N

N

Modeling and simulation in photoacoustics

Vincent Jugnon

» To cite this version:

Vincent Jugnon. Modeling and simulation in photoacoustics. Analysis of PDEs [math.AP]. Ecole
Polytechnique X, 2010. English. NNT: . pastel-00545973

HAL 1d: pastel-00545973
https://pastel.hal.science/pastel-00545973
Submitted on 13 Dec 2010

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://pastel.hal.science/pastel-00545973
https://hal.archives-ouvertes.fr

POLYTECHNIQUE CMAP

THESE

Présentée pour obtenir
LE GRADE DE DOCTEUR DE L’ECOLE POLYTECHNIQUE
Spécialité : Mathématiques Appliquées
par
M. Vincent JUGNON

Modélisation et Simulation en
Photo-acoustique

Soutenue le 9 décembre 2010 devant le jury composé de:

M. Habib AMMARI Directeur de These
M. Martin HANKE Rapporteur

M. John SCHOTLAND Rapporteur

M. Hongkai ZHAO Rapporteur

M. Josselin GARNIER Examinateur

M. Frangois JOUVE Examinateur

M. George PAPANICOLAOU Examinateur



Modeling and Simulation in
Photoacoustics

Vincent JUGNON
Centre de Mathématiques Appliquées, Ecole Polytechnique,
91128 Palaiseau, France
e-mail address : jugnon@cmap.polytechnique.fr






Contents

Acknowledgment

Introduction

Chapter 1. Mathematical Modelling in Photo-Acoustic Imaging of Small

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.
1.7.

Absorbers
Introduction
Mathematical Formulation
A Reconstruction Method
Back-Propagation of the Acoustic Signals
Selective Detection
Numerical Examples
Concluding Remarks and Extensions

Chapter 2. Reconstruction of the Optical Absorption Coefficient of a Small

2.1.
2.2.
2.3.
24.
2.5.

Absorber from the Absorbed Energy Density
Problem Formulation
Asymptotic Approach
Multi-Wavelength Approach
Numerical Examples
Concluding Remarks

Appendix A: Proof of Estimate (2.13)
Appendix B: Proof of Lemma 2.3

Chapter 3. Transient Wave Imaging with Limited-View Data

3.1
3.2.
3.3.
3.4.
3.5.
3.6.

Introduction

Geometric Control

Imaging Algorithms

Applications to Emerging Biomedical Imaging
Numerical ITllustrations

Concluding Remarks

Chapter 4. Photoacoustic Imaging of Extended Absorbers in Attenuating

4.1.
4.2.
4.3.
4.4.

Acoustic Media
Introduction
Photo-Acoustic Imaging in Free Space
Photo-Acoustic Imaging with Imposed Boundary Conditions
Conclusion

Stationary Phase Theorem and Proofs of (4.10) and (4.31)

Chapter 5. Coherent Interferometric Strategy for Photoacoustic Imaging

5

15
15
16
18
22
23
26
28

33
33
35
41
43
45
46
47

51
51
o1
93
95
56
67

73
73
74
83
91
91

95



CONTENTS

5.1. Introduction
5.2. Problem Formulation
5.3. Imaging Algorithms
5.4. Stability and Resolution Analysis
5.5. CINT-Radon Algorithm in a Bounded Domain
5.6. Numerical Hlustrations
5.7. Conclusion
Chapter 6. Inverse Transport Theory of Photoacoustics
6.1. Introduction
6.2. Derivation and Main Results
6.3. Transport Equation and Estimates
6.4. Derivation of Stability Estimates
Appendix

Chapter 7. Stability and Resolution Analysis for a Topological Derivative

Based Imaging Functional

7.1. Problem Formulation
7.2.  Asymptotic Analysis of the Boundary Pressure Perturbations
7.3. Topological Derivative Based Imaging Functional
7.4. Stability with Respect to Medium Noise
7.5. Stability with Respect to Measurement Noise
7.6. Other Imaging Algorithms
7.7. Numerical Hlustrations
7.8.  Conclusion
References

95
96
96
98
103
104
106

111
111
112
122
133
141

145
145
146
148
151
156
158
159
167

171



Acknowledgment

I first want to thank Habib for his guidance and his friendliness. I am pro-
foundly grateful to him for keeping the right balance between supervision and au-
tonomy. I have learnt so much from him, and not only from a scientific point of
view. In particular, he made possible numerous great journeys and meetings with
wonderful people. I hope our collaboration will continue long after this thesis.

My longest trip was a six month visit to Columbia University where Guillaume
Bal was in charge of me. With him, I had the chance to work on more theoretical
problems and to manipulate notions I was not familiar with. I want to thank him
for his patience and his kind welcome.

I also had the great opportunity to travel to South Korea several times, to visit
Hyeonbae Kang. Each time I received the warmest welcome possible. I want to
express my deepest gratitude to him.

Numerics were an important part of my work as a Ph.D student. Working
with Mark Asch was extremely formative from this point of view. He also came to
Wuhan and supported me for my first talk in an international conference. I thank
him for his kindness and his insight.

Understanding of the physics underlying the problems I treated was of utmost
importance. I want to thank Emannuel Bossy and his student Arik Funke from
Institute Langevin for the exciting discussions and their essential explanations. I
hope our collaboration was as fruitful for them as it was for me.

Three whole chapters of this manuscript wouldn’t be there without the help
and work of two post-doc students, Alexandre Jollivet and Elie Bretin. I am in-
debted to them both.

I am honored to defend my thesis before such an impressive jury. I thank
Hongkai Zhao, John Schotland and Martin Hanke who agreed to be referees of this
manuscript and George Papanicolaou, Francois Jouve and Josselin Garnier, who
accepted to be examinators.

This thesis has been supported by the Doctoral School of Ecole Polytechnique
and was conducted in the best environment at the Center of Applied Mathematics
of Ecole Polytechnique (CMAP).






Introduction

Non-invasive medical imaging is a field in constant development, in which sci-
entists make use of various physical phenomena to reconstruct inner properties of
a patient. Today, mainly three techniques dominate the field, each coming with its
advantages and its drawbacks.

- Magnetic Resonance Imaging (MRI) produces very high resolution images,
with not so bad contrast (it images proton density), but is very expensive,
and has a long acquisition time.

- X-ray based techniques (radiography and the more advanced CT-scan)
have good resolution too, and similar contrast (they image X-ray absorp-
tion that can be linked to density information). Their main drawback is
their health hazard : X-ray exposure is harmful and has to be limited to
its minimum.

- Ultrasound techniques are cheap and achieve sub-millimetric resolution
but with quite poor contrast.

For decades, researchers have been investigating how other phenomena can be used
to produce cheaper, faster, harmless, highly resolved, more differential images.

Optical contrast is very good in biological tissues and the use of visual diag-
nostics (biopsies) is a common practice in medicine. This comes from the fact that
optical parameters (absorption, scattering coefficients) have important variations
in tissues. Moreover, the possibility to use several wavelength for the light adds a
dimension to the images and allows for functional imaging.

Optical imaging is thus being actively studied. Unfortunately, although light
can penetrate easily in tissues (especially in the near infra-red domain), the inverse
problem that has to be solved from such measurements is highly ill-posed due to
strong scattering. The achieved resolution with pure optical imaging gets poorer
and poorer with depth.

Among the other directions being followed is the so-called multiphysics imaging,
in which people use one phenomenon to image another. There are different ways to
play with this concept. First, one can use one phenomenon to perturb the other.
This is the idea used for example in Electrical Impedance Tomography (EIT) by
Elastic Deformation [4]. Another way to perform multiphysics imaging is to trigger
one phenomenon with the other. This is the idea used in photoacoustic imaging.
Enlighting a medium with an electromagnetic wave (light, radio-frequency or micro-
wave) can trigger an acoustic (ultrasonic) wave of very low amplitude. This is the
photoacoustic effect, that will be explained briefly in the next paragraph. In this
setting the source of the acoustic wave is the deposition of electromagnetic energy in
the medium, that depends on its optical properties and the illumination conditions.

