the diffraction limit, and takes the form of the Rayleigh
resolution formula O\, where 6 is the aperture angle, that is, the ratio of the
array diameter over the distance from the array to the source.

1.6 The scalar wave equation with noise sources

We consider the solution u of the wave equation (1.1) in a three-dimensional
inhomogeneous medium with propagation speed c¢(x):

1 0%u

2(x) 02 — Agu = n(t,x). (1.14)
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The term n(t,x) models a random field of noise sources. It is a zero-mean
stationary (in time) random process with autocorrelation function

(n(t1, y1)n(t2, y2)) = F(t2 — t1) (Y1, y2). (1.15)

Here (-) stands for statistical average with respect to the distribution of the
noise sources. For simplicity we will consider that the process n has Gaussian
statistics.

The time distribution of the noise sources is characterized by the correla-
tion function F'(ty —t;1), which is a function of ¢t —¢; only by time stationarity.
The function F is normalized so that F(0) = 1. The Fourier transform F(w) of
the time correlation function F'(t) is a nonnegative, even, real-valued function
proportional to the power spectral density of the sources:

Plw) = / Ft)e!dt. (1.16)

The spatial distribution of the noise sources is characterized by the
autocovariance function I'(y1,¥y2). In this section and the following two ones
we assume that the random process n is delta-correlated in space (but the
result can be extended for spatially correlated sources):

F(y17y2) = K(y1)5(y1 - Y2). (1'17)

The function K then characterizes the spatial support of the sources.

1.7 The cross correlation function

The solution of the wave equation (1.14) has the integral representation (1.8):

ut.w) = [ [ nlt = 5.6 2. y)dsdy,

where G(t,x,y) is the time-dependent Green’s function (1.2).
The empirical cross correlation of the signals recorded at 1 and x5 for an
integration time 7' is

T
Cr(r, @1, x2) = %/ u(t, xy)u(t + 7, x2)dt. (1.18)
0

It is a statistically stable quantity, in the sense that for a large integration
time 7', the empirical cross correlation Cr is independent of the realization
of the noise sources and it is equal to its expectation. This is stated in the
following proposition.
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Proposition 1.3. 1. The expectation of the empirical cross correlation Crp
(with respect to the distribution of the sources) is independent of T':

<CT(7',$1,2132)> = C(l)(Tamth)a (119)

where the statistical cross correlation C(Y) is given by

1 . e a—— .
CO (1,1, x) = o // dydwF (w)K(y)G(w, 21, y)G(w, T2, y)e™ "7,
7
A (1.20)
and G(w, z,y) is the time-harmonic Green’s function (i.e. the Fourier trans-
form of G(t,z,y)).

2. The empirical cross correlation Cp is a self-averaging quantity:
Cr(r, @1, 22) =3 CW (1,21, @2), (1.21)

in probability with respect to the distribution of the sources.
3. The covariance of the empirical cross correlation Cr satisfies:

QFTCOV(CT(T, Ty, CL’Q), CT(T + AT, Ty, 132))

=y / {/m@(w,332,'y)K(y)dy}Qﬁ‘(w)2eiw(2-r+A-r)dw (1.22)

+/ [/|G‘(w,az1,y)‘2K(y)dy} [/|G(W,fBz,y)\2K(y)dy]F(w)Qe*WAwa,

1.8 Extended distribution of sources in an
inhomogeneous open medium

In this subsection we study the emergence of the Green’s function for an
extended distribution of sources in an inhomogeneous open medium. Here we
give a simple and rigorous proof for an open inhomogeneous medium in the
case in which the noise sources are located on the surface of a sphere that
encloses both the inhomogeneous region and the sensors, located at x; and
a2 (Figure 1.3). The proof is based on the Helmholtz-Kirchhoff identity. It is
very simple and convenient, but as we already mentioned, it requires a full
aperture illumination. However this condition is not necessary for the cross
correlation to be related to the Green’s function.

The proof can be summarized as follows: the right-hand side of the
Helmholtz-Kirchhoff identity (1.11) is related to the representation (1.20) of
the cross correlation function C'") in the Fourier domain. Therefore, by sub-
stituting (1.11) into (1.20) we get the following proposition.

Proposition 1.4. We assume that
1) the medium is homogeneous outside the ball B(0, D) with center 0 and
radius D,
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Fig. 1.3. The sources are distributed on the sphere dB(0, L) and the medium is
homogeneous outside the ball B(0, D).

2) the sources are localized with a uniform density on the sphere 0B(0, L) with
center 0 and radius L.
If L > D, then for any x1,x2 € B(0, D), we have

0

ad”(ﬂml,mz) - —%0 [F % G(r,@1,25) — FxG(—7,21,22)] . (1.23)

Proof. When the source distribution is uniform over the surface of the
ball B(0, L), the statistical cross correlation (1.20) reads

1 A . - A
C’(l)(T,ml,w2) =5 /dwF(w)e_“’”/ do(y)G(w, z1,y)G(w, 2, y),
9B(0,L)

™

and its 7-derivative is

0,CV (1, @y, x5) = f% / dwE (w)e ™7

The left-hand side can be simplified by using the Helmholtz-Kirchhoff iden-
tity (1.11):

0.CV (1, @y, 29) = —:—O/dwﬁ(w)e_im [G(w,wl,azg) — é(w,ml,xg)],
T
which gives the desired result. O

This proposition shows that, when the noise sources surround the region
of interest, then the time-lag derivative of the cross correlation of the signals
recorded at two observation points is the Green’s function between these two
points, up to a convolution (in time) with the time covariance function of
the noise sources and a symmetrization (which means that we get in fact the
causal and the anti-causal Green’s functions). More details about imaging
with ambient noise sources can be found in [27].
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Conventional sensor array imaging

In this chapter we give an overview of conventional sensor array imaging for
two basic problems: passive source imaging and active reflector imaging.

In the first problem, addressed in Section 2.1, the goal is to image the spa-
tial distribution of sources emitting waves that are recorded by a passive array
of receivers. The data set is a vector of N signals recorded by the N receivers.
Different imaging functions are introduced. After discussing Least-Squares
imaging we introduce the Reverse-Time imaging function and the Kirchhoff
Migration imaging function, and we carry out their resolution analysis. The
resolution properties are summarized in Section 2.2.3.

In the second problem, addressed in Section 2.3, the goal is to image
reflectors buried in the medium from the data collected by an active array
of sensors, that can be used both as sources and as receivers. The data set
is a matrix of N x N signals, where the (j,[)-th signal is recorded by the
j-th sensor when a short pulse is emitted by the I-th sensor. As in the case
of passive source imaging, we discuss Least-Squares imaging, Reverse-Time
imaging, and Kirchhoff Migration imaging, whose resolution properties are
summarized in Section 2.3.9.

2.1 Passive array imaging of sources

Here we consider the case of a passive array, which means that the sensors are
used only as receivers. The goal is to image a source.

2.1.1 Data acquisition

In the configuration described in Figure 2.1, the source y emits a pulse and
the sensors (x,),=1,.. n record the waves. The data set is the vector of signals
(u(t, wr))te]R,r:I,..‘,N' The goal of imaging is here to find the source position
y. More generally, in the case of distributed sources, the goal is to find the
source region.
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Fig. 2.1. Sensor array imaging of sources.

2.1.2 Imaging function

The goal is to find the spatial source distribution that is supposed to be
supported in the region 2 C R? (that does not contain the sensor positions
(®r)r=1,..~n). The data set is (u(t,azr))te]R —1__n- The purpose of imaging
is, given the data set, to build an imaging function in the search region {2:

|2 =R
y® = Z(y®)

which plots an image of the source distribution. For instance, in the case
in which there is a unique point source, we would like the imaging function
to look like a sharp peak centered at the source location. This peak is called
point spread function. The width of this peak determines the resolution of the
imaging function, which gives the precision with which the source location can
be estimated.

Fig. 2.2. Sensor array imaging of sources: data acquisition (left) and search region
for the imaging function (right).

2.1.3 The linear forward operator

The source term is of the form n(t,y) = prea1(y)d(t). The goal is to find the
source function p,e,. Here, we assume that the Green’s function is known.
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The data set is @t = (ﬂ(w, m,,))weR 1 N With

w, ) = /Q G (w0, ) Preat (W) .

We define the forward operator
Apl(o.a) = [ Gloarw)olu)ay. (21)

A is the linear operator that maps the source function to the array data u:
U = ApreaL

It goes from the space L?(§2) equipped with the standard scalar product

(V)2 = /Q w(y)v(y)dy

to £2:= L*(R x {1,..., N}) equipped with the scalar product
(v, W), /dwz O(w, ) W(w, Ty ).

2.1.4 The adjoint operator

From the observation of the data we want to estimate pyea. Note that A
is usually not invertible. Therefore we look for the function p in L?(§2) that
minimizes the misfit between the observed data and the theoretical prediction
obtained with p: The least squares inverse problem is to minimize Jig[p] where

Juslp dw i(w, ) — [Ap)(w, wr)’2. (2.2)

As we will see in the next subsection (devoted to least squares inversion),
it may be useful to consider the regularized minimization problem with the
functional Jis[p] + a|/pllire- Here |pllrec is a norm, for instance, the L2-
norm, which smoothes the problem, but which also reduces the resolution. It
is also possible to take the L'-norm, which promotes sparsity in the recon-
structed p (which is efficient in the case of a few well separated point sources).
L'-minimization techniques (or compressed sensing) have become popular re-
cently in order to reconstruct sparse signals from incomplete data, and in the
imaging context it would mean to minimize ||p||.: such that ||& — Ap| 2 < e
for some given positive constant € [15].

The least squares solution to the minimization problem (2.2) solves the
normal equation
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A*ApLs = A*a,

where A* is the adjoint operator

/deG w, Y,z )0(w, ;). (2.3)

Indeed, for any p € L?*(£2) and © € L*:

AM /dwz A,u w, z,)0(w, ;)
- /de/ dyG(w, @, y)u(y)o(w, z,)
/ dyp(y) /deGw 2, y)0(w, )

:/Qdyﬁy)[f&*ﬁ] (y) by Definition (2.3)

- (M’ A*ﬁ> L2

Remember that the complex conjugation in the frequency domain corresponds

to the time operation in the time domain. This shows that the adjoint operator

corresponds to the backpropagation of the array data to the test point y.
The normal operator A*A is given by

[A*Ap|(y) = /Q dy'a(y, ¥')p(y),
with the kernel a(y,y’) = [ dw Zr 1 G( ,y,wr)é’(w,y’,a:r).

2.1.5 Least squares inversion

We consider the problem with a fixed frequency w to simplify the notations.
The data set is the vector & = (@(x,))r=1,... n. It is related to the unknown
function preal = (Prea1(y))yen through the linear relation @ = Apreal, where
the linear operator A is defined by (2.1). We first put this problem in a
simple matrix-vector form. In order to do that, we discretize the problem by
introducing a regular grid (y;);=1,...,m with step dy of the search domain §2:

M
(@) =Y Glw, @, y;)p(y;) (69)°.

Jj=1

The problem is reduced to find the vector p = (p(y,)) =1,....;m solution of
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@=Ap, with the matrix A,; = G(w, x,,y;)(0y)>.

However A is of size N x M and even when M = N it is not invertible in
general. In order to obtain a well-formulated problem we look for the solution
of the least squares inversion problem. It consists in finding the vector p that
minimizes the error (misfit function):

1 | N
_ 0 2 _
57§HqupH =3 E

r=1

(@ Ap).|”.

An extremal point of the quadratic misfit function satisfies the constraints:

o€ o€
= 0

0= a. — a9—>
Ip; 9p;

which reads
N —
0==Y [4(@—Ap)] =—[A"(a—Ap);, j=1,...,N,
r=1

where the superscript H stands for conjugate transpose. The equation A (41—
Ap) = 0 gives the normal equations:

AfPAp=A"q,
AH A is a nonnegative matrix. When it is positive, it can be inverted:
p=(ATA) A 4.

When A A is not positive, or when it is positive but ill-conditioned, then
it is necessary to regularize the minimization problem. A popular regulariza-
tion technique is the Tykhonov regularization: the regularized problem to be
minimized is ) )
- 2 2
&= 5l — AplP + sallpl?,
where a > 0. The solution to this problem is

p=(ATA+al) ATa,

To be complete, we can add that, when « is small we obtain the Moore-
Penrose pseudo-inverse [32], that is known to be unstable and to amplify
additive noise. When « is large, the stability is enhanced but the resolution
is reduced [11].
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2.1.6 The reverse-time imaging function

The least squares imaging function is:
fean—l g
Tis(y®) = |(A"A)"A%a| (),

where (A*A)fl is a (regularized) pseudo-inverse of the normal operator. It
turns out that the kernel a(y,y’) of the normal operator A*A is the signal
obtained at y during a time-reversal experiment, in which a point source
at ¢y’ emits a Dirac pulse at time 0 and the time-reversal mirror consists
of point receivers/sources at the locations x,., r = 1,..., N, as described in
Section 1.5. By the time-reversal refocusing property the kernel of the normal
operator is often concentrated around y = vy’, which means that it is close
to a diagonal operator. Motivated by this remark we can propose to drop
the normalizing factor in the LS function, which gives a new function which
is much simpler to evaluate than and reasonably close to the least squares
function. This simplification affects, however, resolution [11]. The Reverse-
Time imaging function for the search point y* is defined by:

Trr(y®) = % [A*’Lﬂ (y°)

_ dwza w0,y )ilw, ). (2.4)

o
r=1

It is a reverse-time imaging function, since

IRT@S):—/deG oy, @ )i~ )

WZG ay wr ((.d mT’)

can be interpreted as:
Irr(y®) = urr(0,°)

where ugr(t, x) is the solution of the wave equation:

1 82URT

(@) o Agurr = nrr(t, ),

with the source term supported in (¢, ) € (—o0,0) x {,,7=1,...,N}:
N
nrr(t,x) = Zu —t,x,)0(x — x;).
r=1

This interpretation shows that the computational cost of the imaging function
is one call to a solver of the wave equation in the background medium.
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2.1.7 Kirchhoff Migration (or travel-time migration)

It is possible to simplify the Reverse-Time imaging function. If we use the
geometric optics approximation of the Green’s function and neglect the vari-
ations of the amplitude term, that is to say, if we make the approximation
G(w,m,y) ~ expliwT (x,y)], where T (x,y) is the travel time from = to y,
then we get the Kirchhoff Migration imaging function:

Tkm(y®) = /deeXp —iwT (2, y°)]i(w, x,)

= Zu (z, y®° ) (2.5)

r=1

Kirchhoff Migration (or travel time migration) has been analyzed in detail
[10] and is used extensively in practice. It is a simple way to triangulate the
location of a source using sensor array (or distributed sensors).

2.2 Passive array imaging of sources: resolution analysis

In this section we assume that a point source located at y emits a short pulse
f(t). The goal of this section is to characterize the resolution properties of
the Reverse-Time imaging function, that is to say, the spatial accuracy with
which it is possible to localize the source. This can be quantified by the width
of the peak of the imaging function at the source position. The Reverse-Time
imaging function (2.4) has the form

Trr(y®) = 217T/IRT( y%) f(w)dw
IRT Z w,y® , Ly) G’(w,wr,y).

=1

We carry out a resolution analysis when the medium is homogeneous. The
Green’s function is then given by
1 ;elz—yl

Gw,z,y) = m@ K

2.2.1 Full-aperture array

The resolution analysis in the case of a full-aperture array, that completely
surrounds the source, is an application of the analysis of the time-reversal
experiment in Section 1.5. It follows from the Helmholtz-Kirchhoff identity
(1.11) that gives
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wly® —yl)

. ¢ A 1 .
Irr(w, y%) ~ ;Olm(G(%y,yS)) = Esmc( o

up to a multiplicative constant that depends on the density of sources. We
can get the resolution estimate from the first zero (7) of the sinc function.
This shows that Zgr(w, y®) is a peak centered at y with width given by A/2,
with A = 2m¢g/w the wavelength associated to the frequency w.

(a) (b) (<)

Fig. 2.3. A point source at y emits a short pulse that is recorded by a array of
receivers that completely surrounds the source (picture a). The RT imaging function
backpropagates numerically the time-reversed recorded signals (picture b). The im-
age obtained is a peak centered at the original source location, with a sinc form and
a width of A\o/2 (picture ¢, in which x and z are multiples of Ao and the modulus of
the imaging function is plotted).

If the source has central frequency wg and bandwidth B, with B < wy,

ft) = %eii“’otfo(Bt) + c.c., (2.6)

A w — wo A erwO)
)

f@) = g io (U520 + 5o (2 (2.7)

then we have s
woly” — y|)

Trr(yS) = ﬁ fO(O)sinc( -

This shows that Zrr(y®) is a peak centered at y with width given by A\o/2,
with A\g = 2meg /wp the wavelength associated to the central frequency wy (see
Figure 2.3). We have found that the resolution is Ao/2, which is a well-known
result (diffraction limit).

2.2.2 Partial-aperture array

From now on we consider the case of a finite-aperture array (see Figure 2.4).
We denote = = (z, , z) € R? x R. We assume that the array lies on the surface
{#z =0} and that it is dense, with a density function v, such that
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(a) (b)

Fig. 2.4. A point source at y emits a short pulse (picture a). The RT imaging
function backpropagates numerically the time-reversed signals to form an image
(picture b).

N
S ofa) =N [ nlagl(a,0)de..
r=1
for any test function g. As a result
Trr(w,y*) =N | ¢u(x)G(w,y°, (z,,0)G(w,y, (z,,0))de, . (2.8)
R2

We first carry out a high-frequency analysis of the imaging function. We
assume that the width of the source pulse f€(t) is small so that

t .
FO=£(2), @ =cfw)
where ¢ is a dimensionless parameter that characterizes the ratio of the pulse
width over the typical travel time from the array to the source. Then the
imaging function has the form

Tuny®) = 5= [ el y®) ) (29)
Trr(w,y°) = N/ a(wl)ei%dwl, (2.10)
RQ
with
a(mL) L/)l'(mj_)

" 16n2yS — (2., 0)| [y — (z,,0)[
bu(@,) = %Hys — (@,,0) — |y — (., 0)].

We first give a stationary phase result [43, Chapter VIII].

Lemma 2.1. Let D is be a compact domain in R? and a and ¢ be smooth
functions such that there are at most finitely many points in D such that
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V., ¢(x, ) = 0, and such that the Hessian of ¢ is nondegenerate at these points.
Then the value of the integral

. RGN
IF= | a(x) )= dx,
D

s at most of order € as € — 0.

As explained in [43], the main contributions to the value of the integral
(in the limit ¢ — 0) come from critical points, that are stationary points such
that V, ¢(x, ) = 0, and from points on the boundary 9D such that a level
curve of ¢ is tangential to dD. This second type of points are absent if a
vanishes smoothly at the boundary of D.