9



10 INTRODUCTION

Ultrasounds are then measured on the boundary of the medium and the image is
produced using these acoustic data.

We thus get a cheap (laser illumination, acoustic measures) and fast
technique that images optical contrast with ultrasound resolution.

Passing through the medium, the electromagnetic waves interact with it, and
deposit energy. This results in a slight heating of the medium (in the range of the
milliKelvin), which locally dilates, and due to stress constraints, ultrasounds are
emitted.

To state the problem mathematically, one has to write :

- a mass conservation equation
- a momentum conservation equation (Navier-Stokes)
- a heat equation.

Then using reasonable assumptions :

- different time scales between the electromagnetic, thermal and acoustic
phenomena (thermal and stress confinement assumptions)

- small amplitude acoustic waves (linearization)

- adiabatic process.

one arrives at the scalar wave equation for the pressure [75] :

1 0%p OH
é@(%t) = Ap(z,t) = Fﬁ(xvt)

with zero intial conditions. Here the source term H(z,t) comes for the electro-
magnetic energy deposit, and I' is the constant Griineisen coefficient. If the light
pulse is short, one can separate variables and write H(x,t) = §(¢)A(z), and so the
problem becomes :

1 9%
C—gw(xat) — Ap(z,t) =0 ,
p(,0) == po(z) = TA(z) 8—12(:5,@ -0

When the medium is acoustically non-attenuating, homogeneous and has the
same acoustic properties as the free space, the absorbed energy density A(x) can be
recovered from pressure measurements by inverting a spherical Radon transform.
The problem has been thoroughly studied and numerous inversion methods are
available.

The assumptions underlying this approach are valid most of the time. Nonethe-
less, if we stray from them, a reconstruction using the inverse spherical Radon
transform may fail.

In the first main part of this thesis, we study the mathematical problems arising
when we try to relax these assumptions. Our main findings in this direction are as
follows.

- Free space assumption: When boundary conditions are imposed on the
medium, one cannot link the measured waves with the spherical Radon
transform of the unknown initial condition. However, using a dual ap-
proach, we show that it is still possible to reconstruct the initial pressure.
We also give results in the case of asymptotically small inclusions.
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Photoacoustics with boundary conditions.
Left : true energy distribution. Center : reconstruction using spherical Radon
transform. Right : reconstruction using our dual approach.

- View-limited data: Using geometric control tools, we show that, even with
measurements taken only on part of the boundary, one can reconstruct the
initial distribution theoretically with the same precision as in the full-view
case.

'L

Photoacoustics with boundary conditions and limited view.
Left : true energy distribution. Center : reconstruction using the dual
approach proposed in 4. Right : reconstruction using our control algorithm.

- Acoustic attenuation: We consider acoustic attenuation, with power-law
models (and their thermo-viscous approximation). Unaccounted for, it
can generate serious blurring in the reconstruction. We propose, for both
the free-space and the boundary conditions case, a correction based on
the asymptotic development of the attenuation effect (with respect to
attenuation intensity).
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Photoacoustics with attenuation.
Left : true energy distribution. Center : reconstruction using the dual
approach proposed in 4. Right : reconstruction using our asymptotic
correction.

- Random fluctuation of sound speed (around a constant): If the medium
is not acoustically homogeneous, we follow the approach proposed by G.
Papanicolaou and his co-authors. We develop a coherent interferometric-
like algorithm adapted to photoacoustics to correct the effect of medium
heterogeneity on photoacoustic image reconstruction.

Photoacoustics with cluttered sound speed.

Left : true energy distribution. Center : reconstruction using the dual
approach proposed in 4. Right : reconstruction using our CINT-like algorithm.

In a second time, we also deal with another inverse problem concerning light
propagation. The initial condition reconstructed solving the wave inverse problem is
easily linked to the absorbed EM energy density. It holds information on both the
intrinsic optical parameters of the medium and the illumination conditions/light
propagation. To obtain a more relevant image, we have to extract the intrinsic
information. To proceed, we can model light propagation in different ways. Our
main results in this second direction are as follows.

- Radiative transfer model: We prove stability estimates on the optical
coefficients given the Albedo operator which maps illumination conditions
to absorbed energy density (solution of the wave inverse problem).

- Diffusion model: We propose a method to estimate the size and absorption
coefficient of small inclusions from the absorbed energy.
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The thesis is organized as follows. In Chapter 1 we focus on imaging of small
absorbers. In the time domain, we develop an original algorithm to estimate accu-
rately the positions of the inclusions. We then develop asymptotic formulae to get
the product of the size of the inclusions times the absorbed energy.In the Fourier
doamin, we propose two methods for reconstructing small absorbing regions inside a
bounded domain from boundary measurements of the induced acoustic signal. The
first method consists of a MUItiple SIgnal Classification (MUSIC)-type algorithm
and the second one uses a multi-frequency approach. We also show results of com-
putational experiments to demonstrate efficiency of the algorithms. In Chapter
2 we propose, in the context of small-volume absorbers, two methods for recon-
structing the optical absorption coefficient from the absorbed energy density. In
Chapter 3 we consider the inverse problem of identifying locations of point sources
and dipoles from limited-view data, for the wave equation . Using as weights par-
ticular background solutions constructed by the geometrical control method, we
recover Kirchhoff-, back-propagation-, MUSIC-, and arrival time-type algorithms
by appropriately averaging limited-view data. We show both analytically and nu-
merically that if one can construct accurately the geometric control, then one can
perform imaging with the same resolution using limited-view as using full-view
data. Chapter 4 is devoted to photo-acoustic imaging of extended absorbers. We
provide algorithms to correct the effects of imposed boundary conditions and that
of attenuation as well on imaging extended absorbers. By testing our measurements
against an appropriate family of functions, we show that we can access the Radon
transform of the initial condition of the acoustic wave equation, and thus recover
quantitatively the absorbed energy density. We also show how to compensate the ef-
fect of acoustic attenuation on image quality by using the stationary phase theorem.
Chapter 5 presents a coherent interferometric strategy for photo-acoustic imaging
in the presence of random fluctuations of the speed of sound. Chapter 6 develops
an inverse transport theory with internal measurements to extract information on
the optical coefficient from knowledge of the absorbed energy density. It provides
stability estimates for the reconstruction. Chapter 7 investigates a topological de-
rivative based anomaly detection algorithm. A stability analysis with respect to
both medium and measurement noises as well as a resolution analysis are derived.

The seven chapters of this thesis are self-contained and can be read indepen-
dently. Results in this thesis will appear in [7, 8, 6, 9, 10, 27, 11].






CHAPTER 1

Mathematical Modelling in Photo-Acoustic
Imaging of Small Absorbers

1.1. Introduction

The photo-acoustic effect is the physical basis for photo-acoustic imaging; it
refers to the generation of acoustic waves by the absorption of optical energy [135,
72]. In photo-acoustic imaging, energy absorption causes thermo-elastic expansion
of the tissue, which in turn leads to propagation of a pressure wave. This signal
is measured by transducers distributed on the boundary of the object, which is in
turn used for imaging optical properties of the object.

In the last decade or so, work on photo-acoustic imaging in biomedical applica-
tions has come a long way. The motivation is to combine ultrasonic resolution with
high contrast due to optical absorption. In pure optical imaging, optical scattering
in soft tissues degrades spatial resolution significantly with depth. Pure optical
imaging is very sensitive to optical absorption but can only provide a spatial reso-
lution on the order of 1 cm at cm depths. Pure conventional ultrasound imaging is
based on the detection of mechanical properties (acoustic impedance) in biological
soft tissues. It can provide good spatial resolution because of its millimetric wave-
length and weak scattering at MHz frequencies. The significance of photo-acoustic
imaging combines both approaches to provide images of optical contrasts (based on
the optical absorption) with the ultrasound resolution.

In this chapter, we propose a new approach for reconstructing small absorb-
ing regions and absorbing energy density inside a bounded domain from boundary
data. We also consider a problem of selective detection, which is to locate a tar-
geted optical absorber among several absorbers from boundary measurements of
the induced acoustic signal.

We first consider the problem of identifying absorbing regions from boundary
measurements. It turns out that the spherical waves centered at some points, which
we call probe waves, may serve as solutions to adjoint problems to the wave equation
for the photo-acoustic phenomena. By integrating the boundary measurements
against such a spherical wave, we can estimate the duration of the wave on the
absorber. Then, by choosing a few waves centered at different points and taking
the intersection of durations of these waves, we can estimate the location and size
of the absorber pretty accurately.

We then turn our attention to selective detection and propose two methods to
localize the targeted absorber. The first method is based on a MU]Itiple SIgnal Clas-
sification (MUSIC)-type algorithm in conjunction with a time reversal technique,
namely, back-propagation of the acoustic signal [62, 63, 71, 4]. This method works
when the absorbing coefficient of the targeted absorber is in contrast with those of

15



16 1. PHOTO-ACOUSTIC IMAGING OF SMALL ABSORBERS

other absorbers. We also investigate the focusing property of the back-propagated
acoustic signal. An alternative method of selective detection is based on the fact
that the absorbing coefficient may vary depending on the frequencies. Some ab-
sorbers are transparent at a certain frequency, while they are quite absorbing at
other frequencies. This phenomenon causes a multi-frequency approach to detect a
targeted absorber. We propose a detailed implementation of this multi-frequency
approach.

These methods are tested numerically using simulation data. Computational
results clearly exhibit their accuracy and efficiency. It should be emphasized that
all the methods proposed in this chapter are derived using approximations which
are valid under the assumption that the optical absorbers are of small size.

The chapter is organized as follows: In Section 1.2, we formulate the mathemat-
ical problems (in a bounded domain) and review known results of reconstruction
using the spherical Radon transform in free space. In Section 1.3 we propose a
reconstruction method using probe waves. Section 1.4 investigates the focusing
property of the back-projected signal. Section 1.5 is devoted to the selective de-
tection. Section 1.6 presents the results of computational experiments, and the
chapter ends with a short discussion.

1.2. Mathematical Formulation

Let D;,l = 1,...,m, be m absorbing domains inside the non-absorbing back-
ground bounded medium © C R? d = 2 or 3. In an acoustically homogeneous
medium, the photo-acoustic effect is described by the following equation:

9%p 9 OH
(1.1) w(m,t) —c*Ap(z,t) = fyﬁ(x,t), x €, te]—o0,+0]

where c¢ is the acoustic speed in 2, v is the dimensionless Griineisen coefficient in
Q, and H(x,t) is a heat source function (absorbed energy per unit time per unit
volume).

Assuming the stress-confinement condition, the source term can be modelled
as vH(x,t) = 0(t) >, xp,(®)Ai(x). Here and throughout this chapter xp, is the
indicator function of D;. Under this assumption, the pressure in an acoustically
homogeneous medium obeys the following wave equation:

9%p 9
(1.2) W(m,t) —cAp(z,t) =0, ze€Q, t€]0,T],
for some final observation time T'. The pressure satisfies either the Dirichlet or the
Neumann boundary condition

(1.3) p=0 or @:0 on 90x]0,T]
ov
and the initial conditions
1.4 —0 = A d — = in Q.
(1) oo =D o) Aie) and gl =0

Here and throughout this chapter, v denotes the outward normal to 0. It is
worth emphasizing that both the Dirichlet and Neumann boundary conditions in
(1.3) yield good mathematical models in practice.
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The inverse problem in photo-acoustic imaging is to determine the supports of
nonzero optical absorption (D;, l =1,...,m) in Q and the absorbed optical energy
density times the Griineisen coefficient, A(z) = >°)"; Ai(z)xp, (), from boundary
measurements of % on INx]0, T if p satisfies the Dirichlet boundary condition,
and p on 90 x]0, T'[ if p satisfies the Neumann boundary condition. We will assume
that T is large enough that
(1.5) 7 > dam(@)

c
which says that the observation time is long enough for the wave initiated inside
to reach the boundary 0f2.

The density A(x) is related to the optical absorption coefficient distribution
pa(z) =312, (@) xp, (z) by the equation A(z) = ypuq(2)®(z), where ® is the light
fluence. The function ® depends on the distribution of scattering and absorption
within 2, as well as the light sources. The reconstruction of the optical absorption
coefficient distribution p,(x) from A(x) is therefore a non trivial task. It will be
considered in Chapter 2.

Suppose d = 3 and consider the wave equation

2
%(m,t) — A Ap(z,t) =0
in free space with the initial conditions p = Y;"; xp, A;(z) and dyp = 0 at t = 0.
The pressure p in this case can be written explicitly as

Pl t) = 2 [i [ xe A s

dt 4|z — 2’|
or, equivalently,

c d

(1.6) p(ﬂ%t)zga[tz /| ,l xDl<x+cta:’>Az<x+cm’>dS(x'ﬂ,
=17 2"1=1

where dS is the surface area element on the unit sphere, since ¢?t?dS(z') = do(x').
Formula (1.6) says that ¢~1t~! fg p(z,T)dT is the spherical Radon transform of
A(z). Hence, we can reconstruct A by inverting the spherical Radon transform.
We refer the reader to the papers [1, 2, 96, 133, 80, 81, 3| for uniqueness of the
reconstruction and back-projection inversion procedures. See also [110] and [131],
where the half-space problem has been considered.

The main purpose of this chapter is to deal with the difficulty caused by im-
posing boundary conditions and to develop new methods to reconstruct absorbing
regions and their densities. We propose a method related to the time-reversal tech-
nique [71] for reconstructing A. We will also show the focusing property of the
back-propagated acoustic signal and provide two different methods for locating a
targeted optical absorber from boundary measurements of the induced acoustic sig-
nal. The first method consists of a MUSIC-type algorithm, while the second one
uses a multi-frequency approach. It is worth mentioning, in connection with our
reconstruction methods, the nice analysis of the sensitivity of a photo-acoustic wave
to the presence of small absorbing objects in [72].
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1.3. A Reconstruction Method

The algorithms available in the literature are limited to unbounded media.
They use the inversion of the spherical Radon transform. However, since the pres-
sure field p is significantly affected by the acoustic boundary conditions at the
tissue-air interface, where the pressure must vanish, we cannot base photo-acoustic
imaging on pressure measurements made over a free surface. Instead, we propose
the following algorithm.

Let v satisfy

Pv .
(1.7) 72 ¢ Av =0 1in Qx]0,T7],
with the final conditions
ov .
(1.8) V|t=r = Eri =0 in €,

which is an adjoint problem to (1.2)-(1.4). We will refer to v as a probe function
or a probe wave.

Multiply both sides of (1.2) by v and integrate them over Q x [0, T]. After some
integrations by parts, this leads to the following identity:

(1.9) / /m (¢,1) do () dt = Z/D )00 (x, 0)dz.

Here we assume that p satisfies the Dirichlet boundary condition.
Suppose first that d = 3. For y € R3\ Q, let

o(t+r—l2u)
(1.10) vy(x,t;7) = prp— in Qx]0, T,

where ¢ is the Dirac mass at 0 and 7 > is a parameter. It is easy to check
that v, satisfies (1.7) (see, e.g., [76, p. 117]). Moreover, since
|z — y| < diam(Q) + dist(y, 0Q)

for all z € Q, v, satisfies (1.8) provided that the condition (1.5) is fulfilled.
We write

dist(y,00)

D; =z + By,

where z; is the “center” of D, B; contains the origin and plays the role of a reference
domain, and ¢ is the common order of magnitude of the diameters of the Dj.
Throughout this chapter, we assume that z;’s are well-separated, i.e.,

(1.11) |zi — 25l > Co Vi#j
for some positive constant Cy. Suppose that

N

1 .
(1.12) A= ﬁag” Az — ),
l31=0 "
which is reasonable as Dj is small. Here, j = (j1,...,jq4), @/ = a3*- xfid, and

jl'= 71!+ ja4!. Equation (1.12) corresponds to a multipolar expansion up to order
N of the optical effect of Dj.