Corollary 2.2. We assume that y or y° is not in the plane {z = 0}. In the
high-frequency regime ¢ — 0, we have:
-ify® =y then

N ¢f(ml) o
1672 Joo T 0) — g 2 = O (2.11)

ZA-RT(way) =
-ify® £y then A
Irr(w,y®) = O(e). (2.12)

Proof. The result for y° = y is obvious. Let us assume from now on that
y® # y and consider the integral (2.10). The phase function ¢, (x, ) is such
that s

ﬂ[ r, -y _ r -y

co lly® = (2,,0)] |y — (2, 0)[]°

which is zero if and only if the line going through y and y* intersects (z, ,0).
Therefore, for a given pair of points y = (y,, L) and y® = (y”, L%), there is
at most one stationary point 7, and in such a case it is nondegenerate as the
Hessian of the phase at that point is

w -1 <L2+<xz—y2>2 —(m’f—m)(w;—yz))

H[(bw}(mj) = g |y — (wf’ 0)|3 (m’l‘ — y1)($§ — y2) L? + (xf - y1)2

Vv, (bw(aﬂ) =

whose determinant
w2 LQ(LLiS _ 1)2

det H[p,)(2]) = & ———0=
+ C% |y—(33L,O)|4

is not zero (since y° # y and y and y° are on the same line issued from
(z*,0), we have L # L%). The desired result then follows from Lemma 2.1. O

Corollary 2.2 shows that the imaging function has a peak at the original
source location. We would like now to characterize the resolution of the imag-
ing function. In the high-frequency regime the result in Corollary 2.2 indicates
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that the width of the peak is smaller than one. In fact, the following analysis
shows that is is of order ¢.

We assume that the third coordinate L of y = (y,,L) is positive. We
parameterize the search point y° as

y' =y +ez (2.13)

Then

T —
|w_yS|_ |Ill—y‘ :_€|$— | .Z+O(€2)v
and therefore, as ¢ — 0,

N Yu(z,)
1672 Jre [(z,,0) — y|?

~ W x—
Irr(w,y°) = exp(—z— Y ~z)da:L. (2.14)

co |z —y|
We denote By = {e, € R? s.t. |e, | < 1} the unit disk in R?. We introduce
the function X, : By — R? defined by

e
Xyle)=——2  Liy.
y( L) m Y.
The point (Xy(e,),0) is the intersection of the line starting from y with
the direction (e, ,—+/1 — |e, |?) with the plane {z = 0}. The inverse of the
function &, is

—1 _ r, —Y
T vy

and the determinant of its Jacobian is |Jac Xy (e, )| = L?/(1 — |e, |?)%.
A straightforward change of variable &, — X, '(,) in the expression
(2.14) of the reverse-time imaging function gives that, as e — 0,

Trr(w,y%) = N ¢i(i¥!|'£q2)) exp (ij—o(—eu V1—le [2)- z)deL.

167T2 Bs
(2.15)
If the density of the array is constant over its support D:
1
wr(mj_) - ﬁlD(xL)a
then we have
Trr(w, y° 167r2\D|/ 17‘ exp( —(—e,, 1_|6L|2).z)deL7
(2.16)

where B, = Xy_l(D). The set of unit vectors

Cy = {(_eL’ V 1- |eL|2)’ €, € By}
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forms the cone of illumination of the point y (ie the set of directions from
a point in the sensor array to the original source location). The function
(2.16) gives the local form of the imaging function around the original source
location, which is a peak centered at the source location with a width that
is of the order of the wavelength. In the following we consider the case of
a circular array and of a square array to get some explicit and quantitative
formulas that will allow us to distinguish the resolution in the longitudinal
direction (z) and in the transverse directions (z, ).

Circular array

Let us assume that the source location is y = (0, L) and that the support of
the sensors is the disk with diameter a:

D ={(z.,0), |z | <a/2}.
Then
By=fe, B je i< )
Y - T Va2 r4rr)
We take special spherical coordinates to compute (2.16):

e, = (sinf cos ¢, sin O sin ¢),

whose Jacobian determinant is |Jace, (6, ¢)| = |sinfcos6|, and we use the
identity j;)% exp(iz sin ¢)d¢ = 2mJg(z) to obtain:

Irr(w, y°)
N 9y 2m w
=-— de d¢ tan 6 exp (z—( — (cos ¢z1 + sin ¢pzo) sin f + cos Ozg))
4m3a 0 0 Co
) Oy w . WL g0
= 5252 P (z%zg) /0 de tan@Jg(a sinf|z, \) exp ( — 22% sin (5)23>,

with 6, = arctan(a/(2L)). If we assume that a < L, then this expression
becomes

. NO2 ! 0 wh?
Trr(w,y°) = TZ;’Z exp (zj—OzL;) /0 ds sJo(wC—Oy|zi|s) exp ( — iTC;’z;;sQ),

or equivalently

SN YR

A N LW
o) = gy ()0 (5.

N ].67T2 L2 Co

with the normalized point spread function given by (for § ,n € R2 x R):

v ,n) = 2/01 ds sJo (7], |s) exp ( — iF%SQ). (2.18)
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By inspection of formula (2.17-2.18) we observe that:
1) In the transverse directions, the width of the peak is AL/a, with A = 2m¢g /w
the wavelength associated to the frequency w, and the form of the peak is:

1
v ,0) = 2/ ds sJo(m|€ |s)
0
Ji(l€, 1)
mlg, |

where we have used the derivative identity 9, (xJ1(x)) = zJo(z).
2) In the longitudinal direction, the width of the peak is AL?/a? and the form
of the peak is:

=2

1
v(0,n) = 2/ ds sexp ( - iﬂ—nsz)
0 4
_ 41 —‘e*i%

N

)
whose square modulus is

w(0,7)? = sinc2(%).
If the source has central frequency wy and bandwidth B, with B < wy, as

in (2.6), then we have

N w B az, a’z
Sy _ .wWo 3
Ter(y”) = 552 &P (ZEZ?’)JCO(;Z?’)W(LA}LT\O) tee (219)

This shows that Zrr(y®) is a peak centered at y. The transverse width of the
peak is AoL/a, with A\g = 2mcy/wy the wavelength associated to the central
frequency wq. This is the so-called Rayleigh resolution formula. The longitu-
dinal width of the peak is min{\gL?/a?, co/B}. In other words, if the pulse
is narrowband in the sense that B < wpa?/L?, then the longitudinal form
of the peak centered at the original source location is determined by Fresnel
diffraction and it has the form (see Figure 2.5)

N £o(0) _Wo az, a’zs
Tar(yS) = o) (7 )47( L,i) c
re(y”) = 55 5ra e (0 )Y T3 e ) TO°

If the pulse is broadband in the sense that B > wpa?/L?, then the longitudinal
form of the peak centered at the original source location is determined by the
pulse width and it has the form

Irr(y®) = FJ\QTLQ exp (i%Z:s)fo(gzs)u?(%, 0) + c.c.
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=(@/2,0) X\=(@/2,0)

é{yi(&l-) N p

=(-a/2,0) x,=(0,-a/2)

(a) (b) (<)

Fig. 2.5. A point source at y = (0,0,L) emits a short pulse that is recorded
by a circular array of receivers in {z, € R? |z, | < a/2} x {0} (picture a). The
RT imaging function backpropagates numerically the time-reversed recorded signals
(picture b). The image obtained is a peak centered at the original source location
(picture c, in which 2 is in multiples of A\oL/a, z in multiples of \oL?/a?, and the
modulus of the function is plotted). Here we assume that the bandwidth B of the
source pulse is smaller than woa? / L? so that the form of the peak in the longitudinal
direction is not determined by the pulse form but by Fresnel diffraction.

Square array

Let us assume that the source location is y = (0, L) and that the support of
the sensors is the square with sidelength a:

D =[-a/2,a/2] x [-a/2,a/2] x {0} = {(x,,0), |x1| < a/2, |z2] < a/2}.

Then
B, = {el ER?, (4L2 +a®)e2 < a>(1—€2_)), j = 1,2},
and
N N 1
T —_ dejdeg —5—
RT( w,y ) 167202 /By €1 621—6%—63

X exp (zcﬁ( — (e121 + €222) +4/1 — €2 — e%zg)).
0
If we assume that a < L, then this expression can be simplified:
N 1/2 1/2
23 d81 /
167212 ° / 1/2 1/2

X exp ( — iﬂ(slzl + S929) — (s1 + 52)z3>
CoL 260L2

jRT( W,y )

or equivalently

7 N LW az a2z?,
IRT( w,y ) 167 2L2 (Zaz?))w(ﬁ;ﬁ), (220)
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with the normalized point spread function given by

1/2 1/2
v ,n) = / dsl/ dsg exp 2i7r(51£1+52§2)—i7r(sf+5§)77). (2.21)
1/2 1/2

By inspection of formula (2.20-2.21) we observe that:
1) In the transverse directions, the width of the peak is AL/a and the form of
the peak is:

1/2 1/2
v(g, ,0) / ds; / dsa exp — 2im(s1& + 5252))

1/2 1/2

= sinc(m&y )sinc (7).

2) In the longitudinal direction, the width of the peak is AL?/a? and the form
of the peak is:

1/2 1/2
v(0,n) = / dsl/ dss eXp —im(s + 5%)77)
1/2 1/2
, T 2
_ e/ -is/D)
= = ;
1

where we have used the tabulated Fresnel integrals [1, Section 7.3]:

C(z) = /ow cos(s?)ds, S(x) = /093 sin(s?)ds.

(2/2,0) X\ =(a/2,0)

=(-a/2,0) x,=(0,-a/2)

() (b) (©)

Fig. 2.6. A point source at y = (0,0,L) emits a short pulse that is recorded
by a square array of receivers in [—a/2,a/2] X [—a/2,a/2] x {0} (picture a). The
RT imaging function backpropagates numerically the time-reversed recorded signals
(picture b). The image obtained is a peak centered at the original source location
(picture ¢, in which z is in multiples of AoL/a, z in multiples of A\oL?/a?, and the
modulus of the function is plotted). Here we assume that the bandwidth B of the
source pulse is smaller than woa®/L? so that the form of the peak in the longitudinal
direction is not determined by the pulse form but by Fresnel diffraction.
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If the source has central frequency wy and bandwidth B, with B < wy,
as in (2.6), then the RT imaging function is given by (2.19) with ¥ given by
(2.21). This shows that Zrr(y®) is a peak centered at y (see Figure 2.6). The
transverse width of the peak is AgL/a. The longitudinal width of the peak is
min{\gL?/a?, co/B}.

2.2.3 Summary of resolution analysis for passive source imaging

In this section we have analyzed the resolution properties of the Reverse-Time
imaging function. The Kirchhoff Migration imaging function can be analyzed
in the same way, as the phase terms are identical, and the results are identical
as well.

In the full aperture case, when the passive array completely surrounds
the source, the latter can be localized with a precision of the order of the
diffraction limit, that is, of the order of the central wavelength .

In the partial aperture case, when the passive array has a diameter a and
the distance from the array to the source is L, the latter can be localized in the
transverse direction with a precision of the order of the Rayleigh resolution
formula, that is, of the order of AL/a, where \ is the central wavelength. It
can be localized in the longitudinal direction with a precision of the order of
min{\L?/a?, cy/B}, where B is the bandwidth of the source.

The resolution formulas that we have described in this section are well
known and presented in many books. For instance, the analysis of the trans-
verse resolution formulas (for arrays of various forms) can be found in [13,
Section 8.5] and the analysis of the longitudinal ones in [13, Section 8.8].

2.3 Active array imaging of reflectors

In this section we assume that the sensor array is active, which means that
the sensors can be used as sources and/or as receivers. The goal is to find a
reflector buried into the medium.

2.3.1 Data acquisition

As described in Figure 2.7, in which the sensor array consists of N sensors, the
data acquisition is carried out in N steps. For each s = 1,..., N, the source
x5 emits a pulse and the sensor at @, (for » = 1,..., N) record the wave
that we denote by u(t,x,,zs). The data set is the time-dependent response
matrix (u(t, ©,, Ts))ier,r,s=1,....N, also called impulse response matrix. The
goal of imaging is here to find the reflector position y (more generally, find
the reflectivity function of the medium).

The data set is (u(t, @y, €s))ier,r,s=1,...n- Given the data set, we wish to
build an imaging function in the search region £2 C R3:
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Fig. 2.7. Sensor array imaging of reflectors.

|2 =Rt
y® = Z(y”)

which plots an image of the reflectivity function in the search region.

o

Fig. 2.8. Sensor array imaging of reflectors: data acquisition (left) and search region
for the imaging function (right).

2.3.2 Source and reflector array imaging: comparison

Source and reflector sensor array imaging are two different processes. In source
array imaging the goal is to image an unknown source given the vector of
waves recorded by the array. In reflector array imaging the goal is to image
an unknown reflectivity (i.e. the contrast in the speed of propagation) given
the matrix of waves emitted and recorded by the array:

2.3.3 Modeling

The goal is to find the propagation speed (creal(y))yecs2 Which is assumed to be
homogeneous outside the domain 2. The Fourier transforms of the recorded
signals are . .

W(w, T, @s) = G(w, Ty, Ts; Creal) f (W),
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Source array of sensors Reflector array of sensors/sources
The sensors (@, )r=1,..,nv record The sensors (¢, )r=1,...,n record
Yy is a source y is a reflector, s is a source

Data: (u(t,wr)) Data: (u(t,wr,ws))

teR,r=1,..., N teR,r,s=1,..., N

Fig. 2.9. Comparison between sensor array imaging of sources (left) and of reflectors
(right).

where f(w) is the Fourier transform of the source pulse used by the array and
é(w, x,y;c) is the Green’s function that solves the Helmholtz equation (1.4)
with the propagation speed c¢(x) and with the Sommerfeld radiation condition
(1.5). Here we explicitly write the dependence of the Green’s function on the
velocity c¢(x). Note that this dependence is nonlinear.

2.3.4 Nonlinear inversion

The data set is the matrix of signals:
u= (ﬂ(w’ Lr, ws))wER,r,s:L...,N = (G(w’ Ly Ls; creal)f(w))wER,r,s:l,...,N'

In order to estimate the propagation speed cpea1(x), we try so solve the ar-
ray least squares inverse problem, that is to say, to find the function ¢ that
minimizes:
2
Jle] + allelkre

where J[c] is the misfit function

J[c};ﬂ/deN:

r,s=1

W, By ) — G, @0, @5 0) f ()]

« is a strength of regularization parameter, and ||¢|ggg is a norm used to
regularize the least squares problem. Note that, in contrast to the passive
imaging case, this is a nonlinear problem for the unknown propagation speed
¢(zx) and the misfit function is not quadratic in the unknown. It is, in general,
very difficult to solve this problem. Iterative techniques are possible, but the
solution is often very unstable and depends strongly on the initial guess. In
the seismic imaging framework, the resolution of the least squares inverse
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problem is called Full Waveform Inversion. Recent progress has been made on
this problem, using optimal transport theory (to replace the L?-norm in the
misfit function by a Wasserstein-type distance) [22], relaxation techniques [6],
or reduced order models [12], but it is not yet solved.

2.3.5 Linearization of the forward problem

We consider the following model for the speed of propagation:

) C%(n?)(w) + pl)), (2.22)

where ¢ is a reference speed (known), no(x) is a smooth background index
of refraction (known, typically constant), and p(x) is the target reflectivity
(unknown but assumed to be small). The goal of reflector imaging is to re-
construct p given the data set.

The Green’s function satisfies:

w

AyG+ —%(nﬁ(w) +p())G = —5(x — y).

C

The background Green’s function is the solution of:

2
N w N
AyGo + ?ng(w)Go =—(z —y),
0
with the Sommerfeld radiation condition. In the Born approximation we have
the approximation:

2
G(wvwa y) = GQ(W, :va) + % /Go(w, T, Z)p(Z)Go(w, z,y)dz, (223)
0

in which the first term of the right-hand side corresponds to the direct waves
(i.e. those which have not interacted with the reflector) and the second term
corresponds to the single-scattered waves emitted from the source point v,
scattered at z (in the support of p) and received at . The Born approximation
is valid when the reflectivity of the reflector is small enough.

Proof. Let us consider the full Green’s function and the background
Green’s function solution of

2 2

AG(w, 2, @) + %n%(z)é(w, z,x) = —%p(z)é(w, zx) —0(z — ),
0 0

2
~ w ~
A,Go(w, z,y) + C—Qng(z)Go(w, z,y) = —0(z —y).
0

We multiply the first equation by Go (w, z, y) and subtract the second equation

multiplied by G(w,z, z):
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Vz : GO(Wa z, y)vzé<w? z, $) - é<w? z, y)vzéO(Wa z, w)

2
= f—zp(z)é(w,z,w)éo(w,z,y) - G’O(W,Zay)(;(z - IB) + G‘(w,z,m)é(z - y)

Y ()0 (w, 2 @)Co(w, 2,9) — Colw, 2, y)(x — @) + Cleo, . 2)5(= — )

2
reciprocity W A

- 7%p(z)é(w7m,z)éo(w,z,y) — Go(w, 2, y)d(z — )

+G(w,z,y)0(z —y).

We integrate over B(0, L) (with L large enough so that it encloses the support
of p):

2 /G (w,x,2)p(2)Go(w, z,y)dz — Go(w, z,y) + G(w, =, ).
0
We therefore obtain the Lippmann-Schwinger equation, which is exact:
G(w,z,y) = Go(w, z,y) /G w, , 2)p(2)Go(w, z,y)dz. (2.24)
This equation is used as a basis for expanding the Green’s functions when the

reflectivity p is small. If the full Green’s function G in the right-hand side is
replaced by the background Green’s function, then we obtain:

G(wvwvy) GO W €T y /GO w €, Z )G()(wv'z?y)dza
which is the (first-order) Born approximation. O

The data set is modeled by @ = (W(w, Ty, Ts))wer,rs=1,...,8 With
W(w, Ty, ) = /Go w, &y, 2)p(2)Go(w, y, x5)dz. (2.25)

Note that we have removed Go(w, @, x,) f(w) from the original data set, and
then rescaled by f(w) for w in the bandwidth of the source (this procedure
is known as equalization), which is possible since they are known quantities.
We define the forward operator

[Ap](w,wr,:cs):/QGo(w,wr,z)p(z)Go(w,z,a:S)dz. (2.26)

It is the linear operator that maps the reflectivity function to the array data.
It goes from the space L?(§2) equipped with the standard scalar product

(4.0 g = / ()i
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to L2 := L*(R x {1,...,N}?) equipped with the scalar product

N
(VW)= [do Y Twerzi, e,

r,s=1

2.3.6 Linearized inversion

The least squares linearized inverse problem consists in minimizing Jpg[p]
where

The solution of the least squares linearized inverse problem solves the normal
equations: o R
(A*A)pLS = A*a.