1.3. A RECONSTRUCTION METHOD 19

Choosing v, as a probe function in (1.9), we obtain the new identity
(1. 13)

(l) j Ip
QZ Z 9 / (z = 21)Drv, (. 0; de—/ 5@ O t7) do(z) d.

=1 |j|=0

Determination of location. Suppose for simplicity that there is only one ab-
sorbing object (m = 1), which we denote by D(= z + ¢B). Identity (1.13) shows
that

T
(1.14) T / %(x, t)vy (z,t;7) do(x) dt
o9

is nonzero only on the interval |7,,7.[, where 7, = dist(y, D)/c is the first 7 at
which the sphere of center y and radius 7 hits D and 7. is the last 7 at which
that sphere hits D. This gives a simple way to detect the location (by chang-
ing the source point y and taking the intersection of spheres). The quantity
fo 0% au (x,t)vy(z,t; 7) do(z) dt can be used to probe the medium as a function
of 7 and y. For fixed y, it is a one-dimensional function and it is related to time
reversal in the sense that it is a convolution with a reversed wave.

Let us now compute [, (x — 2)70yvy(2,0; 7)dx for T €]7q,7e[. Note that, in a
distributional sense,

5/( ‘Tcy‘)
(115) 8t11y($,0;7') = W

Thus we have

/D(a:—z)jatvy(a:,();r)dxz/ %5' <7‘— |x;y|>d

we get by a change of variables

Letting s = |z — y| and 0 = |;_y|’
(1.16)

, 1 [T .
/(x—z)ﬂatvy(x,O;T)dx: —/ 8/ XD(SO'—Fy)(SO'—I—y—Z)J(S/(T—f) ds do,
D 47 0 S2 C

where S? is the unit sphere.
Define for multi-indices j,

b;j(D,t;71) = /52 xp(c(t —t)o +y)(c(r —t)o +y — z)jdo.

Note that the function b;(D,¢; 7) is dependent on the shape of D (b; is related to
the moment of order j of the domain D). If we take D to be a sphere of radius
r (its center is z), then one can compute b;(D,t;7) explicitly using the spherical
coordinates.

Since

/0+°°S/S2 xp(so+y)(so+y—2)78 (1 — Z) dsdo = —c %{(T—t)bj(D,t;T)}

it follows from (1.16) that

)
t=0

2

. c
[ = 2P0, w.0:m)de = S (0,(D.0:7) = (D, 0:7),

™
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where b;» is the derivative with respect to t. We then obtain the following theorem
from (1.13).

THEOREM 1.1. For 7 €]7,, 7,

(1.17)
N
417r > OZ, (b;(D.0;7) — 70(D, 0 7) / B af(“ By, (2, 7) do () dt.

If the Dirichlet boundary condition (1.3) is replaced by the Neumann boundary
condition

(1.18) % =0 on 002x]0,T],

then (1.17) should be replaced by

(1.19)
1 X g Ovy
LS~ % (D,0:7) — (D, 0: 7)) / 9 (ot Pyl t) dor () di.
47 1j]=0 il le) ov

Estimation of absorbing energy. Now we show how to use (1.17) for estimating
a) and some geometric features of D when the location z of D has been determined
by the variations of the function in (1.14). Suppose that N = 0, i.e., A is constant
on D. Then (1.17) reads

1
700 (bo(D,0;7) — by (D, 0;7) / /{m (x,t)vy(z,t; 7) do(z) dt.

Note that bo(D,0;7) — 7b((D, 0; 7) for 7 > 0 is supported in 74, 7e]. We then have

dr ).
Te T ap
(1.20) = / / — (z, t)vy (2, t;7) do(x) dt‘ dr.
Ta 0 o0 v
If we further assume that D = z 4+ ¢B for small ¢ and a sphere B of radius 1,

then we can compute bo(D, t; 7) explicitly. In fact, one can show that
(1.21)

dr

bo(D,0;7) — by (D, 0;7)

e? — (lz —yl — 7 —1))?
bo(D,t,7) = clz —yllr -1

0 otherwise,

it —e<|z—y|l—dr -t <e¢,

and hence we deduce ¢, = |z —y| — ¢, ¢7e = |2z — y| + ¢, and

27(|z — y| — 1)

bo(D,0,7) — 7by(D,0,7) =
0( ) 0( ) |Z—y|

for 7 > 0. Therefore, easy computations show that

(1.22) lag|e? =~ c|z—y|/ (x vy (z, t;7) do(x) dt | dr,

o Joo 31/

which gives an approximation of |ag|e?. Higher-order approximations can be ob-
tained from (1.17) as well.
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Suppose now d = 2. Due to the two-dimensional nature of the Green function,
we consider a new probe wave given by

(1.23) vo(, t;7) =5(t+7—@>

where 6 € S, (-,-) denotes the Euclidean scalar product, and 7 is a parameter
satisfying
(<$, 0>)
T>max| ——|.
e C
We can still use the function

T 8])
T / —(z,t)vg(z,t;7) do(x) dt
o Joq OV

to probe the medium as a function of 7. This quantity is non-zero on the interval
74, Te[, where 7, and 7. are defined such that planes (z,0) = c¢r for 7 = 7, and 7,
hit D. Changing the direction § and intersecting stripes gives us an efficient way
to reconstruct the inclusions.

By exactly the same arguments as in three dimensions, one can show that

’ dp
(1.24) - l;o -b5(D,0;7) / . ay(x tyvg(z, t;7) do(x) dt,
where
(1.25) bij(D,t;T) := / xp(c(T — )0 4+ ubt)(c(r — 1) + ubd*+ — 2)’du.
R

Assuming N = 0 and D = z 4 ¢B, we can compute by explicitly. We have
(1.26)

bo(D, t;7) = 2/ — (et —t]— (z,0)2  if —e<(2,0) —c|r —t| <,
0 otherwise.

Since ¢ty = (2,0) — €, c1o = (2,0), and ¢, = (2, 0) + €, we get

c [T
(1.27) lagle = 1 /Ta

The above formula can be used to estimate |agle.
In the case when there are m inclusions, we first compute for each [ the quantity

(1.28) 01,best = argmax <m1n |{z; — 21, 9>|>
oclo,x] \I7#!

T
/ Op (z,t)vg(z,t;7) do(z) dt| dr.
o Jog Ov

and then, since along the direction 6 pest, the inclusion D; is well separated from
all the other inclusions, we can use (1.27) to estimate its |agle.

To conclude this section, we make a few remarks. We first emphasize that
probe functions other than those in (1.10) and (1.23) can be used.

If the medium contains small acoustic anomalies, then the effect of the inho-
mogeneity of acoustic speed can be neglected when the anomalies are away from
the optical absorbing domains. However, we need to correct this effect when the
anomalies are close to or on the absorbing region. In this case, the probe function
vy has to be corrected and this correction can be constructed by using the inner
expansions derived in [15]. See also [4].
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Let us digress a little to the problem posed in free space. Let ) be a large
domain containing the support D of the nonzero absorption. We can check from
the explicit formula (1.6) for p that

/ /{m (31/ (@ oy (@, 7) = pl2, t)%V (@, T))do(x)dt

N
.
7]! - (bj(D,0;7) — 7b5(D, 05 7)),
31=0

1
4
which shows the consistency of our approach with the free space problem.