Here the adjoint operator is

~ N ~ ~
A9 = S / dwClo (. 9, @) Clo (0, Ta, 9)0(w, T T3,

r,s=1

Remember that the complex conjugation in the frequency domain corresponds
to the time-reversal operation in the time domain. This shows that the adjoint
operator corresponds to the backpropagation of the array data both from the
receiver point &, and from the source point &, to the test point y. The normal
operator is

[A*Ap](y) = /Q dy'a(y, y")o(y'),

with the kernel

N
a(yay/) = /dw Z éo(w,y,wr)éo(w,ms,y)éo(w,y’,xr)éo(w,ms,y’).

r,s=1

As a result, the least squares imaging function is:
Aean—1 7 5
Tus(y®) = [(A"A) 'A% (),
where (A*A)fl is a (regularized) pseudo-inverse of the normal operator.

2.3.7 The reverse-time imaging function

Motivated again by the fact that A*A is often close to a diagonal operator, we
suggest to drop this term to get a simplified imaging function. The Reverse-
Time imaging function for the search point y* is defined by:
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Trr(y®) = % [A*ﬁ] (¥°)

N
1 =
= g dw E G y IBT)G()(UJ Ts, Y ) (w wﬁws)

r,s=1

= /dw Z Golw,y®, 2,)Go(w, 25,y ) iu(w, ., ). (2.27)

r,s=1

The reverse-time imaging function can be evaluated as follows:
- Solve for s =1,..., N the wave equation in the background medium

nd(x) Ougzy
& o

- Amug% - n%{s%(u :L‘),

with the source term supported in (¢, &) € (—00,0) x {x,, 7 =1,...,N}:

N
nigt(t@) = 8@ — @ Ju(—t @ ws).
r=1
- Solve for s =1,..., N the wave equation in the background medium

n3(x) 9w
& o

— Aygw® = n(s)(t,:r,),
with the source term:
n®(t,x) = 6(x — x,)d(t).

- Evaluate for any search point y° the correlation

Trr(y Z/ w (t,y%)ufgh (—t,y)dt.

This algorithm gives indeed the desired result because the wave solutions can
be expressed as

ZGO w, &, L) u(w, T, Ts),
w(s)(w,a:) = Go(w,wm:s),

and therefore the correlation of the wave solutions is equal to the reverse-time
imaging function:



2.3 Active array imaging of reflectors 35

N o
Imﬂ=2/wWw%%%fw
s=1Y —x®

N
1 s (s
> [ iy
s=1Y 7>
N

1 [ee)

=5 ) W > Gow,y%,2,)Go(w, s, y*)U(w, @y, @)

= Tpr(y°).

r,s=1

This interpretation shows that the computational cost of the reverse-time
imaging function is 2N calls to a solver of the wave equation in the background
medium with 2N sets of different sources (here we neglect the cost of the
evaluation of the correlations).

2.3.8 Kirchhoff migration (or travel-time migration)

The Kirchhoff migration (or travel time migration) is obtained as a simplifi-
cation of the reverse-time imaging function in which we take Go (w,x,y) ~
expliwT (x,y)], where T (x,y) is the travel time from « to y. Therefore the
Kirchhoff migration imaging function has the form:

N
Tm(y®) = i dw Z exp[—iw(T (zr, y°) + T (25, y°)))i(w, T, T5)

r,s=1
N
= Z U(T(:ET.,yS) +T(xsays)7w7‘a$s)- (228)
r,s=1

Kirchhoff Migration (or travel time migration) has been analyzed in detail
[10]. It is a simple way to triangulate the location of a reflector using an
active sensor array.

2.3.9 Summary of resolution analysis for active reflector imaging

The resolution analysis of the Reverse-Time imaging function and the Kirch-
hoff Migration imaging function goes along the same way as for passive source
imaging.

In the full aperture case, when the active array completely surrounds the
reflector, the latter can be localized with a precision of the order of the diffrac-
tion limit, that is, of the order of the central wavelength A.

In the partial aperture case, when the active array has a diameter a and
the distance from the array to the reflector is L, the latter can be localized in
the transverse direction with a precision of the order of the Rayleigh resolution
formula, that is, of the order of AL/a, where X is the central wavelength. It
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can be localized in the longitudinal direction with a precision of the order of
min{\L?/a? cy/B}, where B is the bandwidth of the pulse emitted by the
array sensors.

Remark : In seismology the spatial resolution of migrated images has been
studied extensively, including situations with slowly varying background, in
[8, 18]. These studies confirm that the transverse and longitudinal resolution
is a function of the array aperture, the distance from the array to the reflector,
and the spectral bandwidth of the illuminating wave field. It is only recently
tha tthe role of the slowly varying background has been considered in medical
imaging, but it turns out that this is necessary to improve quantitative imaging
[26].

2.4 A remark about time-reversal experiments

Originally time reversal was proposed not for imaging, but for energy focusing.
The idea was to focus ultrasound energy on kidney stones to destroy them
[24]. In a time-reversal experiment the Time-Reversal Mirror (TRM) is used
first as a receiver array, then as a source array.

N *N
A
y A
% a
a
a
X, X,
The source y emits a pulse The TRM emits the time-reversed signals
The TRM records the signals A sensor array probes the region

around the original source location

Fig. 2.10. The two steps of a time-reversal experiment.

It is striking that time reversal looks like reverse-time migration for passive
array imaging. In both cases the recorded data are backpropagated from the
array. There is, however, a difference: backpropagation is performed physically
in a Time-Reversal experiment and numerically in Reverse-Time migration:
- In Reverse-Time migration, backpropagation is carried out numerically, in
a fictitious medium (corresponding to the known background medium).

- In Time Reversal, backpropagation is carried out physically, in the real
medium.

There is no difference when the medium is perfectly known (and the nu-
merical code is perfect), but the difference will have dramatic consequences
when the medium becomes complex and partially known.
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Time-harmonic Reverse-Time imaging with
measurement noise

3.1 The data set

Let us consider the propagation of scalar waves in a three-dimensional
medium. In the presence of a localized reflector, the speed of propagation
can be modeled by

1
=—(14+V, . 3.1
2@y gV o
Here
- the constant ¢, is the known background speed,
- the local variation V;et(2) of the speed of propagation induced by the reflector
at zer is of the form

‘/ref(w) = O—ref]-Q,ef (:B - zref)7 (32)

where oo is the reflectivity of the reflector, z,c is its center, and 2.¢f is a
compactly supported domain with volume lf’ef that models its spatial support.

Suppose that we have co-localized time-harmonic transmitter and receiver
arrays {1, ..., &, } of n elements, used to detect the reflector. In the presence
of a reflector, the field received by the jth receiving element x; when the
transmitter at a; emits a unitary time-harmonic wave is @(w, x;, x;), where
i(w, x,y) the solution to the Helmholtz equation

1 =-(x—1y), 3.3
2yt = @) (33)
with the Sommerfeld radiation condition imposed on 4.

The data set collected by the array describes the transmit-receive process
performed at this array (see Figure 3.1). If we remove the incident field then
it can be defined as

{@(w,wj,wl),j,lzl,...,n}, (3.4)
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X <_-: ::fa

>

Reflector

Sensor array

Fig. 3.1. Reverse-Time imaging set-up. ; emits a time-harmonic wave that propa-
gates through the medium, is backscattered by the reflector, and is recorded by the
sensor at x;.

with
O(w, &, x) = Ww, zj, 1) — Golw, x5, 21) + Wy (3.5)
Here W;, represents the additive measurement noise. The incident field is
J,
given in terms of the homogeneous Green’s function Go(w, x,y) defined by

. 1 LW
Go(w, z,y) = e p—— (ZCT)':B - y|), (3.6)
that is the solution to
N wQ ~
AmGo(%%y) + CﬁGO(wﬂBa y) = _5(1: - y)7 (37)

o

with the Sommerfeld radiation condition.

3.2 The forward problem

A reflector is embedded at z,ef and is modeled by the local variation Vies(x)
of the propagation speed as in (4.1). The full Green’s function G, that is to
say, the Green’s function of the medium in the presence of the reflector at
Zref, 18 solution of

c(x)

The Lippmann-Schwinger integral equation for the full Green’s function G is

Awé(w7w,y) + G‘(w,a;y) =—i(x—vy). (3.8)

Gw,z,y) = Go(w, x,y)
/Go w, &, 2)Viet (2)G(w, 2, y)dz. (3.9

Using the Born approximation, we get
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é(wa x, y) = éo(w, x, y)
2
+ 5 [ Gow e 2o )z (310
e}

Therefore the full Green’s function can be written as the sum
G(W7way) = Go(w,w,y) +éref<w»$ay)' (3.11)
The term Gyer is the term in the data set that corresponds to the reflector:

2
Gref(waxvy) = %/G()(OJ,337Z)eref(Z)G0(w,Z,’y)dZ.

The approximation (3.11) is formally valid if the correction Gret is small com-
pared to éo, i.e., in the regime in which o,¢ < 1, with an error that is
formally of order O(Ufef). We also assume that the diameter l.of of the scat-
tering region {2,¢ is small compared to the typical wavelength. We can then

model the reflector by a point reflector (the point interaction approximation)

Viet (%) & Orotl206 (T — 2ref), (3.12)
and we can write the correction in the form
2
~ w ~ ~
Gret(w, x,y) = C—QoreflfefGo(w,sc,zref)Go(w,zref,y). (3.13)

o

The data set is therefore of the form
{)(w,mj,ml) = f/ref(w,.’llj,icl) —I—le, (3.14)
with 0.ef the ideal data set in the absence of measurement noise

f}ref(w, .’I}j, :Bl) = Gref (w, :Bj, CCl)

w N R
= Ciza'reflfefGO (w, Ly, zref) Go (W7 Zref iL'[), (315)
(e}
and le is the measurement noise. We assume that the random variables le
are independent and identically distributed, with a circular complex Gaussian

distribution with variance o2, that is to say, Re(W};) and Im(W};) are in-

dependent and identically distributed real-valued Gaussian random variables
with mean zero and variance o2, /2.

3.3 The imaging function

In the presence of a point reflector at z,.f and in the presence of additive noise
the data set is of the form (3.14). We study the effect of the measurement noise
on the time-harmonic reverse-time imaging function defined by

1 noo R -
" Z Go(w, z, z;)Go(w, z, ) 0(w, z;, ;). (3.16)

Jil=1

IRT(:c) =
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3.3.1 The imaging function without measurement noise

In the absence of noise o5 = 0 the imaging function is given by

2
Ter(®) = To(x),  Zo(z) = arefzfef%ﬂ(m, Zret), (3.17)

o

where
(%Zé (w,z,2;)CG (w7y,wj))2~ (3.18)

The function @ — H(x, z,¢) is the point spread function that describes the
spatial profile of the peak obtained at the reflector location z,.¢ in the imaging
function when the reflector is point-like.

Full-aperture array. If the sensor array is dense (i.e. the inter-sensor
distance is smaller than half a wavelength) and completely surrounds the
region of interest (for instance, it covers the surface of the ball with center
at 0 and radius L) then Helmholtz-Kirchhoff theorem states that H(x,y)
is proportional to the square of the imaginary part of the Green’s function
Go(w7w,y). We find

H(z,y) = CLH(z —y), where H(x) = sian(@), (3.19)

and C, = 1/(47L)*. Therefore we have

To(x) = oo H(@ — 2ref), (3.20)
where 5 2 o]
_ Treflref®” T w2 2T

0p = anL)icZ’ H(x) = sinc ( 5 )7 (3.21)

and A = 27¢,/w is the wavelength. This shows that the width of the point
spread function H(x) is of the order of A/2, which is the Abbe diffraction
limit [13].

3.3.2 The imaging function with measurement noise

In the presence of measurement noise the imaging function is a complex Gaus-
sian random field. Its mean is the unperturbed imaging function Z; defined
by (3.17), its relation function is zero:

E[(Zrr(®) — Zo(x)) (Zrr(x') — Zo(z'))] = 0,

and its covariance functions is:
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Cov (IRT (ac),IRT (:n’)) =E [(IRT (ac) — Io(IE)) (IRT (w/) — Io(a:’))] s

0.2

1A = \?

:%(EZGO(w,x,mj)Go(w,x’,wj))
j=1

2

U:;SH(:c,a:’). (3.22)

If we assume that H(x,y) = CLH(x — y), with #(x) a smooth peaked
function centered at 0, as in the case of a full-aperture array discussed above,
then we can see that the messurement noise creates a speckle noise ZgT — Zp
in the image, which is a stationary Gaussian random field with mean zero,
variance

2

Tpoise = %CL’Q(O), (3.23)
and covariance function:
Cov (Zrr (), Zrr(2') = 0pgise Hnoise(® — '), (3.24)
with
Hnoise(T) = @ (3.25)
#(0)

This random field is a speckle pattern whose hotspot profiles are close to the
function Hyeise(x), which is (proportional to) the point spread function of the
imaging function. Here the hotspot profile refers to the local shape of the field
around a local maximum (see Appendix 6.5).

The hotspot volume is defined as

472
V. = A=(—-0% H.o — . 2
¢ (det 4)1/2’ ( arjmz nOlbe(:B) |m70 )j,lzl,“.,3 (3 6)

The maximum of the random field Zgr(x) — Zp(x) over a domain {2 whose
volume is much larger than the hotspot volume is a random quantity described
in Appendix 6.5, which is equal to a deterministic value to leading order in
92/ Ve:

12|
gcngg {IRT(:C) - Ig(m)} = Onoiset/ 2 log (76) (3.27)
Full-aperture array. In the case in which the array completely surrounds
the region of interest, Zpp(x) is a Gaussian random field with mean Zy(x)
given by (4.35), variance

. — —mes 3.28
Onoise n2 (47TL)47 ( )
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and covariance function:

Cov(Zrr(z), Zrr(z)) = 0pgise Hnoise (T — ), Hnoise () = sinc? (2%|3U|)

(3.29)
The speckle pattern is made of hotspots with typical radius A and typical
amplitude op0ise- The typical shape of the hotspot is given by the function
Hnoise(x), that has a slow power law decay as 1/|z|2. The signal to noise ratio
in the image is

IO (zrcf) g0 narcflg fW2 narcfZS £
SNR = = = re = e 3.30
Onoise Onoise O mes Cg (47TL) 2 40’mes)\2L2 ( )
Note that:

- The SNR increases with the number of sensors, and this is because the
additive noise is independent from one sensor to the other one.

- The SNR decays with the square of the wavelength, because the scattering
efficiency (and therefore the reflected signal amplitude) at small wavelengths
is inversely proportional to the square of the wavelength.

- The SNR decays with the square of the distance from the array to the
reflector, because the reflected signal amplitude is inversely proportional to the
distance from the array to the reflector (in a three-dimensional homogeneous
medium).

In the case of the full-aperture array, the matrix A is proportional to
the identity and the hotspot volume is proportional to the wavelength to the
power three

2 3/2

PO

3)\2 25/27

This result shows that the SNR (3.30) should be considered with cautious. If

Onoise 18 Of the same order as o, then the speckle pattern may have a local

maximum whose peak amplitude is much larger than oy and that could be

misinterpreted as a reflector. In [5] a detailed statistical analysis was carried

out in order to build a detection test with maximal power of detection for a
given fals alarm rate.

A3 (3.31)

3.3.3 Localization error

The localization of the reflector consists in looking after the maximum of the
imaging functional (the statistical approach proposed in [5] shows that the
location of the maximum of the Reverse-Time imaging function is the Max-
imum Likelihood Estimator of the location of the reflector). In the presence
of a reflector at z,ef, we have seen that the imaging functional has the form

IRT(CB) = Io(ib) + Il (CE),

where 7 is the unperturbed imaging function given by (3.17) and Z; is a com-
plex Gaussian random field with mean zero, variance o2 and covariance

o noise’
: ’
function o7 ;. Hnoise(x — ).
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We consider the case in which H,ise is real-valued, which is the case for a
full-aperture array, and we denote by ¢ the width of the point spread function,
which is of the order of A for a full-aperture array. We assume oyisc << 0g, SO
that a Taylor series expansion around zi.f, for |€—2zet| < £/SNR = Lopeise/ 00,
gives:

1 1
Tne() = 00 (1~ 5@ — 22er) " A@ — Zuet) + T (ze)

2
1 T Ugoise

F VT (20e0) T (@ — Zpop) + 0(73)). (3.32)
g0 (e

It was shown in [5] that the maximum likelihood estimator of the location
of the reflector is the location of the maximum of the Reverse-Time imaging
function:
Z = argmax |IRT(:1:)|2.
T

It has the form:
N 1 —1 0-1210i<e
2 = Ziet + —Re(AT' VI (2re)) + O(023).
g0 gg

To leading order (in opeise/00) the estimator 2 is unbiased, i.e. its mean is the

true location z,.¢. Moreover, using the fact that E [ReVIl (zref ) ReVZy (Zref)T]
2

0} ise /2, the covariance matrix of the estimator 2 is
E[(2 — zref) (2 — 2zvet) "] = @A‘1 L a0 (3.33)
re re 20_(2) 2 SNR2 ’ N

which is order 2/SNR?. This means that the relative error (relative to the
radius ¢ of the point spread function) in the localization of the reflector is
of the order of 1/SNR = oy0ise/00. Note also that, as a byproduct of this
analysis, we find that the perturbed value of the maximum of the peak is of
the form

| e (2)

2 2 01210ise
~of (1 + O—ORe(Il(zref)) + O(Tg))’ (3.34)

where Re (Il(zref)) follows a Gaussian distribution with mean 0 and variance
2
Unoise/2'

Full-aperture array. If the sensor array is dense and surrounds the re-
gion of interest, then the localization errors are independent along the three
directions and their variances are

2 2 2
o . 3\ 13X
E 2_21' 2 = noise = 5 .:17...73-
(2 = #rer)°] o2 16r2  SNRZ 1672 7

This formula shows that the resolution is proportional to the wavelength and
inversely proportional to the signal-to-noise ratio in the image (3.30). This
means that signal-to-noise ratio and resolution are related to each other. When
the noise level is vanishing and there is a point reflector, or when there are
well separated point reflectors, i.e. when the object to be imaged is sparse,
then it is possible to localize the reflectors with infinite resolution.
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Time-Harmonic Reverse-Time imaging with
clutter noise

4.1 The data set

Let us consider the propagation of scalar waves in a three-dimensional
medium. In the presence of a localized reflector and small random fluctua-
tions of the medium, the speed of propagation can be modeled by

02(1:) = c%(l + ‘/clu(x) + ‘/ref(m))' (41)

Here

- the constant ¢, is the known background speed,

- the random process V1, () represents the cluttered medium,

- the local variation V;et () of the speed of propagation induced by the reflector
at zer is of the form

‘/ref(w> = Uref]-me (:B - zref)7 (42)

where oo is the reflectivity of the reflector, z,c is its center, and (2.f is a
compactly supported domain with volume lf’ef that models its spatial support.

Suppose that we have co-localized transmitter and receiver arrays {x1,...,x,}
of n elements, used to detect the reflector. In the presence of a reflector and
small random fluctuations of the medium, the field received by the jth receiv-
ing element x; when the pulse f(t) is emitted from a; is u(t, x;, x;), where
(t,x) — u(t,x,y) is the solution to the scalar wave equation

2u

1
2(x) o2 Agu = f(t)0(x —y), (4.3)

Q

or, in the Fourier domain, (w,x) — 4(w, x,y) is the solution to the Helmholtz

equation

(.A.)2 S

2y = @) —y) (44)

Azt +
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X J—F / y /| \3 \

Sensor array

Fig. 4.1. Reverse-Time imaging set-up. «; emits a short pulse that propagates
through the scattering medium, is backscattered by the reflector, and is recorded by
the sensor at ;.

with the Sommerfeld radiation condition imposed on 4.

The data set collected by the array describes the transmit-receive process
performed at this array (see Figure 4.1). If we remove the incident field then
it can be defined as

{f)(w,wj,wl),we]R, j,lzl,...,n}, (4.5)

with . .
O(w, x;, x;) = W(w, zj, ;) — Go(w, x5, x;) f(w). (4.6)

The incident field is given in terms of the homogeneous Green’s function
Go(w, z,y) defined by

. 1 w
= — | — 4.
Goleo, ) = o (i~ v, (4.7)
that is the solution to
~ w2 ~
AwGO(w7x7y) + CTGO(wvwa y) = —5($ - y)a (48)

o

with the Sommerfeld radiation condition.

4.2 A model for the scattering medium

In this section we introduce a model for the inhomogeneous medium. We
assume that the propagation speed of the medium has a homogeneous back-
ground speed value ¢, and small fluctuations responsible for scattering:

= 5[+ Vaula)], (49)

where Vg, () is a random process with mean zero and covariance function of
the form
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E[‘/clu(m)‘/clu (.’I)l)] = ngu V Kclu(m)Kclu (m/)Fclu (m — ) . (410)

lclu

Here E stands for the expectation with respect to the distribution of the
randomly scattering medium. oy, is the standard deviation of the fluctuations.
The function @ — K., () is nonnegative valued and compactly supported, it
characterizes the spatial support of the scatterers (and the typical amplitude of
Kgu(x) is of order one). The function @ — Iy (x/lcy) is the local correlation
function. It is normalized so that I, (0) = 1 and [ I, (2)de = 1. Therefore
leln can be considered as the correlation length of the random medium. We
assume that the standard deviation oy, is small (smaller than one) and that
correlation length [}, is small (smaller than the wavelength).

For simulation purposes, the random medium fluctuations can be seen
as Ve () = ocuy/ Ko () Zaw (2 /1) where Zo, () is a stationary random
process with mean zero, variance one, and correlation length equal to one.
Realizations of a stationary random process can be generated by spectral
methods easily.

The clutter Green’s function éclu, that is to say, the Green’s function of
the medium with clutter noise, is the fundamental solution of

~ 2 ~
Achlu(w7myy) + Qwi(w)Gclu(wyma y) = *5(58 - y)v (411)

clu

with the Sommerfeld radiation condition, where ccu () is given by (4.9). The
Lippmann-Schwinger integral equation for the clutter Green’s function G,
defined by (4.11) is

2
Gclu(waw7y> :Go(%%’y)‘i‘%/Go(%$7Z)‘/Elu(2)Gc1u(w>Z7y)dZa (412)

where G is the Green’s function (4.8) of the homogeneous background
medium, and Vg (x) is the random process modeling the background fluc-
tuations as described by (4.9).

4.3 The forward problem

4.3.1 Data set in the single-scattering regime

In this section we use the Born or single-scattering approximation for the
clutter Green’s function solution of (4.12) by replacing G by Go on the right-
hand side. This approximation takes into account single-scattering events for
the interaction of the waves with the cluttered medium:

éclu(wvw»y) = éO(wv wvy) + él (wvwvy)v (413)

where G is given by
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2
G (w,a;y) = OCJ—Q/C;'o(w,:c,z)VClu(z)G'O(o.),z,y)dz7 (4.14)

and the error is formally of order O(ngu) where o)y, is the standard deviation
of Vopu ().

Let us now assume that a reflector is embedded at z,s in the cluttered
medium. We model the reflector by a local variation Ve () of the propagation
speed as in (4.1). The full Green’s function G, that is to say, the Green’s
function of the medium with clutter in the presence of the reflector at z,cf, is

solution of

w?

2 (x)

The Lippmann-Schwinger integral equation for the full Green’s function G is

Amé(w7:v,y) + G’(w,a:,y) =—i(x—vy). (4.15)

é(wa €T, y) :GO(W; x, y)
+ % /Go(w, T, z) (Vclu(z) + Vref(z))é(w, z, y)dz. (4.16)

Using again the Born approximation, we get
é(wa Zx, y) :éo(w, x, y)

+ L:—j /éo(w,m7z)(%1u(z) + Wef(z))éo(w,z,y)dz. (4.17)

Therefore the full Green’s function can be written as the sum
Glw,z,y) = Golw, z,y) + G1(w, z,y) + Gret(w, T, y). (4.18)

The term Gy is the term in the data set that will be responsible to speckle
noise in the image and it is of the form (4.14). The term G,ef is the term in
the data set that corresponds to the reflector:

w? A
Crasloray) = 55 [ Golwr22)Viar() Gl 2,9,

The approximation (4.18) is formally valid if the correction Glref is small com-
pared to Gy, i.e., in the regime in which o.s < 1, with an error that is
formally of order O(afef). We also assume that the diameter l.of of the scat-
tering region {2, is small compared to the typical wavelength. We can then
model the reflector by a point reflector (the point interaction approximation)

Viet () = crreflf’efd(m — Zref), (4.19)

and we can write the correction in the form

2
~ w ~ ~
Gref(w, w) y) = CﬁareflfefGO (wv w7 zref)GO (w7 zrefa y) (420)

o
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The data set is therefore of the form
O(w, @, ®1) = Uref(w, T, 1) + W(w, T, 1), (4.21)

for j,1 = 1,...,n, with 0..¢ the ideal data set in the absence of random
fluctuations of the medium

@ref(wﬁﬂpwl) :Gref(w7wja ml)f(w)

:7f(w)0—refl§efé0 (Wa Ty, zref)GO (Wa Zref (131) ) (422)

and w the noise due to the interaction of the wave with the random fluctua-
tions of the medium

:7]6(0.2)/Go(w,wj,z)%lu(z)éo(w,z,wl)dz. (4.23)

Since the correlation length [, is small, the field w is Gaussian distributed
by the Central Limit Theorem.

4.3.2 Data set in the random paraxial regime

The clutter noise model used in the previous section is rather simple and holds
in a single-scattering regime, that is to say, when the medium fluctuations are
very weak. When scattering is stronger another model should be used. Here
we address the white-noise paraxial model. This model can be used when
the central wavelength )¢ is much smaller than the correlation length I},
of the medium and the size a of the array, which are both smaller than the
typical propagation distance from the array to the reflector. In this model
backscattering is negligible but the wave becomes progressively incoherent as
it propagates deep in the random medium. The propagation distance beyond
which the wave becomes incoherent is called scattering mean free path and it
will be identified below.

We assume that the array lies in the plane z = 0 and the medium beyond
the plane z = L (where the reflector to be imaged at z.f is) is randomly
scattering (see Figure 4.2). The data set is therefore of the form

O(w,x;, @) = éref(w,xj,:cl)f(w), (4.24)

for 5,1l =1,...,n, with

2
~ w ~ ~
Ghret (w, €T, y) = goreflfechlu (wv x, Zref)GClu (w, Zrefs y)v (425)

o

and Gy, is the Green’s function of the random medium. If y = (y,,0) and
we denote zyof = (2, 2r), it is of the form
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X
X<J—K ::”3
z
X.
]
z=0 ;L
Sensor array

Fig. 4.2. Reverse-Time imaging set-up in the random paraxial regime. x; emits a
short pulse that propagates through the medium, is backscattered by the reflector,
and is recorded by the sensor at x;. The array is in the plane z = 0, the medium is
randomly scattering in the half space z > L. The reflector to be imaged in embedded
in the random medium.

. ic LW .
Gclu(wa Zref, y) = TO exXp (Z*Zr)g("% Zr) 5 21y yl)7 (426)
w Co

where (x,,2) = §(w,z,, 2,9y, ) is solution of the It6-Schrédinger equation

N Z.Co N zw R
dg = %Angdz—l—Q—cogOdB(a:L,z), (4.27)
starting from §(w,x, ,z = 0,y,) = 6(x, —y, ). Here the symbol o stands for
the Stratonovich stochastic integral and B(x, ,z) is a real-valued Brownian
field over R? x [L,c0) with covariance

E[B(al ) Z)B(ml Z/)} =

10

{min{z — L, - L}C(z, —x]) if 2,2 > L,
0 otherwise.

(4.28)
The model (4.27) can be obtained from the scalar wave equation by a sepa-
ration of scales technique in which the three-dimensional fluctuations of the
speed of propagation ¢?(z, ,2) are described by a zero-mean random process
Ve (i, , 2) that is stationary in the half space z > L and that has strong
mixing properties:

1 1
cglu(ﬂa ) = Cg [1 + Vew(z,, z)] :

If the covariance function of the process Vi, is of the form (4.10) with
Kau((®,,2)) = 1[1,00)(2), then the covariance function C(x, ) in (4.28) is
given by [28]:

C(wl):afmlduC(%), C(X,)= / Tuu(X,,2)dz (4.29)

When the medium is homogeneous, the Green’s function of the medium is
equal to the homogeneous Green’s function in the paraxial regime (or Fresnel
approximation):
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2
W |, —Z
GO(wywaZref) = | = 1l|

1 w
— 2y +1———————— . 4.30
Amz, P (Z coz + Zco 2z, ) ( )

When the medium is scattering, the moments of the Green’s function of
the random medium can be computed by It6’s formula. In particular, for any
T = (acL?O)’

A A 02 1uC(0)w?
E[Gclu(wa Z, zref)} = GO(Wy Z, zref) exp ( - dug%(zr - L))7

which shows that the scattering mean free path at frequency w in the random
half-space z € (L, 00) is

2
8c;

eSCa = 5 7 A o
() 02, LeuC(0)w?

Moreover, for any x,«’ in the plane z = 0, the second-order moments are
[28, 29]

E [Gclu (UJ» &€, Zref)Gclu(wa mlv Zref)] :GO (W; €, Zref)é()(wa m/, Zref)

2 l 0 2

X exp ( — Telleh LR Czlccg( ) (20 — L)>,

(4.31)
E [Gclu (w, x, Zrcf)éclu(wa wl7 zrcf)] :GO (wa €T, zrcf)é()(wv wla Zrcf)
z, — ! |?
X exp ( - Ti) (4.32)
with the transverse correlation radius of the field
3c2221

X2 = P 4.33
¢ wioi D(z — L)% (4.33)

and D = —AC(0). Here and below we neglect the dependence of X, with
respect to w which holds when the source bandwidth B is smaller than the
central frequency wy.

4.4 The imaging function
In the presence of a point reflector at z..f and in the presence of clutter noise

the data set is of the form (4.21). We study the effect of the clutter noise on
the reverse-time imaging function defined by

1 o R . -
53 Z /deo(w,w,:Bj)Go(w,w,:cl)v(w,acj,:Bl). (4.34)

J,l=1

IRT(a:) =
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4.4.1 The imaging function without clutter noise

In the absence of noise o, = 0 the imaging function is Zrr(x) = Zrr,o(x)
where Zgr o() is given by

Trr,0(T) = Oretl H(T, Zret), (4.35)
with
1 w? ..
Hizy) == [ Ao fw)hw.e.y), (4.36)
1 w~= 2
hw,z,y) (EZG w,x, ;)G (w,y,a:j)) . (4.37)

The function & — H(x, z,e¢) is the point spread function that describes the
spatial profile of the peak obtained at the reflector location z,¢t in the imaging
function when the reflector is point-like.

Full-aperture array. If the sensor array is dense (i.e. the inter-sensor
distance is smaller than half a wavelength) and completely surrounds the
region of interest (for instance, it covers the surface of the ball with center
at 0 and radius L) then Helmholtz-Kirchhoff theorem states that h(w,z,y)
is proportional to the square of the imaginary part of the Green’s function
Go(w,m,y). We find

h(w, @, y) = CLh(w, = — y), where h(w,x) = sincz(M), (4.38)

Co

and Cf, = 1/(4nL)*. Therefore, when the bandwidth B of f is smaller than its
central frequency wy, for instance, when the source is a modulated Gaussian
with central frequency wg and bandwidth B < wy:
B2t?
f(t) =cos(wot) exp ( — 5 ), (4.39)

F(w) \gg exp ( C ;BﬁOV) LT M) (4.40)

we have )
H@JM):O£EQ@—ZM% (4.41)
o H(z) = sinc? (M) (4.42)
Xo /7 '

and \g = 27¢, /wp is the central wavelength. This shows that the width of the
point spread function H(x) is of the order of Ay/2, which is the Abbe diffrac-
tion limit [?]. Note also that the function H(x) decays slowly, as 1/|z|?, which
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will turn out to be problematic when addressing scattering media.

Finite-aperture array. If the sensor array is dense and occupies the
domain D, x {0}, with D, C R? with diameter a, and the search region is a
domain 2 around (0,0, L), then in the Fresnel diffraction regime \g < a < L

with )\é/2L3/2 > a? > \gL we have
h(w,®,y) = Crh(w, @ — y), (4.43)
where, for x = (x,, z3),

~ oy 1 W wly, ]? 2
h(w,z) =e 2z, 3(|D | /D exp(—zcyz cx, _ZQLyz|2 xg)dyL> . (4.44)

This shows that the width of the function h(w,) is of the order of AL/a in
the transverse directions (x, ) and AL?/a? in the longitudinal direction (x3),
where A\ = 27¢, /w is the wavelength associated to the frequency w. These are
the classical Rayleigh resolution formulas for time-harmonic waves [?, Sections
8.5 and 8.8].

If the bandwidth B of the pulse is smaller than the central frequency wy
and such that B < wga?/L?, for instance, when the source is a modulated
Gaussian (4.39) with central frequency wy and bandwidth B, then the range
resolution is the same one as in the time-harmonic regime and we have

2

w o~
H(x, zret) = C’LC—S’H(Q: — Zref), (4.45)
where
~ 1 2woxs 1 27y 7y, [ 2
) = o0 (5) (o |, oo () ) oo
(4.46)

This shows that the width of the point spread function H(z) is of the order
of AoL/a in the transverse directions (z,) and A\gL?/a? in the longitudinal
direction (x3). Note the loss of resolution compared to the full-aperture case,
by a factor L/a in the transverse directions and (L/a)? in the longitudinal
direction. Note also that the function H(z) decays slowly, as 1/|z, |? in the
transverse direction and as 1/|x3| in the longitudinal direction. More precisely,
if the array is square with sidelength a, i.e.

Da = [_a/Qa a/2]27 (447)
then )
~ _ 1 2wox3 a a

H(x) = 5 €XP ( i . )W(AOL%’ W :vg) + ce, (4.48)

with
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2
U(x1,T2,23) = </ exp (—z’27r(51x1+52x2—iw(s§+s§)x3>dsldSQ) .
[-1/2,1/2)2

(4.49)

If the bandwidth B of the pulse is smaller than the central frequency wy

but such that B > wga?/L?, for instance, when the source is a modulated

Gaussian (4.39) with central frequency wy and bandwidth B, then the range
resolution is bandwidth-limited and we have
w2 ~

H(x, Zret) = CL—2H(x — Zrep), (4.50)

2
€

where

H(w) - exp ( _ 2'2“’0553) exp ( B 232m§)

2 Co c2
1 21y 2
X (|Da|/Daexp<z)\0£ ~mL)dyL> + cc. (4.51)
If the array is square with sidelength a, i.e.
D, = [—G/Q, a/z]z’ (452)
then
~ 2 BQ 2
H(x) = cos ( wof:a) exp ( -2 053)Sinc2 (%xl)smcz (;To%xg). (4.53)

This shows that the width of the point spread function ﬁ(w) is of the order of
XoL/a in the transverse directions (x, ) and ¢,/(2B) in the longitudinal direc-
tion (z3). Note the loss of resolution compared to the full-aperture case, by a
factor L/a in the transverse directions and wg/B in the longitudinal direction.
Note also that the function H(z) decays slowly, as 1/|z, |? in the transverse
direction, but may decay fast in the longitudinal direction depending on the
source spectrum (here, a Gaussian).

4.4.2 The imaging function with clutter noise in the single
scattering regime

In the presence of clutter noise in the single-scattering regime the imaging
function is a real Gaussian random field. Its mean is the unperturbed imaging
function Zry ¢ defined by (4.35) and the covariance function of the imaging
function is:

Cov (Tr (@), Tnr (') = 03, / / dydy'H(z, y)H(y' z')

y—y)

v/ Kau) Lo (-

(4.54)
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which follows from the expression (4.23) of the cluttered noise and the form
(4.10) of the covariance function of the medium fluctuations.

Using the fact that the correlation length of the medium is small, this can
be simplified as

Cov(Zrr (), Irr(z')) :Uflulflu/dyﬂ(m,y)Kdu(y)H(y,ﬂf') (4.55)

If we assume that the random scatterers are uniformly distributed in the
search region, i.e. Ko, = 1, and that H(z,y) = Cr(wE/c2)H(x — y) as in the
case of a full-aperture array or finite-aperture array discussed above, then we

have

4 ~ ~
Cov(Zrr(z), Zrr(x')) = agluzglucg%gﬂ *H(x — '), (4.56)

o

where the star stands for the convolution in R3. This shows that the speckle
noise Zrt — Irr,0 in the image is a stationary Gaussian random field with
mean zero, variance

e = o2 CE DA H(O), (457
and covariance function:
Cov(Zrr(z), Zrr(x')) = 02gise Hnoise (T — T'), (4.58)
with
Hroise(T) = M (4.59)
H x H(0)

This random field is a speckle pattern whose hotspot profiles are close to the
function Hpoise (), which is (proportional to) the autoconvolution of the point
spread function of the imaging function. Here the hotspot profile refers to the
local shape of the field around a local maximum (see Appendix 6.5).

Note also that, when the random scatterers are not uniformly distributed
in the search region, i.e. K, is not constant, then the slow decay (as a power
law) of the function H implies that the random scatterers in a far region can
generate speckle noise everywhere in the image as shown by (4.55). As a con-
sequence it is very difficult to image through a scattering layer, even if it is
thin and the reflector to be imaged is beyond it and in a -relatively- homoge-
neous region. This is a serious drawback for reverse-time imaging.