1.4. Back-Propagation of the Acoustic Signals

If we separate out the time dependence of p, the solution to (1.2)-(1.4), by
expanding p(z,t) into a set of harmonic modes, then, for a given frequency (, the
harmonic mode p(z, ¢) satisfies the Helmholtz equation

(1.29) —(C*+ A =iC ZXDlAl in Q,

with the boundary condition

p=0 or @20 on 0f).
v

Suppose that —(?/c? is not an eigenvalue of A in Q with the Dirichlet or the
Neumann boundary condition. The inverse problem we consider in this section is
to reconstruct A = Eﬁl xp,A; from the measurements of % or p on 9.

In this section, we show the focusing properties of the back-propagated acoustic
signals. To do so, let I', (), for y € R?\ Q, be the fundamental outgoing solution

—(C2+2A)in RY, ie.,

—(C 4 ATy (x) = Gpey

subject to the outgoing radiation condition. It then follows from the divergence
theorem that

zcz @dr = [ (.0

As before, suppose that D; = z; + By, where ¢ is small. Then, we have
(1.30)

op
o0 8VT

ary 2
5, (@)do(@)—c —— (@, Ty (2) do(z).

. & / (@, 0) ‘9;5 (@)do(z)  if % —0 on o9,
iy 1D A=)y (=) =~ - 95
=1 — [ L or,(x)do(x)  ifp=0 ond.
o OV
For R large enough, let Si := {|y| = R}. Set
. / ﬁ(x,g)%(x)da(x) it ? ~0 ondQ,
(1.31) H(y) := _% x g oo v v
— | Z(z,0T,(z)do(z) ifp=0 ondQ,
o0 OV

and a; = |D;|A;(z). Note that, for any y € R?\ Q, the function H(y) can be
computed from the boundary measurements of p.



1.5. SELECTIVE DETECTION 23

Back-propagating p corresponds to computing

w wee [T - S er] d). zeo

where H is defined in (1.31) (see, e.g., [4]). Since from (1.30)

Hiy)~ S gl ()
=1

for y in a neighborhood of Sr, we have

(1.33)

= ar, or, SN
W)=Y [ |G - )] de) =23 msmr ()

Thus it is now easy to find the locations z;, [ = 1,...,m, as the points where the
functional W has its maximum. Equation (1.33) shows that the reversed signal fo-
cuses on the locations of the absorbers with a resolution determined by the behavior
of the imaginary part of the Green function.

1.5. Selective Detection

The purpose of selective detection is to focus high-intensity ultrasound toward
a targeted optical absorber in biological tissue, based on the back-propagation of
photo-acoustic waves generated by this optical absorber [74]. The main difficulty
in focusing toward a targeted optical absorber is that photo-acoustic waves are
generated by other optical absorbers in the medium as well. In this section we
propose two methods of different natures to overcome this difficulty.

1.5.1. MUSIC Algorithm. Here, we use the same notation as in Section 4.
Suppose that, for some ly, D, is a targeted optical absorber and its coefficient «y,
is known. However, its location z;, is not known. Suppose also that

(1.34) |0¢lo| >C, |0¢lo — Oél| >C, YI#l,

for some positive constant C'. This means that «;, is significantly different from the
coefficients associated with all the other absorbers in the medium. The locations
and the oy’s of all the other absorbing inclusions (D; for I # ly) are not known.

To localize the absorbing object D;, without knowing any of the others, we
compute the following quantity for z € Q:

1
@, —4mct [ Ty(2)H(y) do(y)

Let k = % for simplicity of notation. Recall that in three dimensions

(1.35) Wi, (2) =

eik‘yfz‘ eik‘y‘ 77;]6%%
Y
)

r = ~
v(2) drc?ly — 2| Amc?|y| ¢

if Jy| is sufficiently large, while in the two-dimensional case

ik|y|+in /4 _
HV (kly — 2)) m e T,

2¢2\/2kr|y|

)
Fy(z) = 12
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Therefore, in three dimensions we have for large R

1 1 sinklz — 2]
1“1 - ‘y‘ (z—z1)
/SR ATy () do(w) ~ i / e do(y) = oo

and hence

— " __sinklz—z
47704/8 I'y(2)H(y) do(y) = ZTM
R

This yields
Wi, (2) =

— —sink|z—z| °
alO_Zl a klz—2z]

Therefore, thanks to assumption (1.11), we have

(1.36) Wi, (2) = > 1 for z near z;,.

Z —sink|z—z|
1#lo M " Rz—2]
We also have from assumption (1.34)

1

—sin k[z—2|
g, — Zl (A oy klz—z]

It then follows that z;, can be detected as the point where the functional W, has
a peak. This is a MUSIC-type algorithm for locating the anomalies.
In the two-dimensional case, we compute for large R

= 1 —ikL(z—2) 1
\v\
[ T do ~ g | do(y) = g Jo(Hlz — =),

where J is the Bessel function of the first kind of order zero. It then follows that

thet [ DI dow) ~ 3wl — =)

In two dimensions, define W;, by

(1.37) Wi, (2) =~ =0(1) for z away from z,.

Wi, (2) = ar, — ket [¢ Ty(2)H(y) do(y)’

As in the three-dimensional case, the behavior of the function Jy yields

1
2121, o (klz — z])

Wi, (2) ~

> 1 for z near z,

and
1

@, = 2 ado(klz — z1l)
Therefore, exactly as in three dimensions, z;, can be detected as the point where
the functional W, has a peak.

Note that one does not need the exact value of «;,. One can get an approx-
imation of ay, by looking numerically for the maximum of the function F(z) =

s Tu(2)H(y)do(y).

Wlo (Z) ~

=0(1) for z away from z,.
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1.5.2. Multi-Frequency Approach. An alternative method for isolating
the photo-acoustic signal generated by the targeted optical absorber from those
generated by the others is to make use of two light pulses with slightly different
excitation wavelengths, wy and wsy, tuned to the absorption spectrum of the tar-
geted optical absorber. If the wavelengths are such that w; corresponds to a low
value (that can be neglected) of the absorption coefficient of the optical target and
wo to a high value of the absorption coefficient of the optical target, then the only
difference in photo-acoustic waves generated in the medium by the two different
pulses corresponds to the photo-acoustic waves generated by the light pulse selec-
tively absorbed by the optical target (see, e.g., [74, 130]). Back-propagating this
signal will focus on the location of the optical target [74].

Suppose that there are two absorbers, say, D and D2, and assume that

(1.38) |D2| < 1,

(1.39) dist(D1, D2) > C > 0,

which means that Dy is small and D; and Dy are apart from each other.

Let ®; and @5 be the light fluences corresponding, respectively, to illuminating
the medium with excitation wavelengths wi and wy. If we take ws close to wy, then
due to the assumptions (1.38) and (1.39) we have

(1.40) w1 (T, w1)®1(z) ~ pa(z,wo)Po(x) in Dy.

The pressures generated by the photo-acoustic effect are given by

a;p; (z,t) — FApi(2,t) =0, z€Q, t€]0,T],
p1=0 or % =0 on 002x]0,T],
P1le=0 = p(z,w1)xp, @1 and % L, =0 &,
and
882522 (z,t) — Apa(2,t) =0, 2€Q, t€)0,T]
p2=0 or % =0 on 00x]0,T7],
pali—o = (p1 (2, w2)X D, + p2(, w2)Xp,)P2 and % _, =0 mn®

For the sake of simplicity we work in the frequency domain. In view of (1.29),
the difference between the generated pressures po — p; at frequency ¢ can be ap-
proximated for = € € as follows:

G(z,z) in the case of the

Dirichlet boundary condition,
(P2—p1)(z, Q) = iC|Da|p2(z, w2) Pa(2) x
N(z,z) in the case of the

Neumann boundary condition,
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where G is the Dirichlet function
—(C%2 +2A)G(x,2) =0, inQ,
G=0 on 09,

and N is the Neumann function

—(¢? 4+ AA)N(z,2) =0, in Q,

ON
E =0 on 8(2

Here we assume that —¢? is not an eigenvalue of A in  with Dirichlet or Neumann
boundary condition.
Define, as in (1.31), H by

or
/ (P2 — ﬁl)(x)a—y(x)da(x) in the case of the Neumann
o0 14
H(y) == _@ boundary condition,
‘ _/ M@)Fg/ (z) do(x) in the case of the Dirichlet
o0 61/
boundary condition.

Back-propagating ps — py yields

2ADalia(zopa()3n ) = [ |G -G )] do) foreen

Here, R is large enough and Sk = {|z| = R}, as before. This equation shows that
the reversed frequency-difference signal focuses on the location z of the targeted
optical absorber. Using the equation we can reconstruct the location z with a
resolution given by the behavior of the imaginary part of the Green function and a
signal-to-noise ratio function of the quantity |Da|ua(z, wa)Pa(z).

1.6. Numerical Examples

1.6.1. Reconstruction Algorithm. We have performed numerical simula-
tions to validate our approach. Data used were obtained by numerically solving the
two-dimensional photo-acoustic equation (1.1) (with the Dirichlet boundary condi-
tion) with a finite-difference in time-domain method. The modelled medium was
an acoustically homogeneous square (40 mmx40 mm) with ¢ = 1.5mms~!. The
spatial step was 10 pm, and the temporal step was 9.3 ns. These steps were chosen
to allow the modelling of the temporal Dirac in the heat function by a gaussian
impulse with full width at half maximum of 250 ns. In order to have accurate
Neumann boundary data on the time interval |0, T'[, 4000 captors (spatial step=10
um) were aligned on each edge of the square, taking 7500 measures of % over
a total time length 7' of 70us (time step=9.3 ns). In our further computations,
derivatives were obtained using the finite difference approximation, integrals using
the trapezium approximation, and we approximated [ f(¢)d(t—to)dt by the nearest
discrete value of f(tg). Note also that the 7500 measures of % were only used to
interpolate very accurately the integral in the quantity defined by (1.14). It has
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(a) Real configuration of the medium. (b) Reconstructed image of the medium. In-
There are seven optical inclusions. clusions 6 and 7 are reconstructed as a single

inclusion.
FIGURE 1.1. Real and reconstructed configurations of the medium.

been checked that using 1/1000 of the data (1/10 in time and 1/10 in each space
component) still yields satisfactory reconstruction results.

A first set of data was used to validate the reconstruction algorithm. Inside
the medium were several unknown inclusions of various size and absorption. The
initial situation is shown in Figure 1(a).

We computed the probe function for K=360 values of § and L=800 values of
7. Then, taking the intersection of all the zero-stripes, we obtained a binary image
of the medium. We also determined the gravity centers of the inclusions. The
reconstructed image is shown in Figure 1(b). Gravity centers of the real and recon-
structed inclusions are shown in Figure 1.2. First we notice that our reconstruction
method cannot distinguish between the too-close inclusions 6 and 7.

As can be observed, results are quite accurate. Ignoring inclusions 6-7, the
mean error on the positions is less than the pixel size of our image (0.074 vs. 0.08).

F1GURE 1.2. Gravity centers of actual and reconstructed inclusions.

1.6.2. Back-Propagation Algorithm. To test the back-propagation algo-
rithm, we simulated data based on the Helmholtz equation (1.29) by using a finite
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element method. For all the simulations, we used frequency ¢ = 5Mrads~!. Note
that we could not use the same space-time data as in the reconstruction algorithm
since the time length of these data is limited. Because we have only access to
p(z,t) for t €]0; T, taking the discrete Fourier transform of these data would not
give p(x, (), but p is acquired by convolution with the sinc function.

We first applied the back-propagation algorithm on data generated by seven
inclusions of radius 1Imm. Each inclusion has a similar absorbed energy ag = 1.
The actual configuration and the resulting image of W(z) are shown in Figure 1.3.

FiGURE 1.3. Back-propagation simulation. Left: Actual configu-
ration. Right: Plot of W(2).

1.6.3. Selective Detection.

1.6.3.1. MUSIC Algorithm. We first tested the MUSIC algorithm on a simple
situation with only one inclusion. In Figure 1.4, we give the initial situation, the
reconstruction function F'(z) = fSR I'y(2)H (y)do(y), which is close to the time-
reversal philosophy [4], and the MUSIC function Wi, (z), which has a sharp peak
around the inclusion.

We then simulated data with different energies to verify that the MUSIC al-
gorithm could selectively distinguish an inclusion whose absorbed energy is very
different to that of any other inclusion. Results, shown in Figures 1.5 and 1.6,
are quite satisfying since we could separate the contrasted inclusion among seven
inclusions, even with contrast equal to two.

1.6.3.2. Multi-Frequency Approach. We simulated 2 sets of data corresponding
to the situation described in Section 1.5.2. We assumed that inclusion six was
totally transparent at wavelength w; but appeared just like the other inclusions at
wo. As expected, one can see in Figure 1.7 that the algorithm managed to isolate
inclusion 6.

1.7. Concluding Remarks and Extensions

In this chapter, we have provided a new method for reconstructing small absorb-
ing inclusions inside a bounded medium where boundary conditions are imposed.
Because of the acoustic boundary conditions, the spherical Radon inverse trans-
form cannot be applied. Our approach is to make an appropriate averaging of the
measurements by using particular solutions to the wave equation. It is related to
time reversal in the sense that it is a convolution with a reversed wave. It has been
validated by numerical simulations.
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FIGURE 1.4. Selective detection: MUSIC simulation with a single
inclusion. Top left: actual configuration. Top right: plot of F'(z).
Bottom: plot of W, (2).

MUSIC peak

FIGURE 1.5. Selective detection: MUSIC simulation with seven
inclusions, and contrast=10.

In the case where the time-dependence of the induced pressure by the photo-
acoustic effect can be separated out, we have designed a back-propagation algo-
rithm to detect the absorbers. Its resolution is determined by the behavior of the
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T music peak

FIGURE 1.6. Selective detection: MUSIC simulation with seven
inclusions, and contrast=2.

Initial situation at Initial situation at c,

FIGURE 1.7. Selective detection: Multi-frequency approach re-
sults. Inclusion 6 is transparent at one frequency (top left), is
seen at other frequency (top right), and hence is separated (bot-
tom).

imaginary part of the Green function of the acoustic medium. To isolate the photo-
acoustic signal generated by a targeted optical absorber from those generated by
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the others, we developed two different approaches: the first approach is of MUSIC-
type and the second one is a multi-frequency approach. These two approaches have
the same resolution.

All the algorithms designed in this paper can be extended to the case where
the acoustic background medium is heterogeneous but known.

An important problem is to develop a stable and accurate method for recon-
structing the optical absorption coeflicient from the absorbed energy. This will be
the aim of Chapter 2.

Our approach extends to the case where only a part of the boundary is ac-
cessible. If we suppose that the measurements are only made on a part I' of the
boundary 0f2, then the detection of the absorbers from these partial measurements
holds only under an extra assumption on 7" and I'. The geometric control theory
[28] can be used to construct an appropriate probe function in the limited-view
data case. This will be discussed in Chapter 3. We also intend to generalize in
Chapters 4 and 5 our inversion formula to the case where the medium is acousti-
cally inhomogeneous (contains small acoustical scatterers and/or in the presence of
attenuation).






CHAPTER 2

Reconstruction of the Optical Absorption
Coefficient of a Small Absorber from the
Absorbed Energy Density

2.1. Problem Formulation

Photo-acoustic imaging is an emerging imaging technique that combines high
optical contrast and high ultrasound resolution in a single modality. It is based on
the photo-acoustic effect which refers to the generation of acoustic waves by the
absorption of the optical energy. See, for instance, [135, 72, 110, 112].