Full-aperture array. In the case in which the array completely surrounds
the region of interest, Zrr(x) is a Gaussian random field with mean Zgr o()
given by (4.35), variance
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443
o Wy A

2 2 3
= 15,Cf —— 4.60
Onoise OclutcluvL Cé 871" ( )
and covariance function:
Al — o’
COV(IRT (:B),IRT(IB/)) = UioisehHOise (%)7 (461)
0
with the normalized function (hpeise(0) = 1)
() = 2 i) = [ sine(y)ay. (1.62)
0

The speckle pattern is made of hotspots with typical radius Ag and typical
amplitude opeise- The typical shape of the hotspot is given by the function
hnoise, that has a slow power law decay as 1/xz. The signal to noise ratio in
the image is

T ref)  2V2monerl?
SNR = ZEr0(Zret) _ 2V 27 0netlres (4.63)

. 3/2,\3/2 "
Troise Tl 2AY

The hotspot volume is defined as

dr? ) dr|]
‘/c - W? A= (— 8szlhno1sc(To) |:1::0 >j,l:1,...,3. (464)

Here the matrix A is proportional to the identity and the hotspot volume is
proportional to the central wavelength to the power three:

1672 27 .
0

A= = —\7.
167 °

The maximum of the function Zgt — Zgr,0 over a domain {2 whose volume is
much larger than the hotspot volume is a random quantity described in Ap-
pendix 6.5, which is equal to the deterministic value (3.27) to leading order
in |£2]/V,, with the values of op0ise and V. as given by (4.60) and (4.65). This
result shows that the SNR (4.63) should be considered with cautious. The
speckle pattern may have a local maximum whose peak amplitude is much
larger than oyise and that can be misinterpreted as a reflector.

Finite-aperture array. In the case in which the sensor array is dense
and occupies the square domain D, x {0}, with D, = [~a/2,a/2]?> C R?, the
bandwidth B of the pulse is smaller than the central frequency wgy but such
that B > wpa?/L?, and the search region is a domain {2 around (0,0, L),
then the field Zpr(x) is a Gaussian random field with mean Zgr o(x) given
by (4.35), variance

2 2 13 Cziécoﬁ N L?

O oise — O,
noise clu‘clu™~L Cg B 92 ’

(4.66)
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and covariance function:

wo(zg — xé))
Co

Cov (IRT ($),IRT(wI)) = 01210150 CO8 (2

2ra(xy — x) 2ma(xs — xh) 2B(x3 — %)
hnoise P 5 5 4.67
x ( Mol Mol c ) (4.67)

with the normalized function (hpeise(0) = 1)

1—si 1—si 2
Pnoise (21, T2, 73) = 36 b;c(xl) S;rgc(“) exp ( - x—?’) (4.68)
1 2

The speckle pattern is made of hotspots with typical radius AgL/a in the
transverse direction, typical radius ¢,/(2B) in the longitudinal direction, and
typical amplitude opoise. The signal to noise ratio in the image is

_ Tnro(zeet) _ 3V2YT0wetly B ?a

) 3/2.3/2 1/2,°
g,
noise JClulclu )‘0 Wy L

SNR

(4.69)

Note the SNR reduction compared to the full-aperture case, by a factor of the
order of (B/wy)'/?(a/L).
The hotspot volume is defined as before as V, = 472(det A)~1/2 with

2mary 2maxs 2Bxs
A= ( - 82v hnoise( 5 ) ) = ) . 4.70
zj1 ML AL e =0 =13 (4.70)
Here A is diagonal and we have
27m2a2 2B2 5A8 alwq
Ao = = 1.2 Aqq = 2 = 20 ) 4.71
¥ 5/\%[/2 y o J ) 4y 33 Cg ) \/i’ﬂ' 12B ( )

The maximum of the function over a domain {2 whose volume is much larger
than the hotspot volume is given by (3.27) as before with the values of opise
and V, as given by (4.66) and (4.71).

4.4.3 The imaging function with clutter noise in the random
paraxial regime

In the presence of clutter noise in the random paraxial regime the imaging
function is a real random field, but its statistics is not Gaussian. However the
moments of the cluttered Green’s function are known, so it is possible to carry
out a detailed statistical analysis of the imaging function.

From the expression (4.31) of the second-order moments, we obtain that
the mean imaging function has the form

2 1uC(0)w?
E[Zrr ()] =Zrro(x) exp ( _ TaylenC(0)w®

42 (z = L))
2 2 1 1uC(0)w?
:areflfefCLw—QOH(a: — Zyef) €XP ( _ Zelu 14 2( Jw (% L))7
CO CO
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where # is defined by (4.53) and Trr,o(x) is the imaging function obtained
when the medium is homogeneous. The peak associated to the reflector is
exponentially damped as its depth increases, which is due to a loss of coherence
by scattering. This is the main difference with the clutter noise in the single-
scattering regime addressed in the previous section, in which the main peak
is always present with the same amplitude.

Using the formulas for the fourth-order moment of the random Green’s
function obtained in [30], we find that the covariance function is

w 7 — )2
Cov (Zr(x), Zrr(2')) :chfl?cfcicig exp ( B %)

X QWj;X‘i‘l exp ( — BQCQ) cos (2@C)

c2 Co
oa(ma(ry — @)y o oma(ry — 2)
X sinc ( NI )smc ( L >7 (4.73)

where we have denoted x = (X, +p, /2,Z+(/2) and ' = (X, —p /2,7 —
¢/2), we have assumed X, < a, and we have introduced

Ze

2 2
_ Co UclulCIUc(O)(zr B L)B 1/2
- 2B <1 + c2 ) '

o

As explained below, the depth z, — L cannot be much larger than the scat-
tering mean free path and B < wp, so that we have in fact Z. ~ ¢,/(2B).
The fluctuations in the image has the form of a speckle pattern concentrated
around the depth z, whose hotspots have transverse radius of the order of
XoL/a. The variance of the fluctuations relative to the maximal amplitude of
the unperturbed imaging function is 272X2/a?, independently of the depth
2z of the reflector. Therefore the SNR of the image (when X, < a) is

Irr O(zrcf) a? 0'21 lcluC(O)wg
= : = ——u— = —(z—L)). (474
Var(Zar (ze)) 2 vanX2 O F ( e ) @

SNR

From this expression, we can state the following assertions:

- A large array is necessary to get a high SNR. Therefore the size of the array
is good both for resolution and stability. The SNR scales as the number of
independent patches in the array, which have areas of the order of X? while
the aera of the array is a?.

- It is all the more difficult to image the reflector as it is deep. It becomes
impossible when its depth is of the order of a few scattering mean free paths
due to the exponential decay of the SNR.

- A large bandwidth does not improve the SNR (as long as it is smaller than
the carrier frequency wp). This is special to the random paraxial regime that
we consider in this section, in which the frequency coherence radius is rather
large. Indeed, by It6’s formula,
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E [éclu (w7 a:) zref)éclu(wlz w, zref)] :GO (w7 w7 zref)GO(W/7 w) zref)

02l (0) (w — w')? (2 — L))
8c2 ’

xexp(—

which shows that the frequency coherence (2. is given by

8c2 Lsca(wo)
02 — fo) — sca w27
¢ crflulduC(O)(zr - L) 2 —L 0

and since we consider situations in which the depth z, — L of the reflector is
of the same order as fsca(wo), we can see that the frequency coherence radius
is of the order of the central frequency.






5

Detection, localization, and characterization of
reflectors by random matrix theory

In sensor array imaging, waves are emitted by a set of sources and they are
recorded by a set of sensors in order to probe an unknown medium. The re-
sponses between each pair of source and receiver are collected and assembled in
the form of a matrix, the array response matrix. The indices of the matrix are
the index of the source and the index of the receiver. When the data are cor-
rupted by additive noise, we study the structure of the array response matrix
using random matrix theory. We start this chapter by presenting an acquisi-
tion scheme, known as Hadamard technique, for noise reduction. Hadamard
technique allows us to acquire simultaneously the elements of the array re-
sponse matrix. The feature of this technique is to divide the variance of the
noise by the number of sources. Then we investigate the statistical distribu-
tions of the singular values of the array response matrix in the presence of
point reflectors. These results can be used to design and calibrate detection
tests, to estimate the number of point reflectors point reflector in the medium,
to localize them, and to estimate their reflectivities.

5.1 Data acquisition and Hadamard technique

We consider a situation similar to the one introduced in Section 3.1. We
actually introduce a generalized set up in which the sources and receivers are
not coincident and there may be several reflectors. We consider point reflector
the Helmholtz equation:

w2

Agi(w, z,@) + = (1 + Vj(z))ﬁ(w, zx)=—0(z—a) mR> (5.1)
c2 =

for € R?, with the Sommerfeld radiation condition imposed on 4. Here r is

the number of localized reflectors, x is the location of the source, and

Vi(z) = nilo,(z — z5) , (5.2)
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where, for j = 1,...,r, £2; is a compactly supported domain with volume |{2;|
that describes the shape of the jth inclusion, z; is for the location of the jth
inclusion, and 7; is the contrast of the jth inclusion.

Suppose that we have a transmitter array of Ny sources located at
{x1,...,xN.} and a receiver array of N, elements located at {yi,...,yn,}
The N, x Ny response matrix A describes the transmit-receive process per-
formed at these arrays. The field received by the nth receiving element y,,
when a unit-amplitude time-harmonic wave is emitted from @, is @(w, Yn, T ).
If we remove the incident field then we obtain the (n, m)-th entry of the un-
perturbed, perfect array response matrix AO:

A’(I)Lm = ﬁ(wv Yn, wm) - GO(C‘J; Yn, wm) . (53)

The incident field is Gy (w, 2, x,,). However noise cannot be neglected in the
acquisition process, so we actually record a perturbed version of A° whose
form depends on the acquisition scheme.

In the standard acquisition scheme, the response matrix is measured during
a sequence of Ny experiments. In the mth experiment, m = 1,..., Ny, the
mth source generates the incident field (i.e. only the mth source emits, and it
emits a unit-amplitude time-harmonic signal) and the N, receivers record the
scattered wave which means that they measure

meas __ A0 _ _
Ameas — A0 Ly p=1,....N,, m=1,...,N;,

which gives the matrix
Ames = A0 LW (5.4)

where A is the unperturbed response matrix (5.3) and W,,,, are independent
complex Gaussian random variables with mean zero and variance o2 ..

The Hadamard technique is a noise reduction technique in the presence
of additive noise that uses the structure of Hadamard matrices. It allows to

acquire the elements of the array response matrix simultaneously.

Definition 5.1. A real Hadamard matriz H of order Ny is an Ng X Ng matriz
whose elements are —1 or +1 and such that HTH = NI

Real Hadamard matrices do not exist for all N;. A necessary condition for the
existence is that Ny = 1, 2 or a multiple of 4. A sufficient condition is that Ny
is a power of two. Explicit examples are known for all Ny multiple of 4 up to
Ny = 664 [41].

Definition 5.2. A complex Hadamard matric H of order Ng is an Ng X Ny
matriz whose elements have modulus one and such that H'H = N,IL.

Here 1 denotes the conjugate transpose. Complex Hadamard matrices exist for
all Ng. An example is the Fourier matrix H,,, = exp(i27(n — 1)(m — 1)/Nj).
The important result is the following one: A Hadamard matrix has maximal
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determinant among matrices with complex entries in the closed unit disk.
More exactly the determinant of any complex Ny x Ny matrix H with |H,,,,| <
1forallm,m =1,..., Ny satisfies |det H| < NSNS/Q, with equality attained by
a complex Hadamard matrix. This result has important consequences as we
describe below.

Hadamard acquisition. We now describe a general multi-source acquisition
scheme and show the importance of Hadamard matrices to build an optimal
scheme. Let H be a complex inversible Ny x Ny matrix with |H,,,,| < 1 for all
n,m=1,..., Ng. In the multi-source acquisition scheme, the response matrix
is measured during a sequence of Ny experiments:

- In the mth experience, m = 1,..., Ng, all sources generate time-harmonic
signals, the m/th source generating H,,,, (the amplitude is bounded by one).
This means that we use all sources to their maximal emission capacity with
a specific coding of their phases.

- The N, receivers record the scattered wave which means that the nth receiver

records
N,

By = Z A(T)Lm’Hm/m + Wim = (AOH)nm + Wom
m’/=1
form=1,...,N,, and m =1,..., Ny, which gives the matrix

Bmeas — AOH 4 W ,

where A is the unperturbed response matrix (5.3) and W,,,, are independent
Gaussian random variables with mean zero and variance o2 ;.. The measured

response matrix A™e® is obtained by right multiplying the matrix B™° by
the matrix H™!:

AP = BUesH L A4 W, W=WH . (5.5)

The choice of the matrix H should fulfill the property that the new noise
matrix W = WH™! has independent complex entries with mean zero and
minimal variance. We have

N,

E Wn'mWn/m’:| - Z (H_l)q’m(Hil)q’nL’E quWn’q/]
q,q'=1
NS
:Uioise Z (H_l)qm(H_l)q’m’1n(n/)1q(q/)
q,9'=1
N
— 2 Hfl T Hfl 1 !
Onoise (( ) )mq( )qm/ n(n)
q=1

=0 ((Hil)THil)mm’ln(n/)-

noise

This shows that we look for a complex matrix H with entries in the unit disk
such that (H™1)TH™! = ¢I with a minimal c. This is equivalent to require
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that H is proportional to a unitary matrix and that |det H| is maximal.

Using Hadamard result we know that the maximal determinant is N /2 and
that a complex Hadamard matrix attains the maximum. In other words, the
optimal matrix H that minimizes the noise variance should be a Hadamard
matrix. The feature of the Hadamard technique is that the new noise matrix
W has independent entries with Gaussian statistics, mean zero, and variance
Ur%oise/NS:

— o 2 .

mm/’ 6nn’ .
s

This gain of a factor Ny in the signal-to-noise ratio (compared to (5.4)) is
called the Hadamard advantage.

5.2 Singular Value Decomposition of Array Response
Matrices

5.2.1 Point Reflectors

Taking into account measurement noise, the measured response matrix A™me2s
is

1
vV Ns

where A is the unperturbed response matrix (5.3) and the matrix W repre-
sents the additive measurement noise, which is a random matrix with inde-
pendent and identically distributed complex entries with Gaussian statistics,
mean zero and variance o2 ;.. This particular scaling for the noise level is the
right one to get non-trivial asymptotic regimes in the limit Ny — co. Further-
more, it is the regime that emerges from the use of the Hadamard acquisition
scheme for the array response matrix as described above.

In the Born approximation, where the volume [£2;] of 2;,j =1,...,7, is
small, the measured field has approximately the following form:

AP = AV —— W, (5.6)

ﬁ(wa Yn, xn) ~ Go(w, Yn, xn) + Z Pjéo(a% Yn, Zj)éo(w, Zj, :I:n), (57)

j=1
forn = 1,...,N;, m = 1,..., N;, where p; is the coefficient of reflection
defined by
w2
pi = — |21 . (5.8)
CO

We introduce the normalized vector of fundamental solutions from the
receiver array to the point z:

1 .
w(z) = R (Go(w,2,9n)) oy n s (5.9)
(SN Golwr zm)2)* e

=
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and the normalized vector of fundamental solutions from the transmitter array
to the point z, known as the illumination vector,

v(z) = ! 1 (M)

(X0 [Golw, z, ) [2)*

Using (5.7) we can then write the unperturbed response matrix in the form

(5.10)

m=1,...,Ng *

A’ = iaj'w(zj)v(zj)T ) (5.11)
j=1
with
Nr . % NS R %
o5 =i (D 1Golw i, w)?) (X 1Go(w, 2 mn)?) T (5.12)
n=1 m=1

Let us assume for a while that the arrays of transmitters and receivers
are equi-distributed on a sphere englobing the point reflectors. Moreover, the
point reflectors are at a distance from the arrays of transmitters and receivers
much larger than the wavelength 27c,/w. Provided that the positions z; of
the reflectors are far from one another or well-separated (i.e., farther than
the wavelength 27c,/w), the vectors w(z;), j = 1,...,r, are approximately
orthogonal to one another, as well as are the vectors v(z;), j = 1,...,r. In
fact, from the Helmholtz-Kirchhoff identity (1.11), we have

o

N,
Nir ZIGO(wﬂzjﬂyn)GO(wvziayn) ~ Sinc<a)|zlcioz]|) (513)

n—
as Ny — 400. Moreover, sinc(w|z; — 2;|/¢,) = 0 when |z; — z;| is much larger
than the wavelength. The matrix A° then has rank r and its nonzero singular
values are o, j =1,...,r, with the associated left and right singular vectors
w(z;) and v(z;).

The previous observation can be extended beyond the situation where the
arrays of transmitters and receivers are equi-distributed on a sphere, and it
is a general result that the matrix A° has rank r, singular values are o, and
singular vectors w(z;) and v(z;), as soon as the reflectors are well-separated.
In these conditions the following proposition turns out to be very useful.

Proposition 5.3. Let A® be a N, x N, matriz with rank r. Let us denote
01(A%) > -+ > 0,(A") > 0 its nonzero singular values. Let W be a N, x N
random matrix with independent and identically distributed complex entries
with Gaussian statistics, mean zero, and variance o2.,. We define A™es

by (5.6). When v = N,/Ny is fized and Ny — oo, the singular values of the
random matriz A™ satisfy
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N, . B (M+l+ + 01f210ise )% ZfO'(AO)> io_ .
O.j(Amcas) igo noise Ugoiﬁe Y 70_]2 (AO) J v 1 noise »
Onoise(1 +7%) if 0;(A%) < 7% 0noise

(5.14)

forany j =1,...,r, in probability.

Proposition 5.3 shows how the singular values of the perturbed response ma-
trix A™e® are related to the singular values of the unperturbed response
matrix A®. We can see that there is level repulsion for the singular values
oj(AO) that are larger than the threshold value fyl/ 40 noise, in the sense that
o;(Ame) > 5, (A%). We can also observe that the singular values o;(A°) that
are smaller than the threshold value 71/ 40 noise are absorbed in the deformed
quarter-circle distribution of the singular values of the noise matrix W /v/Ng,
which extends up to opeise(1 + 71/2) (see Proposition 5.6).

5.2.2 SVD of a Gaussian Random Matrix

As a warm-up we consider first an N, X N real matrix A with N, > N;. We
assume that A consists of independent Gaussian noise entries with mean zero

and variance o2 .. /N;. We denote by O’ENS) > agNs) > créNS) > > 01(\,]:75)

noise S
the singular values of the matrix A sorted in decreasing order and by ANs)
the corresponding density of states defined by

1
AR ([a, b]) = ﬁCard {l =1,...,Ng, UZ(NS) € [a,b]} for any a < b.

S

The density of states A(V*) is a counting measure which consists of a sum of

Dirac masses:
1 &
(No) — =
AN = ;505%) :
J:

For large N, and Ny with N,/Ng =~ > 1 fixed we have the following results.