In photo-acoustic imaging, the absorbed energy density can be reconstructed
from boundary measurements of the induced pressure wave; see Chapter 1. How-
ever, in general, it is not possible to infer physiological parameters from the ab-
sorbed energy density. It is the optical absorption coefficient that directly correlates
with tissue structural and functional information such as blood oxygenation. See
[139, 99, 129].

Let D be an absorbing domain inside the non-absorbing background bounded
medium Q C R3. Let xp be the characteristic function of D. The absorbed
energy density A(z) is related to the optical absorption coefficient distribution
ta(x) = paxp(x), where p, is a constant, by the equation A(x) = p.(z)®(x),
where ® is the fluence. The function ® depends on the distribution of scattering
and absorption within 2, as well as the light sources. Suppose that ps, the reduced
scattering coefficient in €2, is constant. Based on the diffusion approximation to the
transport equation, ® satisfies

1 1
2.1 ,uax——V-7V)<I>x:O in Q,
& ( )3 fra () =+ i (@)
with the boundary condition
0P
(2.2) o +1® =g on o

See, for instance, [22, 89]. Here, v denotes the outward normal to 92 and g denotes
the light source and [ a positive constant; 1/l being an extrapolation length.

Since A is a nonlinear function of p,, the reconstruction of u, from A is there-
fore a non-trivial task and of considerable practical interest.

In [112], a formula to reconstruct small changes in the absorption coefficient is
given. A fixed-point algorithm has been designed in [58, 57] in a more general case.
The algorithm starts with an initial guess for the absorption coefficient. Then, when
the (reduced) scattering coefficient distribution is known a priori, the light fluence
® is calculated using the diffusion approximation to the light transport model. As
long as the calculated and reconstructed absorption densities differ, these steps are

33
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repeated with an assumed absorption coefficient calculated from the quotient of the
reconstructed absorption density and the computed fluence distribution. When the
reduced scattering coefficient distribution is unknown, an optimal control approach
for estimating the absorption and reduced scattering coefficient distributions from
absorbed energies obtained at multiple optical wavelengths has been developed in
[56]. See, for instance, [99] for the validity of a multi-wavelength approach.

However, such iterative approaches are not appropriate to reconstruct the ab-
sorption coefficient of a small absorber. Suppose that the absorbing object D is
small. We write

D =z+¢B,

where z is the “center” of D, B is a reference domain which contains the origin,
and € is a small parameter. In this case, only the normalized energy density of the
absorber, e2A with ¢ being the radius of D, can be reconstructed from pressure
measurements; see Chapter 1.

The main purpose of this chapter is to develop, in the context of small-volume
absorbers, new efficient methods to recover u, of the absorber D from the nor-
malized energy density e24. We distinguish two cases. The first case is the one
where the reduced scattering coefficient u inside the background medium is known
a priori. In this case we develop an asymptotic approach to recover the normal-
ized absorption coefficient, £2/1,, from the normalized energy density using multiple
measurements. We make use of inner expansions of the fluence distribution ® in
terms of the size of the absorber. We also provide an approximate formula to sepa-
rately recover ¢ from pu,. However, this requires boundary measurements of ®. The
feasibility of combining photo-acoustic and diffusing light measurements has been
demonstrated in [136, 137].

The second case is when the reduced scattering coefficient ps is unknown. We
use multiple optical wavelength data. We assume that the optical wavelength de-
pendence of the scattering and absorption coefficients are known. In tissues, the
wavelength-dependence of the scattering often approximates to a power law. We
propose a formula to extract the absorption coefficient p, from multiple optical
wavelength data. In fact, we combine multiple optical wavelength measurements
to separate the product of absorption coefficient and optical fluence. Note that the
approximate model we use in this case for the light transport, which is based on
the diffusion approximation, allows us to estimate |D| independently from A and
therefore, the multi-wavelength approach yields the absolute absorption coefficient.

The chapter is organized as follows. In Section 2.2, assuming that us is known a
priori, we develop a method for reconstructing £2j1,(2) from 2 A(2). Then we show
how to separate € from p,(z). In Section 2.3, we provide in the case where p; is un-
known (and possibly varies in Q) an algorithm to extract the absorption coefficient
e from absorbed energies obtained at multiple optical wavelengths. Numerical
results are presented in Section 2.4 to show the validity of our inversion algorithms.
The chapter ends with a short discussion. For the sake of simplicity, we only con-
sider the three-dimensional problem but stress that the techniques developed here
apply directly to the two-dimensional case.
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2.2. Asymptotic Approach

In this section, we consider a slightly more general equation than (2.1) and
provide an asymptotic expansion of its solution as the size of the absorbing object
D goes to zero.

Recall that the fluence ® is the integral over time of the fluence rate ¥ which
satisfies

1 1 1 .
(23) (Eat + Na(x) - gv . mV)@(iﬁ) =0 inQx R,

where ¢ is the speed of light. Taking the Fourier transform of (2.3) yields that
d = ¢, where, for a given frequency w, ®,, is the solution to

tw 1 1
2.4 — o(x)— =V ————V |0, (x) = in Q,
(2.4) (c + pa(x) SV ua(x)+usv) () =0 in
with the boundary condition
D,
(2.5) 86—]/ +1d, =g on 0.

In the sequel, for any fixed w > 0 we rigorously derive an asymptotic expansion
of ®,,(2) as € goes to zero, where z is the location of the absorbing object D. The
results for nonzero w have their own mathematical and physical interests [72].

For simplicity, we assume that [ < C'\/ps for some constant C' and drop in the
notation the dependence with respect to w.

2.2.1. Asymptotic Formula. In this section we assume that us is a constant
and known a priori. Recall that the space dimension is taken as 3. Define ®(©) by

(z?w = 3;8 A><I>(O)(x) =0 1in Q,

subject to the boundary condition

$0)
8_ + 1900 = g on 0%,
ov
where g is a bounded function on 0f).
Throughout this chapter we assume that the location z of the anomaly is away

from the boundary 92, namely
(2.6) dist(z,00) > Cy

for some constant Cp.
Let N be the Neumann function, that is, the solution to

(E = SLAI>N(x,y) =—-J, inQ,
(2.7) MC_ Hs

— +IN =0 onof.

ov
Note that
(2.8) N(z,y) = N(y,z), x,y€Q, x#y.
Note also that

1
(2.9) 30w) =~ | g)N @) dolw). e,
s Joa
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Thus, multiplying (2.4) by N, using the symmetry property (2.8) and integrating
by parts, we readily get the following lemma.

LEMMA 2.1. For any x € ), the following representation formula of ®(x) holds:

(@ —0O)a) = p /D B(y)N(z, y) dy

1 1

g(ﬂa + ps

(2.10)

_i)/pr(y)-vyN(x,y)dy-

We now derive an asymptotic expansion of (& —®(©)(z), where z is the location
of D, as the size € of D goes to zero. The asymptotic expansion also takes the
smallness of p,/ps into account. Note that if the anomaly approaches 9€2, then the
expansion is not valid since the interaction between D and 02 becomes significant.

Let us first recall that the (outgoing) fundamental solution to the operator

Tw 1 tar ol
W EA is given by

C

—kl|z—y|

3us e
2.11 =
(2.11) Glay) =

where

_ T 3w
(2.12) k—exp(4z)\/ p

In particular, we have

w 1
(? = S—IMSAI>G(x,y) =—6,(z), xR
Thus, the function R;(x,y) := N(z,y) — G(z,y) is the solution to
w 1
- —Ax 9 =Y Qa
<c I )Rl(x y)=0, ze€
OR; oG

£y +IR, = _E_ZG on ON.