Proposition 5.4. Let A be an N, x Ny Gaussian real matriz.

(i) The random measure AXN=) almost surely converges to the deterministic
absolutely continuous measure A, with compact support:

Oy 1
Ay([ow, 00)) :/ pv( c )da, 0<oy <oy, (5.15)

Onoise Onoise

where p., is the deformed quarter-circle law given by

i\/((,yl/Q +1)2 = 02) (02 — (71/2 - 1)?)
o
py(0) = A2 —1<o<AV241, (5.16)

0 otherwise.
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(ii) The normalized [*>-norm of the singular values satisfies

N,
1N

5{ imbe} Nezpe /2 Vo2 e Zo in distribution , (5.17)
N 3:1

where Zy follows a Gaussian distribution with mean zero and variance
one.
(iii) The mazimal singular value satisfies

o-gNS) = Onoise |V 1/2+1+2

(144 2140 ( in distribution,

)

where Z1 follows a type-1 Tracy-Widom distribution.

Proof. The type-1 Tracy-Widom distribution has the pdf prwi defined in
Appendix 6.6. (i) is the so-called Marcenko-Pastur result [38]. (ii) follows
from the expression of the normalized I2-norm of the singular values in terms
of the entries of the matrix:

N Ng
o2 = Lry(aTa) = = A%
S ( S J
j=1 j=11=1

and from the application of the central limit theorem in the regime Ng > 1.
(iii) follows from [34]. O
A similar result can be obtained when the matrix A is an N, x Ny
complex-valued matrix with N, > Ng and the coefficients of A are inde-
pendent complex Gaussian random variables with mean zero and variance
02 wo/Ns (which means that the real and imaginary parts are independent
and 1dent1cally distributed Gaussian random variables with mean zero and
variance 02 ;.. /(2Ns)). Then the previous proposition holds, except that the
limit of the normalized {*-norm is /702, Zo (instead of \/7 02 Z0) and
the fluctuations of the maximal singular value are described in terms of a type-
2 Tracy-Widom distribution (instead of a type-1 Tracy-Widom distribution)
described in Appendix 6.6.

Proposition 5.5. Let A be an N, x Ny Gaussian complex matriz.

(i) The random measure AN=) almost surely converges to the deterministic
absolutely continuous measure A, defined by (5.15).
(ii) The normalized I>-norm of the singular values satisfies

(g(.NS))2 — yaﬁoise Nezrpo fa Zy in distribution, (5.19)

J noise
j=1

where Zy follows a Gaussian distribution with mean zero and variance
one.
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(iil) The maximal singular value satisfies

1
UgNS) = Onoise 71/2+1+2N2/3

(147712) % Zy 1o )| in distribution,

NZ?
(5.20)
where Zy follows a type-2 Tracy- Widom distribution.

This proposition describes the distribution of the singular values of the array
response matrix in the absence of reflector.

The response matrix using the Hadamard technique in the presence of a
point reflector and in the presence of measurement noise is

1
A=A+ W,
V' Ns
where AY is a rank-one matrix with a unique non-zero singular value oy and W
has independent random complex entries with Gaussian statistics, mean zero

(5.21)

and variance o2 ;.. We still denote by 0§NS) > aéNs) > aéNs) > 2 U](v]:_]s)
the singular values of the matrix A sorted in decreasing order.
Proposition 5.6. In the regime Ny — oo:
a) The normalized 12-norm of the singular values satisfies
1 &
N [ﬁ (UJ(-NS))2 — vaﬁoise} Nezrpo 08 4+ /2702 o Zo in distribution,
s =1
(5.22)
where Zy follows a Gaussian distribution with mean zero and variance

one.
bl) If 0o < Y4 0noise, then the mazimal singular value satisfies

1
oN2/3

Ns
O—g ) = Onoise 71/2+1+

<1+771/2)1/3ZQ+0( in distribution,

1
N2/ 3)
(5.23)
where Zy follows a type-2 Tracy- Widom distribution.
b2) If o9 > 71/4(7,10156, then the maximal singular value has Gaussian distri-
bution with the mean and variance given by

2 4. (1/2 1
E[o{™] = o (1+ (1+ ) 722 4 9 Tnoe ) 7y o(—7)|(5.24)
[ 1 ] 0'8 0’6l ]\,Tsl/2
2 1— ,}/U%iqe
Var(UENS)) — Inoise 0

- +o(1)] (5.25)

{ 2 T 1
2N, (1 + (1 _|_7) Unoglse _|_,7/U,;)ése)

[og

This proposition describes the distribution of the singular values of the array
response matrix in the presence of a reflector.
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5.3 Detection Test

The objective of this subsection is to design specific point reflector detection
rules. To simplify the presentation, we assume from now on that the sources
and receivers are coincident so that N, = Ny = N.

5.3.1 SVD Based Detection Test

Suppose that the array response matrix A™°*® consists of independent Gaus-
sian noise coefficients with mean zero and variance o2 ;.. /N. Let the ratio R
of the first singular value o (A™®3) over the normalized [?>-norm of the other
singular values (o;(A™*%));—o . n of the measured array response matrix

A™s he defined by

R:= o1(AT) . (5.26)

(ﬁ Z;V:Q o—],(Ameas)2>1/2

Using Proposition 5.6 (b and ¢) and Slutsky’s theorem, we obtain the following
result.

Proposition 5.7. In the absence of any point reflector, the ratio R defined
by (5.26) has the following statistical distribution

dist. 1

when N is large, where Zs is a random wvariable following a type 2 Tracy-
Widom distribution.

This proposition describes the statistical distribution of the ratio (5.26)
in the absence of a point reflector. As we will see, it allows us to compute
explicitly the threshold of a likelihood-ratio test.

Now we turn to the case where the array response matrix is obtained with
a single point reflector in the presence of additive noise. Then,

e
VN

where A is the unperturbed array response matrix (5.11) with r» = 1 (corre-
sponding to one point reflector) and the entries of the matrix W are indepen-
dent complex Gaussian random variables with mean zero and variance o2 ;..
Let o be the nonzero singular value of A? and let o (A™®3) > gy A™e25) >
-+- > on(A™e®) be the singular values of the measured array response ma-
trix A™e*. Using Propositions 5.3 and 5.6 we can describe the ratio of the

maximal singular value over the normalized [?-norm as follows.

Ameas — AO 4 W,
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Proposition 5.8. Let us consider the array response matriz obtained in the
presence of measurement noise with a point reflector. For oneise < 09, the
ratio R defined by (5.26) has the following statistical distribution

dist. 00 Onoise 1 2 -2
R ¥ 1-— - Zy 5.28
et TN\/ 02 15600 - Zo (5.28)

Onoise

where Zy follows a Gaussian distribution with mean zero and variance one.
For oneise > 00 we have (5.27).

This proposition describes the statistical distribution of the ratio (5.26) in
the presence of a point reflector. It allows us to compute explicitly the power
of the likelihood-ratio test which is the most powerful test for a given false
alarm rate by the Neyman-Pearson lemma.

5.3.2 Statistical Test

As in the standard statistical hypothesis testing [20, 35], we postulate two
hypotheses and derive a decision rule for deciding in between them based on
the measured array response matrix.

We define H, the (null) hypothesis to be tested and H, the (alternative)
hypothesis:

e H,: there is no point reflector,
e H,: there is a point reflector.

We want to test H, against H,. Two types of independent errors can be made:

e Type I errors correspond to rejecting the null hypothesis H, when it is
correct (false alarm). Their probability is given by

o= P(accept H,|H, true) )

e Type II errors correspond to accepting H, when it is false (missed detec-
tion) and have probability

B = P(accept H,|H, true) )

The success of the test (probability of detection, POD, or detection power)
is therefore given by 1 — .

Given the data the decision rule for accepting H, or not can be derived
from the Neyman-Pearson lemma which asserts that for a prescribed false
alarm rate « the most powerful test corresponds to accepting H, for the
likelihood ratio of H, to H, exceeding a threshold value determined by «a.

Neyman-Pearson Lemma: Let ) be the set of all possible data and let
fo(y) and f1(y) be the probability densities of Y under the null and alternative
hypotheses. The Neyman-Pearson lemma [20, p. 335] states that the most
powerful test has a critical region defined by
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S EF %

for a threshold 7, satisfying

Joly)dy = o . (5.30)
Va

Let the data be y. We reject H, if the likelihood ratio ;gg > 1, and

accept H, otherwise. The power of the (most powerful) test is

1-8= , f1(y)dy . (5.31)

5.3.3 Berens’ Modeling

In [7] a framework for analyzing schemes for nondestructive inspection meth-
ods and testing for the presence of flaws was introduced. In this reliability
analysis the probability of detection (POD) as a function of flaw size played
a central role. In our notation the “flaw size” corresponds to the parameter p
(given by (5.8)) and we are thus interested in designing reliability tests with a
desirable performance in terms of the corresponding POD(p) function. In [7]
a maximum likelihood approach was used for parameter estimation, and a log
normal distribution was in particular postulated for the response variable’s
relation to point reflector strength. One parameter to be estimated is then
the variance of the Gaussian residual. Our approach here is to introduce a
physical model for the measurements, as we have described above, and then
infer a corresponding “optimal” POD function that can be associated with the
array response matrix measurements. We describe the picture deriving from
this approach below. It turns out that the resulting picture deviates somewhat
from the one derived from Berens’ modeling.

Consider the imaging of point reflectors from measurements of the array
response matrix at a single frequency w in the presence of measurement noise,
that is, we model with an additive Gaussian noise. Assuming availability of
previous and/or multiple measurements we may assume that the variance of
the entries of the array response matrix (due to the measurement noise) is
known and equal to o2, .. In fact, we will see that we do not need to know
the value o2 ;.. in order to build the most powerful test with a prescribed
false alarm rate.

In the absence of the point reflector (hypothesis H,) the statistical dis-
tribution of the ratio R of the first singular value of the symmetrized array
response matrix over the normalized [?-norm of the other singular values is of
the form (5.27).

In the presence of a point reflector at position zy and with coefficient of
reflection pg (hypothesis H,), Proposition 5.8 shows that the ratio is of the
form (5.28), with o( given by (5.12):
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oo = p0<i 1Go(w, z07wn)|2) . (5.32)

This result is correct as long as ¢ > opoise- When oy < opoise We have (5.27).
If the data gives the ratio R, then we propose to use a test of the form
R > r for the alarm corresponding to the presence of a point reflector. By the
Neyman-Pearson lemma the decision rule of accepting H, if and only if R > r,
maximizes the probability of detection for a given false alarm probability «

o = P(R > TOZ|HO) 9
with the threshold

1 _
Ta = 2 —+ W@T\lj\/q(l — (X) 5 (533)

where &rwa(z) = ffoo prwa(y)dy is the cumulative distribution function of
the Tracy-Widom distribution of type 2. The computation of the threshold
is easy since it depends only on the number of sensors N and on the false
alarm probability . This test is therefore universal. Note that we should use
a Tracy-Widom distribution table, and not a Gaussian table. We have, for
instance, @iy, (0.99) ~ 0.48.

The detection probability 1 — 3 is the probability to sound the alarm when
there is a point reflector:

1—B=P(R>rq|H,) .

For a given measurement array it depends on pg and zg through the value
oo defined by (5.32) and also on the noise level oy,pise. Here we find that the
Probability Of Detection is

g

9 + Onoise __ T
POD = & (x/ﬁ Tnoise 70 ) , (5.34)

1- (Unoise/00)2

where &(z) = [* \/% exp(—y?/2)dy is the cumulative distribution function
of the normal distribution with mean zero and variance one. This result is
valid as long as 0¢ > Opoise- When og < Opoise, SO that the point reflector is
“hidden in noise”, then we have 1 — 8 = 1 — &pwa (P (1 — @) = a. Note
that, as functions of the number of sensors N, the singular value oy scales as
N by Eq. (5.32), while the noise level 0y0ise scales as 1 (with the Hadamard
technique, otherwise it would scale as v/N). This shows that the detection
power increases with the number of sensors.

5.4 Localization and Reconstruction

In this subsection we consider the situation in which the transmitter and
receiver arrays are coincident and there are an unknown number 7 of point
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reflectors embedded in the medium. We would like to build algorithms that
estimate the number r of point reflectors, estimate their locations z;, and
estimate their coefficients of reflection p; (defined by (5.8)). In the first version
of the algorithm we assume that the noise level oy,4ise is known. The algorithm
is then the following one.

1. Compute the singular values o;(A™®) of the measured array response
matrix A™e?S,
2. Estimate the number of reflectors by

7 = max {j,O’j(AmeaS) > Tao'noise} ’

where the threshold value r,, given by (5.33), ensures that the false alarm
rate (for the detection of a reflector) is a.

3. Foreach j =1,...,7, estimate the positions z; of the jth reflector by look-
ing after the position £; of the global maximum of the subspace imaging
functional Z;(z) defined by

T;(2) = |w(z)fw;(Am)* . (5.35)

Here, w;(A™) is the j-th left singular vector of the measured response
matrix (i.e., the left singular vector associated to the j-th largest singular
value) and w(z) is the normalized vector of Green’s functions defined by
(5.9).

4. For each j =1,...,7, estimate the amplitudes p; of the j-th reflector by

N —
pj = (Z |G’O(wvzj7mn)|2> 157]' , (5.36)
n=1

with 6, being the estimator of o;(A°) defined by

_Ameas AAmeas 2 1
&j:Uj( 2 )+<Uj( 4 ) _O—ioise>2

(5.37)

The form of the estimator 6; comes from the inversion of relation (5.14). If we
were using o;(A™) as an estimator of 0;(A?), then we would over-estimate
the reflectivity coefficients of the reflectors.

Note that we do not need to compute all the singular values of the mea-
sured response matrix A™ only the singular values larger than 20,,isc need
to be computed.

If the noise level is not known, the first two steps of the algorithm must
be replaced by the following ones:

1. Set j =1 and define Al = Ameas,
2. a) Compute the largest singular value o1(A7) (i.e., the spectral norm of
AY) and the associated singular vectors vy (A7) and wi(A7).
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b) Compute the Frobenius norm ||A7||r and estimate the noise level by

. . 1
. _ [IA%]E —of(AY)]®
e = (L LEZ AR (5.39)
c) Compute the test
o 1 if Ul(Aj) > (2 +ra)5—noisc,j y
T = {0 otherwise, (5:39)

where the threshold value 7, is given by (5.33).

d) If T; = 1 then define A7t = AJ — o1 (A%)w; (A7)v1(AY)T, increase j
by one, and go to (a).
If T; = 0 then set # = j — 1 and Gnoise = Fnoise,j—1 (if j = 1, then
Bnoise = Gnoise,0 = ||A™||p/N2) and go to 3.

The sequence of singular values o1 (A7), j = 1,..., 7, is the list of the 7 largest
singular values o;(A™%) of A™. Similarly the sequence of left singular
vectors wy (A7), j =1,...,7, is the list of the left singular vectors w;(A™2s)
associated to the 7 largest singular values of A™°*, In fact, it is not necessary
to compute explicitly the Frobenius norm of A7 at each step in 2(a). We can
compute the Frobenius norm of A and then use the relation

j—1

1A% = [|A: = oi(Al),
=1

or, equivalently, the recursive relation
IAME = JA™|E, AT = |A7]E — o (A7), j=>1.

This algorithm provides an estimator dy.ise Of the noise level o5 and an
estimator 7 of the number r of significant singular values, that is, the number
of reflectors. The steps 3 and 4 of the previous algorithm are then used for the
localization and characterization of the reflectors, using the estimator peise
for Onoise-

An alternative algorithm to estimate the noise level is based on the min-
imization of the Kolmogorov-Smirnov distance between the empirical distri-
bution of the (smallest) singular values of the perturbed matrix A and the
theoretical deformed quarter-circle law. This algorithm reduces significantly
the bias but it is more computationally intensive. When N is very large, for-
mula (5.38) is sufficient for the noise level estimation.

Instead of Z;(z) defined by (5.35), other subspace imaging functionals
such as Kirchhoff-type algorithms can be used. The decomposition of the
time-reversal operator (DORT) can also be used [16, 17, 21] for detecting and
characterizing the reflectors.
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Appendix: Basic facts from analysis and
probability

In this chapter we review a few results and techniques that are used through-
out the book. In Section 6.1 we give a few well-known properties of the Fourier
transform. In Section 6.2 we state the divergence theorem. In Section 6.3 we
discuss the stationary phase method. Finally Section 6.4 we present some
results and tools of probability theory, with a focus on random process mod-
eling.

6.1 Fourier identities

Let f(t) be a “nice” real-valued function (i.e. smooth and integrable). Its
Fourier transform is defined by:

fl) = [ soetar
R
The inverse Fourier transform is:
16 = 55 [ Flweua
= — w)e w.
2T R
The following table gives the important Fourier identities that are used

throughout the book. Their proofs are straightforward by the use of change
of variables or integration by parts [23].

170 f()
o (—ie)" ()
Frgt) = [ F)glt = 5)ds| fw)(w)
f(=1) f(w)
J f(s)g(t + s)ds f(w)(w)
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The third identity is useful for time reversal: it expresses the fact that
the time reversal operation in the time domain (t) is equivalent to the com-
plex conjugation in the frequency domain (w). The fourth identity shows that
the cross correlation of two signals involves the product of the two Fourier
transforms in the frequency domain, one of the transform being complex con-
jugated.

6.2 Divergence theorem

The divergence theorem is a basic identity that is used in this book. We refer
to [23] for a detailed statement and applications. Let V' be a bounded open
subset of R™ whose boundary 9V is C!. Let f € C1(V,R") where V = VUV
is the closure of V. Then

v t@pz= [ n@)- fe)oa),

ov

where n(z) is the outward unit normal to OV at « € V.

6.3 Stationary-phase method

We review the stationary phase method. For more detail we refer the reader
to [43].

The one-dimensional case

Let ¢ and f be two smooth functions from R to R. Assume that f is compactly
supported, that ¢’(s) vanishes only at sg, and that f(sg) # 0, ¢"(so) # 0.
The integral

I(E):/Rei@f(s)ds

can be approximated as € — 0 by

1 9 (s V2 P
lim 7](5)6—1M = VAT i T f(s0),
s |6 (s0)]

where n* = sgn(¢”(so)) [43, Chapter II, section 3].

The n-dimensional case

The stationary phase theorem can be generalized to n-dimensional integrals
[43, Chapter IX, Theorem 1]. Let n be a positive integer. Let ¢ and f be two
smooth functions from R™ to R. Assume that f is compactly supported, that



6.3 Stationary-phase method 77

V¢(s) vanishes only at sg, and that f(sg) and the determinant of the Hessian
H,,(¢) of ¢ at s¢ are nonzero. The integral

can be approximated as € — 0 by

1 ;2(s 2m)"/? (om* —n)
lim 72[(5)6_1@ = Lel@" T f(s), (6.1)
oo en/ [ det Hy, (6)]

where n* is the number of positive eigenvalues of Hg,(¢). The point sg such
that V(sp) = 0 is referred to as the stationary point. In fact there exists a
constant C' that depends only on f and ¢ such that

@ (

1 27)"/2 . (s
(2m) G2 =M E (0% | < OV, (6.2)

SR Y F Y O]

A degenerate case

The typical configuration that is encountered in this book is actually degener-
ate (i.e. there are an infinite number of stationary points and/or the Hessian
matrices at the stationary points are not invertible). Degenerate cases can be
addressed as explained for instance in [43], Chapter IX, section 4. We give
here the result for a particular situation in which there is a line of stationary
points and that is of interest for us.

Proposition 6.1. For any € > 0, let us consider the integral

10 = [ [ e fwiats) dsdo.

where ¢ and g are smooth functions from R™ to R, g is compactly supported, f
is a smooth function from R to R that is compactly supported (away from zero).
We assume that V$(s) vanishes only at sg € R™ and that the determinant of
the Hessian Hs,(¢) of ¢ at sg is nonzero. There are two cases:

1. If ¢(sg) # 0, then
1

2. If ¢(sg) = 0, then

1 ( ): (27T)n/29(30) i(2n* —n) Fsgn(w) f(UJ) d

lim e w,
S50 gn/2 [det H,, (¢)] |w|m/2

where n* is the number of positive eigenvalues of Hg, ().

(6.4)
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The proof of this proposition is based on the estimate (6.2) that yields for any
w in the support of f (that does not contain zero):

2
1 / eiLbf(S)g(S) ds — (27T)n/ 9(s0) ei(Qn*—n)%sgn(az.))(av',—wd)is ) < Cﬁ ,
7 Jge VIaet iy, )72 Va

where C' depends only on ¢ and g. We can now integrate with respect to w
over the support of f. If ¢(sg) # 0, then the integral

gi(2n* —n) Fsgn(w) i 22en)_f(w)
x ]2

goes to zero as € — 0 by the Riemann-Lebesgue lemma, which yields (6.3). If
#(s0) = 0, then we immediately get (6.4).

6.4 Random processes

Here we give some background on random (or stochastic) processes. A refer-
ence for this material is [14].

6.4.1 Random variables

A characteristic of noise is that it does not have fixed values in repeated mea-
surements or observations. Let us first consider such a scalar (real-valued)
quantity. It can be modeled by a random variable, for which the exact value
of a realization is not known, but for which the likelihood or empirical fre-
quency of any measurable set of values can be characterized. The statistical
distribution of a random variable can be defined as the probability measure
over R that quantifies the likelihood that the random variable takes values
in a particular measurable set. In this section we only address so-called con-
tinuous random variables, ie those whose distributions admit densities with
respect to the Lebesgue measure over R, as we will never encounter discrete or
other singular random variables in the book. The statistical distribution of a
random variable can then be characterized by its probability density function
(PDF). The PDF of a (real-valued) random variable Z is denoted by pz(2):

b
P(Z € [a,b]) :/ pz(z)dz.
a
Note that pz is a nonnegative function whose total integral is equal to one.
Given the PDF it is possible to compute the expectation of a nice function
(bounded or positive) of the random variable ¢(Z), which is the weighted
average of ¢ with respect to the PDF py:

Ewwn=4w@m@mz
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The most important weighted averages are the first- and second-order mo-
ments (we only consider random variables with finite first and second mo-
ments in this book). The mean (or expectation) of the random variable Z is
defined as

E[Z] :/Rzpz(z) dz. (6.5)

It is the first-order statistical moment. It is the deterministic value that best
approximates the random variable Z in the mean square sense:

_ : _ 2
E[Z] = aragerl]tl%lnE[(Z a)?].
The variance is defined as
Var(Z) = E[|Z — E[Z]"] = E[Z°] - E[Z)?, (6.6)

which is a second-order statistical moment. oz = 1/Var(Z) is called the stan-
dard deviation, which is a measure of the average deviation from the mean.

The PDF of a noise signal is not always known in practical situations.
We often use parameters such as mean and variance to describe it. It is then
usual to assume that the noise has Gaussian PDF. This can be justified by
the maximum of entropy principle, which claims that the PDF that maxi-
mizes the entropy — [ pz(2)Inpz(z) dz with the constraints [ pz(z)dz = 1,
[ 2pz(2)dz = p, and [(z — p)?pz(z) dz = o2, is the Gaussian PDF

exp ( - M) , (6.7)

202

rz(2) 2o
with mean g and variance o2. If a random variable Z has PDF (6.7), then
we write Z ~ N (u,0?). Moreover, a noise signal often results from the cu-
mulative effect of many uncorrelated sources. As a consequence, based on the
central limit theorem, most measurement noise can be treated as Gaussian
noise. Recall here the central limit theorem: When a random variable Z is the
sum of n independent and identically distributed random variables, then the
distribution of Z is a Gaussian distribution with the appropriate mean and
variance in the limit n — +o00, provided the variances are finite.

6.4.2 Random vectors

A d-dimensional random vector Z is a collection of d (real-valued) random
variables (Z1,...,Z4)". The distribution of a random vector is characterized
by the PDF pz:

P(Z € [a1,b1] X - -+ x [ag,ba]) = / pz(z)dz, for all a; <b;.
[a1,b1]%++[aq,bd]

The PDF pz is a function from R¢ to [0, 00) whose total integral is equal to
one. The random vector Z = (Zy,..., Zy)! is independent if its PDF can be
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written as a product of the one-dimensional PDF's of the coordinates of the

vector:
d

pz(z) = szj(zj) for all z = (z1,...,24)" € R?,
j=1
or equivalently,

E[¢1(Z1) - ¢a(Za)] = E[p1(Z1)] - E[pa(Za)],

for all continuous bounded functions ¢1, ..., ¢4 € Cp(R,R).

Example: a d-dimensional normalized Gaussian random vector Z has the

Gaussian PDF
_ 1 |2[?
pz(z) = Wexp(— 7) .
This PDF can be factorized into the product of one-dimensional Gaussian
PDF's, which shows that Z is a vector of independent random normalized
Gaussian variables (Z1, ..., Z4)! (normalized means with mean zero and vari-
ance one).

As in the case of random variables, we may not always require or may not
be able to give a complete statistical description of a random vector. In such
cases, we work only with the first and second statistical moments. Let Z =
(Z;)i=1,....a be a random vector. The mean of Z is the vector p = (145);=1,....a:

i =E[Z;].
The covariance matrix of Z is the matrix C = (Cj1);,=1,....a:
Cy =E[(Z; —E[Z;))(Z — E[Z1])] .

These statistical moments are enough to characterize the first two moments of
any linear combination of the components of Z. Indeed, if B8 = (3;);=1,....d €

R¢, then the random variable Zg = 3 Z = Z;‘l:1 B;Z; has mean:

d
E[Zgl=B-n=>Y_ BiElZ],
j=1
and variance: 4
Var(Zg) = B'CB =Y CuBiBi.
dl=1
As a byproduct of this result, we can see that the covariance matrix C is

necessarily nonnegative.
If the variables are independent then the covariance matrix is diagonal. In

particular:
d d
Var( Z Zj) = ZVar(Zj) .
j=1 j=1

The reciprocal is false in general (i.e., the fact that the covariance matrix is
diagonal does not ensure that the vector is independent).
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6.4.3 Gaussian random vectors

A Gaussian random vector Z = (Zy,...,Z4) with mean g and covariance
matrix R (write Z ~ M (u,R)) has the PDF

1 (z—w)R (2~ u)) 7

p(z) = (2m)42(det R)1/2 P ( - 2 (6:8)

provided R is positive. As mentioned in the case of random variables, the
Gaussian statistics is the one that is obtained from the maximum of entropy
principle (given that the first two moments of the random vector are specified)
and from the central limit theorem. This distribution is characterized by the
characteristic function or Fourier transform of the PDF:
t
E[e*Z] = / e*#p(z)dz = exp (i/\ = %), AeRY, (6.9)
Rd
which also shows that, if A € R? then the linear combination X - Z is a
real-valued Gaussian random variable with mean X - p and variance AR
The expectations of high-order moments of a zero-mean Gaussian vector
can be expressed as a sum of second-order moments. For instance, if Z =
(Z1,Zo,Z3,Z4) is a zero-mean Gaussian vector, then

E[ﬁ 7| = B[22, B[ 25 24) + E[21%)E[Z221] + E[ 21 Z4]E[ 22 75].

6.4.4 Random processes

The perturbations in the index of refraction of an inhomogeneous medium,
the wave fluctuations recorded by a receiver array, or the noise that appears
in an image are described by functions of space (and/or time) with random
values, which are known as random (or stochastic) processes.

Remember that a random variable is a random number, in the sense that
a realization of the random variable is a real number and that the statisti-
cal distribution of the random variable is characterized by its PDF. In the
same way, a random process (Z(x))zcre is a random function, in the sense
that a realization of the random process is a function from R? to R, and
that the distribution of (Z(x))zecpe is characterized by the finite-dimensional
distributions (Z(x1), ..., Z(x,))t, for any n, z1,...,x, € R? (the fact that
the finite-dimensional distributions completely characterize the distribution of
the random process is not completely trivial and it follows from Kolmogorov’s
extension theorem).

As in the case of random variables, we may not always require a complete
statistical description of a random process, or we may not be able to obtain
it even if desired. In such cases, we work with the first and second statistical
moments. The most important ones are
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(i) Mean: E[Z(x)];
(ii) Variance: Var(Z(z)) = E[(Z(x) — E[Z(x)])?];
(iii) Covariance function: R(z, ') = E[(Z(z) — E[Z(x)])(Z(x') — E[Z(2")])].

We say that (Z(x))gera is a stationary random process if the statistics of
the process is invariant to a shift in the origin: for any zo € R,

distribution
(Z(xo + @) gerd = (Z(x))perd -

It is a statistical steady state. A necessary and sufficient condition is that,
for any integer n, for any xg,x1,...,x, € R?% for any bounded continuous
function ¢ € Cp(R™,R), we have

E[¢p(Z(xo+ x1),...,Z(x0 + 1)) = E[9p(Z(21),...,Z(x))] -

6.4.5 Ergodic processes

Let us consider a stationary process such that E[|Z(x)|] < oo. We set p =
E[Z(x)]. The ergodic theorem claims that the time average can be replaced
by the statistical average under the so-called ergodic hypothesis [14].

Theorem 6.2. If Z(x) satisfies the ergodic hypothesis, then

1
— / Z(x)dx N80 P-almost surely.
Nd

[0,N]¢
The ergodic hypothesis requires that the orbit (Z(x))gerae visits all of phase
space. It is not easy to state and to understand (see Remark 6.4 below),
although it seems an intuitive notion. The following example presents an ex-
ample of a non-ergodic process.

Ezample 6.3. Let (Z1(t))ter and (Z2(t))ier be two ergodic processes (sat-
isfying Theorem 6.2), and denote p; = E[Z;(t)], j = 1,2. Assume p; #
2. Consider a Bernoulli random variable x independent of (Z7(t))tcr and
(Z2(t))ter and whose distribution is P(x = 1) = P(x = 0) = 1/2. Let
Z(t) = xZ1(t) + (1 — x)Z2(t), which is a stationary process with mean
= (1 + p2). The time-averaged process satisfies

1 [T 1 [T 1 [T
T/o Z(t)dt = X(T/o Zl(t)dt>+(1—x) (T/o Zg(t)dt>

T—x

— xp1+ (1= x)pe,

which is a random limit different from p. The time-averaged limit depends on
X because Z has been trapped in a part of phase space. The process (Z(t))iecr
is not ergodic.
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Remark 6.4 (Complement on ergodic theory). Here we give a rigorous state-
ment of an ergodic theorem (it is not necessary for what follows). Let (£2, A, P)
be a probability space; that is:

e (2 is a non-empty set,

e Ais a o-algebra on 2,

e P:A—[0,1] is a probability (i.e. P(£2) = 1 and P(U;4;) = >, P(A;) for
any numerable family of disjoint sets A; € A).

Let 0 : 2 — 2, x € R?, be a measurable group of shift operators (i.e.
0,1(A) € Aforany A€ Aand z € RY, 0 = I; and Oy = 0 0 0, for any
x,y € R?) that preserves the probability P (i.e. P(0,(A4)) = P(A) for any
A€ Aand xz € RY).

The group (0 )zcre is said to be ergodic if the invariant sets are negligible
or of negligible complementary, i.e.

0,'(A)=A forallz e R = P(A)=0or 1.

We then have the following proposition.
Proposition 6.5. Let f: (2, A,P) = R and Z(x,w) = f(0z(w)).

1. Z is a stationary random process.
2.If f € LY(P) and (0z)pera is ergodic, then
1 )
— Z(x,w)dx gl E[f] = / fdP  P-almost surely.
Nd
[0,N]¢ [0

6.4.6 Mean square theory

In this subsection we introduce a weaker form of the ergodic theorem, that
holds true under a simple and explicit condition. Let (Z(x))zcre be a sta-
tionary process with finite variance E[Z2(0)] < oo. We introduce the autocor-
relation function

cx) =E[(Z(y) —w)(Z(y + =) — )],

where u = E[Z(y)]. Both ¢ and p do not depend on y by stationarity.
By stationarity, ¢ is an even function:

o(—z) =E[(Z(y) —w)(Z(y — =) — )] =E[(Z(y' + z) — 1)(Z(y) — )]
= c¢(x).

By Cauchy-Schwarz inequality, ¢ reaches its maximum at 0:

c(x) <E[(Z(y) — 2] E[(Zy +z) - p)?]"? = c(0),

and ¢(0) = Var(Z(0)).
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Proposition 6.6. Assume that [, |c(z)|dx < co. Let
1

Then

more exactly
NYE [(S(N) — w)?] N=5° / o(@)dz.
Rd

One should interpret the condition [p, |c¢()|dz < oo as “the autocovariance
function c¢(x) decays to 0 sufficiently fast as |&| — o00.” This hypothesis is
a mean square version of mixing: Z(y) and Z(y + «) are approximatively
independent for large lags @. Mixing substitutes for independence in the law
of large numbers. An example of mixing process for d = 1 is the piecewise
constant process defined by:

=3 filimene(5),

kEZ

with independent and identically distributed random variables fy, Lo = 0,
Ly = Z?Zl l; and independent exponential random variables /; with mean 1.
Here we have ¢(7) = Var(f1) exp(—|7]).

Proof. The proof consists in a straightforward calculation. We give it in
the case d = 1:

E[(S(V)—p?] = [NQ / dt, / dta(Z(tr) — 1) (Z(t2) — m]

symmetry 2 %
= — dt dtac(t; — ¢
2 /O 1 /0 sty — 1)

T=1%t1 —t2

h = t2 N—1
N2/ dT/ dhe(r

where ey (7) = ¢(7)(1 — 7/N)1jg n1(T). By Lebesgue’s convergence theorem:
27 N—oo o
NE [(S(N) — p)?] =2 e(r)dr,
0
which gives the desired result. O

Note that the L?(P) convergence implies convergence in probability as the
limit is deterministic. Indeed, by Chebychev inequality, for any § > 0,
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E [(S(OV) = 1] oo

P(S(V) - sl 2 8) < =22

0.
Note also that we can obtain by the same method that, for any k € RY,

NE

’/ (Z(x) —u)eik'wdwr] Nifo/ c(x)e*®de,
[0,N]¢ R4

which shows that the Fourier transform of the covariance function of a station-
ary process is nonnegative. This is a preliminary form of Bochner’s theorem
which claims that a function c(x) is a covariance function of a stationary
process if and only if its Fourier transform is nonnegative. The Fourier trans-
form of the covariance function is the power spectral density of the stationary
process.

6.4.7 Gaussian processes

We say that a random process (Z(x)),cre is Gaussian if any linear com-
bination Zx = Y. ; \iZ(x;) has Gaussian distribution (for any integer n,
x; € R4 \; € R). In this case Zy has Gaussian distribution with PDF

1 (z — #A)2>
z2)=——exp| — ———), zeR,
p2(2) = e (- gy
where the mean and variance are given by
=D AME[Z(@)],  oX= > MNE[Z(@:)Z(m)] -3 -
i=1 i,j=1

The first two moments of the Gaussian process (Z())gepra

(@) = E[Z(21)],
R(z1,®2) = E[(Z(21) — E[Z(21)])(Z(22) — E[Z(22)])],

characterize the finite-dimensional distributions of the process. Indeed, the

finite-dimensional distribution of (Z(x1), ..., Z(x,))" has PDF p(z1,...,z,)
that can be characterized by its Fourier transform:

/ e Xi= N%ip(zy, L 2y) dey - - dag

— E[e’Lijl )\jZ(mj)] — E[elz)\] — / ezzpz)‘(z) dz = exp (i/l)\ _ 0-2>\)
R

= exp (iZ)\ju(wj) - % Z )\j)\lR(a:j,ml)) )

j=1 =1
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which shows with (6.9) that (Z(x1),...,Z(x,))! has a Gaussian PDF with
mean (p(x;));=1,..n and covariance matrix (R(x;,x;));i=1,..n. As a conse-
quence the distribution of a Gaussian process is characterized by the mean
function ((21)), ere and the covariance function (R(x1,%2))z, a,crd-

It is rather easy to generate a realization of a Gaussian process (Z())cpa
whose mean p(x) and covariance function R(x,x’) are given. If (@1, ..., x,)
is a grid of points, then the following algorithm is a random generator of
(Z(ml)’ AR Z(mn»t

e compute the mean vector m; = E[Z(«;)] and the covariance matrix C;; =
BZ(w:)Z(x;)) - E[Z(2)|E[Z(x,)]:

e generate a random vector Y = (Y7,...,Y,)! of n independent Gaussian
random variables with mean 0 and variance 1 (use randn in matlab, or use
the Box-Miiller algorithm for instance);

e compute Z = m + CY/2Y.

The vector Z has the distribution of (Z(x1),...,Z(x,))! because it has
Gaussian distribution (since it is the linear transform of the Gaussian vector
Y') and it has the desired mean vector and covariance matrix.

Note that the computation of the square root of the matrix C is expen-
sive from the computational point of view, and one usually chooses to use
Cholesky’s method to compute it. This simulation method is actually called
Cholesky’s method. We will see in the next section a faster algorithm when
the process is stationary.

6.4.8 Stationary Gaussian processes

We here focus our attention to stationary Gaussian processes. Since the dis-
tribution of a Gaussian process is characterized by its first two moments, a
Gaussian process is stationary if and only if its mean p(x) is constant and its
covariance function R(x,x’) depends only on the lag ' — x. Let us consider
a stationary Gaussian process (Z())pere with mean zero and covariance
function ¢(x) = E[Z(x')Z(x’ + x)]. By Bochner’s theorem [31], the Fourier
transform of ¢ is necessarily nonnegative. The spectral representation of the
real-valued stationary Gaussian process (Z())gerd is:

Z(x) = (Qi)d /R e el e,

with (7ig)kers @ complex white noise, i.e., N is complex-valued, Gaussian,
Rk = N, ] = 0 and E [Agne | = (2m)?6(k — k') (the representation is
formal, one should in fact use stochastic integrals dWy, = fpdk with respect to
Brownian motions). A complex white noise is actually the Fourier transform
of a real white noise: we have 7y, = [ ¢’ ®n(z)dz where (n(z))pecg is a real
white noise, i.e n(x) real-valued, Gaussian, E [n(x)] = 0, and E [n(x)n(z’)] =
O(x —x').
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It is quite easy to generate a realization of a stationary Gaussian process
(with mean zero and covariance function c(x)) using its spectral represen-
tation and Fast Fourier Transforms. In dimension d = 1, if we fix a grid of
points z; = (j — 1)Axz, j = 1,...,n, then one can generate a realization of
the random vector (Z(z1),...,Z(x,))! by the following algorithm:

evaluate the covariance vector ¢ = (c(z1),...,c(x,))%
generate a random vector Y = (Yi,...,Y,)? of n independent Gaussian
random variables with mean 0 and variance 1;

e filter with the square root of the discrete Fourier transform (DFT) of ¢:

Z = IFT( DFT(c) - XDFT(Y)) ,
where -x is the element-wise multiplication.

Then the vector Z is a realization of (Z(x1),...,Z(x,))t. In practice one
uses FFT and IFFT instead of DFT and IFT, and one obtains a periodized
version of the random vector (Z(z1),...,Z(z,))", due to the FFT. This is
good enough when the size nAz is much larger than the correlation length
of the process (i.e. the width of the covariance function ¢). It is possible
to remove the end points of the grid over a band of thickness of the order
of the correlation length to remove this periodization effect. In practice this
spectral algorithm is more efficient than the Cholesky’s method. It can be
readily extended to generate a realization of a stationary Gaussian process in
dimension d > 1.

6.4.9 Vector- and complex-valued Gaussian processes

We finally introduce Gaussian multi-valued processes, which are natural ex-
tensions of the real-valued Gaussian processes discussed in the previous sub-
sections.

We say that a RP-valued process (Z(x))gere is a Gaussian process if any
finite linear combination ), A\; Z;, (x;) is a real-valued Gaussian random vari-
able, for \; € R, j; € {1,...,p}, x; € R%. Therefore the coordinate functions
(Z1(x))perd; - - -» (Zp(x))zera are real-valued random processes, more exactly
they are correlated real-valued Gaussian processes. The distribution of the
RP-valued Gaussian process (Z(x))gera is characterized by its vector-valued
mean function p(x) = E[Z(x)] and its matrix-valued covariance function
R(xz,z') = (Rij(x,@'))i j=1,.. p, With R;j(x,x") = E[Z;(x)Z;(x’)]. In partic-
ular, the coordinate functions (Z;(x))gere and (Z;(x))gegre are independent
if and only if R;j(z,x’) = 0 for all z, 2’ € R%.

We say that a C-valued process (Z(x))gere is a Gaussian process if any
finite linear combination »_; Ai\Re(Z(x;)) + >_; \;Im(Z(x})) is a real-valued
Gaussian random variable. A C-valued Gaussian process (Z(z)),erae can be
seen as a R2-valued Gaussian process (Z(x))gere with Z = (Re(Z),Im(Z))".
Its distribution can be characterized by the vector-valued mean function fi(x)
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and the matrix-valued covariance function R associated to (Z(z))gega- It can
as well be characterized by the complex-valued mean function p(x) = E[Z(x)],
the covariance function R(x,z') = E[(Z(x) — u(x))(Z(x') — p(z'))], and the
relation function Q(x,2’) = E[(Z(x) — pu(x))(Z(x') — p(x’))]. The PDF of
the random vector (Z(x1),. .., Z(xy,)) (with respect to the Lebesgue measure
over C™) is

1

7™ det(D)1/2 det(D — C D-1C)1/2
—1

e[ (20) (@) (2R))

where D;; = R(z;, x;), Cij = Q(x;,x;), m; = p(x;).

A circularly symmetric complex Gaussian process is a C-valued Gaussian
process such that p(z) = 0 and Q(x,2’) = 0 for any x,2’ € R?. Its distri-
bution is characterized by its covariance function R(x,x’) = E[Z(x)Z(x))].
If, additionally, the covariance function R is real-valued, then the real and
imaginary parts (Re(Z(x)))gere and (Im(Z(x)))zere are independent and
identically distributed, they are both Gaussian processes with mean zero and
covariance function R(x,x")/2.

p(z) =

6.5 Some results on Gaussian random fields

Let (Z(x))gers be a stationary Gaussian random field with mean zero. The
statistical distribution of the random field is characterized by the covariance
function:

c(x) =E[Z(x")Z(z' + x)].

We assume here that ¢ is smooth, so that the realizations of the random field
are smooth [3, Theorem 1.4.2]. As we will see below, the relevant statistical
information about local and global maxima of the field is in the variance

and in the Hessian matrix of the correlation function

B (E[arjﬂm)amz@)]) (- 8§jxlc<o>)
E[Z(x)?] Jd=1,...,3 c(0) Jji=1,.3"
6.5.1 Local maxima of a Gaussian random field

Let 2 C R3 be a bounded domain. Let us denote by M’ the number of local
maxima of Z(x) in {2 with values larger than u:

M? = Card{ local maxima of (Z(x))zcq with values larger than u }.
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We have [2, Theorem 6.3.1]

|2 u? “72)(1+0(%)), for u > uo,

u
E[M?) = S op (-
[M/] Ve ud exp ( 2u?

where V, is the hotspot volume defined in terms of the determinant of the
Hessian of the correlation function as:

472

Ve = et )iz

6.5.2 Global maximum of a Gaussian random field

Let us denote by Z£

ey the global maximum of the field over the domain (2:

Using [2, Theorem 6.9.4] when [£2| > V,, the statistical distribution of Z£?

is of the form ) )
0 _ = 1
2=l (12) ¢ () ).
where Z; follows a Gumbel distribution with cumulative distribution function
P(Z < ) = exp(—e ),

A(V) = +/2log(V) +
1
V/21og(V)’

To leading order, the value of the global maximum is deterministic and given
by

log [2 1og(V)]
21log(V)

)

B(V) =

2
Z2 o~ 2log(|v‘).

C

6.5.3 The local shape of a local maximum

We first state a classical and fundamental lemma about Gaussian vectors.

Lemma 6.7. Let us consider a R™1"2_yalued random vector <zl> with
2

Gaussian statistics:

() ~~((3) (Rums))

The mean vectors Yy, and Y, are in R™ and R™?, respectively, the covariance
matriz Ry1 has size nqy Xny, Rys has size ny Xng, Rop = Rﬁ has size no XNy,
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and Roo has size ng X ny. Assume that the distribution of ys is not degenerate,
i.e., that Rog is invertible. Then, conditioned on yso, the distribution of yi is
Gaussian:

L(y1|y2> ~ N(ﬂl + Ri2Ry, (Y2 — Us), Rt — R12R2_21R21)-

Using this lemma one can show that, given that the random field Z(x) has
a local maximum at @y with peak amplitude u (with u > ug), then we have
locally around xq:

T —xp)

Z(az):u[c( = +0(1)}7 [ > ug).

Proof. Let us fix £y € R®. The random vector

has Gaussian distribution:

0 c(0) c(x —xo) —Ve(x — x0)T
N( 0], clz—x) c(0) 0 >
0 —Ve(x — xo) 0 c(0)A

Applying the above lemma, the distribution of Z(x) given Z(xg) = u and
VZ(xo) =0is

c(x — xp)
¢(0)

Ve(x — x0)T A" 'Ve(x — :co)).

J\/( u, c(0) — =0)

This gives the desired result when u > ug = ¢(0)'/2.

6.6 Random Matrix Theory

Our main goal in this appendix is to describe the distribution of the eigen-
values or singular values of random matrices. Here we analyze the eigenvalues
of classical models of random diagonalizable matrices and we then extend the
results to the singular values of the random matrices of interest in the con-
text of imaging in Chapter 5. We look for different types of results. On the
one hand we look for the description of the global distribution of the singu-
lar values, and on the other hand we also look for a detailed description of
the maximal singular value. There are different types of approaches. Some of
them are based on the asymptotic expansions of explicit expressions (for some
special models) and they give the more detailed results. Other approaches are
based on tools of complex analysis (using in particular Stieltjes transforms of
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measures) and allow to obtain asymptotic results for a large class of random
matrices. As will be shown, the distribution of the singular values depends on
the structure of the matrix (symmetric, Hermitian, etc), on the correlation
between the random coefficients of the matrix, but not much on the marginal
distribution of the coefficients (in the limit of large matrices). A remarkable
point is that there are universal results, corresponding to a kind of “central
limit theorem”, but with unusual scaling and limit distribution. A good ref-
erence is the book [39].

6.6.1 Gaussian Orthogonal Ensemble
We consider first a simple model of random matrices in
S, = { symmetric real matrices of size n x n } .

Consider the random matrix M such that

(i) (Mji)1<j<i<n are independent and identically distributed N(0,1);
(ii) (M;j;)1<j<n are independent and identically distributed N(0,2);
(111) Mjl = Mlj for 1 <ji< [ <n.

We then say that M is a GOE(n)-matrix (GOE stands for Gaussian Orthog-
onal Ensemble). This model is invariant by any rotation: If P is a n X n
orthogonal matrix (i.e., PTP = PPT =1) and M is a GOE(n)-matrix, then
the random matrix M = PMP7 is a GOE(n)-matrix. Indeed, the matrix M
is still symmetric, with Gaussian entries, and one can check that the means
and covariances of the entries are the ones of the GOE(n)-matrix distribution.

By independence of the coefficients the distribution of M has a pdf with
respect to the measure dM = H1§j<l§n dM;j; ngjgn dM;;:

M? M2
o= 11 Jen(-51) I zen(- ).

1<j<i<n

Using the symmetry M;; = M;; we can write the pdf as

2
Zl§i7j§n Mij)
b

ps(M) = ¢, exp ( - 1

with ¢, = (2r)~"=1/2(47)="/2, We recognize the trace of MM' = M? in
the exponent which allows us to write

Tr(Mz)) .

ps(M) = ¢, exp ( -~ (6.10)

The following theorem holds.
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Theorem 6.8. Let M be a GOE(n)-matriz. Let (A1,...,\,) be the eigen-
values of M sorted in decreasing order. Then the distribution of the random

vector (A1,...,An) has the pdf

= e (-350) T -
n P

1<i<j<n
for some normalizing constant Z,,.

We can notice that the eigenvalues are not independent because the pdf
cannot be written as a product of one-dimensional pdfs. In particular, the
presence of the product [, ., ;,, (X —2;) is a manifestation of level repulsion:
the pdf becomes small when two eigenvalues are close to each other. Note
finally that this theorem is valid for any n and gives the complete answer to
the question: what is the distribution of the eigenvalues of a GOE(n) matrix
? However the answer takes a form that is not easy to understand when n is
large, and it is desirable to determine the behavior of the eigenvalues in this
asymptotic framework.

Proof (of Theorem 6.8). We give the essential steps of the proof. For any sym-
metric and real matrix M we can associate the eigenvalues (A;(M)) =1, »
This map is well-defined provided we require the eigenvalues to be sorted in
decreasing order. From the spectral representation of symmetric matrices, the
matrix M can be written as

M =PAPT |

where P is an orthogonal matrix and A is the diagonal matrix with diagonal
entries \;(M), I = 1,...,n. For each | = 1,...,n, the vector (Pj;)j=1,.. n is
an eigenvector of M with eigenvalue \;, and we can choose the first nonzero
coefficient of the vector (Pj;)j=1,....n to be positive. Note that the decomposi-
tion is then unique provided the eigenvalues are simple, but it is not unique
if there are multiple eigenvalues.

If we denote by dP the Haar measure on the set O,, of orthogonal matrices
(which is the uniform measure on O,) and by dA the measure d\; - - - dA,,
then for any test function f

E[f(Ats-. . An)] = / FOUM), .., A (M))ps(M)dM

/fAl,..., )ps(PAPT) ‘Jac

/ Fq, .. An)ene RPN T

where we have used the fact that

8A8P ‘deA

Jac

aABP ‘deA

Tr((PAPT)?) = Tr(PAPTPAPT) = Tr(A?) = Xn: A7
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The set O,, of orthogonal matrices is a set with n(n —1)/2 parameters (it is a
compact Lie group of dimension n(n — 1)/2). Therefore the Jacobian matrix
can be written as

oM % n lines
“aA0p ~ 95 ) n(n—1)/2 lines .

Note that aM does not depend on ();)j_; and %—1;[ is linear in (A;)7_;, be-
cause the decomposmon M = PAP7 is linear in A. The determinant of the
Jacobian matrix is therefore a polynomial in ();)}_; of degree n(n — 1)/2.
Moreover, this polynomial cancels as soon as A\; = for some pair of indices
(4,1) (because the map (A, P) — M is not one-to-one), therefore it must con-
tain the factor [];_,(A; — ). Since the degree of the polynomial is n(n—1)/2,
it must be proportional to this product and we must have

’Jac — N)F(P)

dAOP ‘ (A
<l

for some function F' that we do not need to compute. We have

E[f(A1,. .., n /f ALy An)e T 20= JH()\j—)\l)dAx/an(P)dP,

g<li

which gives the desired result. O

6.6.2 Gaussian Unitary Ensemble

The previous result can be extended to the Gaussian Unitary Ensemble
(GUE). This is a model of random matrices in

U, = { Hermitian complex matrices of size n X n } .

Consider the random matrix M such that

(i) (M = Mﬁ + iMjIl)lgjdgn where Mﬁ” and MjIl are independent and
identically distributed A/(0,1/2);

(ii) (M;;)1<j<n are independent and identically distributed N(0,1);

(iil) Mj, = My; for 1 < j <l <n.

We then say that M is a GUE(n)-matrix. This model is invariant by any
unitary transform: If P is a n X n unitary matrix and M is a GUE(n)-matrix,
then the random matrix M = PMPT is a GUE(n)-matrix, where T stands
for the conjugate transpose. Indeed, the matrix M is still Hermitian, with
Gaussian entries, and one can check that the means and covariances of the
entries are the ones of the GUE(n)-matrix distribution. By independence of
the coefficients the distribution of M has a pdf with respect to the measure
dM = [ <1<, AM; dMI [Ti<j<, dM;; which is of the form
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Tr(M?
pu(M) = ¢, exp ( - %)
for some constant c¢,. Let (A1,...,\,) be the eigenvalues of M sorted in
decreasing order. Then the distribution of the random vector (Aq,...,A,) has

the pdf

PO = e (— 3 3N) TT - ay?
n i=1

1<i<j<n

for some normalizing constant Z,.

6.6.3 Asymptotic distributions of the eigenvalues

Given the complete expressions of the joint pdf of the eigenvalues (A1,..., Ay)
of a GOE(n)-matrix or of a GUE(n)-matrix, it is possible to study their
asymptotic distributions as n — +o0o [39]. We first need to take an appro-
priate scaling. We will analyze the asymptotic behavior of the eigenvalues
A A of the matrix M/y/n, where M is a GOE(n)-matrix or a
GUE(n)-matrix. Let us first consider the density of states, that is, the random
counting measure p(™) such that

1 n
™ ([a, b)) = ﬁCard{j =1,...,n, )\5 ) e [a,b]} for any a < b.

The random quantity p(™ ([a, b]) is the proportion of eigenvalues of the random
matrix M/y/n that belong to the interval [a,b]. It can be shown that the
density of states converges with probability one as n — oo to a deterministic
continuous measure psc

b
P (fa, b)) " / pre( N

a

where

1
psc(/\) = —V 4 — )\21[_2)2](>\) s

27
and 1|_5 9 is the characteristic function of [—2,2]. The distribution with den-
sity A = (1/27) V4 — A21_3 9(}) is called the semi-circle distribution as its
graph has the form of a semi-circle. Here, ps.(M\)d\ gives the proportion of
eigenvalues in the interval [A, A + dA]. We find that the asymptotic density of
states is the pdf of the semi-circle distribution pgc(A).
Let us now consider the largest eigenvalue
A" = max ()\gn)7 o )\Sl")) )

max

From the result on the density of states, we can anticipate that )\EI?.QX converges

to 2 as n — 0o, and this is indeed the case. The fluctuations of A,(;‘QX around
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its limit 2 are interesting because they exhibit an anomalous scaling behavior
(which is not the one corresponding to a central limit theorem) and the distri-
bution of the fluctuations is original in the sense that they are not Gaussian
but they follow the so-called Tracy-Widom distribution. More exactly, if ,\gﬁx
is the maximal eigenvalue of M/y/n where M is a GOE(n)-matrix (resp. a
GUE(n)-matrix), then

n*? (A = 2)

a

converges in distribution as n — +o0o to a Tracy-Widom distribution of type
1 (resp. type 2). The type-1 Tracy-Widom distribution has the pdf prwi such
that:

[ s =en (<5 [T 6@ + - p@) i)

where ¢ is the solution of the Painlevé equation

r——+0o0

() = 2p(z) +20(x)®,  plz) = Ai(z), (6.11)

with Ai being the Airy function. The expectation is [ zprwi(z)dz ~ —1.21
and the variance is approximately 1.61.
The type-2 Tracy-Widom distribution has the pdf prwe(x) such that

/y prwa(z)dz = exp ( — /Oo(x - y)cp%x)dx) .

— 0 y

The expectation is [ zprwz(z)dz ~ —1.77 and the variance is approximately
0.81.

6.6.4 Wishart model

As a warm-up towards the statistical analysis of singular values of random
matrices (with no special symmetry), we consider the Wishart model. Let
A be a m x n real random matrix whose coefficients are independent and
identically distributed with the Gaussian distribution with mean zero and
variance one. Let us consider the symmetric n x n real random matrix

1 1 m
W=—ATA == A,A
m <m szkj>
k=1 i,j=1,...,n

and let us denote by (A§"), cee )\%n)) the eigenvalues of W. If m/n — ¢ > 0
as n — 0o, then the density of states p(™) of W,

"™ ([a, b)) = ECard{j =1,...,n, /\5- ) e [a,b}} ,

converges to the measure
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1
P = (L= )60 + g VIR A0~ N
with zt = max(x,0), Ay = (1 + ¢) £ 2y/c. In the case m = n we find

p(\) = ﬁ\/ﬁl Mg - (6.12)

Taking into account that the eigenvalues of W are the squares of the sin-
gular values of A, this result shows that the density of states of the singu-
lar values of A converges to the quarter-circle law with density pqc(o) =

%\/4 — 0'21[0’2](0').
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