Observe that if y € D, then

< Cud?,

oG
HIGC ) e I
GGl (8Q)+H8Vx( v) Lo (59)

since, by assumption, [ < C’,/us for some constant C’.
It then follows from Lemma 2.7 in Appendix A that
(213) sup (2| Ru(@, )| + Cui* [V R (@,y)| + Cony ™V R (@, y)]) < Co

z,ye€D

for some constants (with different dimensions) C;,7 = 1,2, 3, independent of .
Note that if w = 0 then

sup ([Ri(z,y)| + C1[VR1(z,y)[ + Co| VV Ry (2, 9)))

z,yeD
0G )
L>(8%9)

(2.14) < (3 (l IGC W) e an) + Ha—%

('ay)

S C4l7
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where C;,i = 1,...,4, are independent of us, provided that (2.6) holds. See, for
instance, [67] for basic facts on the function spaces used throughout this chapter.

Let T'(z) := —1/(4w|z|) be a fundamental solution of the Laplacian in three
dimensions and let

(2.15) R(z,y) = N(z,y) = 3psL'(z —y).
Writing
R(z,y) = Ra(z,y) + (G(z,y) — 3pL'(z —y)),
we obtain the following lemma as an immediate consequence of (2.13).

LEMMA 2.2. Let R(x,y) be defined by (2.15). There are constants C;,i =
1,...,6 (with different dimensions) depending on Cy given in (2.6) such that for
all x,y € D,

(2.16) |R(x,y)| < C1pd/?,

3/2
(217) VRl y)] < Catid + Cor s

2 3/2

(2.18) V.V R(z,y)| < Capd/? + Cs o 4 oL

|z =yl |z —yl
provided that e\/1s is sufficiently small.

Let us now introduce some notation. Let
(2.19) n(x) ::/ N(z,y) dy, =z € D,
D

and define a multiplier M by

(2.20) MIfI() = pran(z) £ (2).
We then define two operators N and R by

NTF1(@) = Btagss /D (f(y) — F())T(x — ) dy

(2.21) =) [ V1) V,ra -,
RU) = o | (1) = F@) RGa.) dy
(2.22) S =0 [ VI VR do

In view of Lemma 2.2, the equation (2.10) then can be rewritten as
(2.23) (I — M)[®] — (N +R)® =3 onD,

where I is the identity operator.
The following lemma is proved in Appendix B.
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LEMMA 2.3. Let p > 3 and q be its conjugate exponent, i.e., 1/p+ 1/q = 1.
Then there is a constant C' depending on Cy given in (2.6) such that

(2.24) IVl ey < Ce <62uaus + %) IV fllLe (D),
229 IVl < © (o + 22 ) 197 1o
(2.26) IR0y < C VT (onee® + 22 ) 1951100
220 IVRUll) < Covi (o + 22 ) IV o)
Note that
(2.28) Inllpeo) = O(0s) and [V~ (p) = Oleps).
We also note the simple fact that
_ f(@)

I— M) SR A/ -

1= M) = L2
We may rewrite (2.23) as
(2.29) d—(I-MIN+R)®] = (I - M) on D.
Moreover, one can see from Lemma 2.3 that

17 = M) Ny < € (ot + 22 oo
and
(2= M) Ry < ey (pane + 22 ) 1 lwroo

Here, WLP(D) := {f € LP(D),Vf € LP(D)}. So, if e2p,ps and L'« are sufficiently
small, then the integral equation (2.29) can be solved by the Neumann series

(2.30) o = 3 (I = M) (N +R))’ (I = M)},

§=0
which converges in W1P(D). It then follows from above two estimates that
(231) =T M)+ (I - M)"YN +R)(I — M) [dO] + By,
where the error term F; satisfies

2
|Wﬂwwm<c(ﬂwa+&>ﬂﬂmmwwy

We further have from (2.24), (2.26), and (2.28) that

”M(N+ R)[f]”WlP(D) < Cgﬂaﬂs(]- + 8\//1’_8) <€2Maﬂs =+ %) ”fHWlP(D)

Thus we get the following asymptotic expansion:
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LEMMA 2.4. The following estimate holds:
(232) @(x) = (1 = M) [@O](2) + W +R)(I = M) [@O](2) + E(z), x €D,

where the error term E satisfies
Ha
(2.33) HEHW“’(D) < Cepraps(1 + &/ Ihs) (5214(1148 + E) ”(I)(O)HW“’(D)

It is worth mentioning that since p > 3, W1P(D) is continuously imbedded
in L*°(D) by the Sobolev imbedding theorem, and hence the asymptotic formula
(2.32) holds uniformly in D.

Note that

(I = M) [@O)(2) + (N + R)(I = M) 2] (2)

_ 0@ 204 o pan(@)O)
1= pan(x) / 1 — pan( y)N( v dy == pran(z)

11 O (y)
L v ({20 e -

3 o + s s
~ <I>(O)(x) + 3;1@/15/ ( Tz —y) dy

1
ot ——)/ Vo 0)(y)-VyI‘(x—y)dy
a S D

where the error of the approximation satisfies (2.33). We then get for z € D,

/ 3O ()T (z — y) dy = 3O (z) / Tz — y) dy + O VB L ()
D D

+N8(

and
1

Ha + s

- 2990z /v (o =) dy+ O EE VT8O ) + (2P [TH 1),

Let Np be the Newtonian potential of B, which is given by

(2.34) Np(z) = /BF(x —y)dy, xR,

and let Sp be the single layer potential associated to B, which are given for a
density v € L?(0B) by

Spl)(a) = /8 Tyl do(y), = <R

Then one can see by scaling x = ex’ + 2z that

[ ra-wdy=2Rai). o e b
D

/ VyI'(z —y)dy = 6/ V(@' —y')dy
D B

- / I — y)(y') doly) = —eSpl(')
OB

o - i) / VOO (y) - V,T(z — ) dy

and
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where v(y) the outward normal to B at y. Therefore we have
(2.35)

B(z) ~ 0O (@) + 362 a1 @O (2) Nz (“ - Z) - 6%83[1/] (%) Vo) ()

with the approximation error satisfying (2.33). Since this approximation holds in
WLP(D), we have
(2.36)

Vo(z) ~ 3eptapis® 0 (2)VNp ("” - Z) + ( - %VSB[V] ("” - Z)) Vo O (2).

Note that, again by Lemma 2.7,

19wy < €7 sup (20 (a)| + [VOO@)]) < C/7 V],
xT€

and
VYR oo (py < Cls.

Thus we have the following asymptotic formula, which is the main result of this
section.

PRroOPOSITION 2.5. We have

(2.37) (@ — ) (2) & 362101150 (2) N5 (0) — 2285 [1](0) - VOO (2),

S

where the error of the approrimation is less than

Cre' P2 (1+ e/1ts) (€2uaus + %) + Copl/? (€3uaus + 6(%)2) + C3e%pa

S S

for p > 3 and some constants C1, Ca, and C3 (with different dimensions) depending
on Cy given in (2.6) and on g.

Note that the first term in (2.37) is a point source type approximation while
the second term is a dipole approximation. Formula (2.37) also shows that if
e®()(2) is of the same order as (1/u2(2))V®(®(2) then we have two contributions
in the leading-order term of the perturbations in ® that are due to D. The first
contribution is coming from the source term pu,(x,w) and the second one from the
jump conditions. If e®(®(z) is much larger than (1/u2(2))V®©®(z) then we can
neglect the second contribution. It is worth emphasizing that formula (2.37) holds
for any fixed w > 0 as € goes to zero.

Remark. If the reduced scattering coefficient us is not constant, then the expected
asymptotic formula would be

(2.38)  (® — D0)(2) ~ 3% ptaps (2)® (2)Np(0) — EMM((;)SB [v](0) - VOO ().

To prove it, one needs to prove (2.16) - (2.18) with variable ps. Even though these
estimates are most likely true, we do not attempt to prove them since this is out of
scope of the chapter.
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2.2.2. Reconstruction of the Absorption Coefficient. We now turn to
the reconstruction of the absorption coefficient. Given the light source g, it has been
shown in Chapter 1 that the location z and a := €21, ®(z) can be reconstructed
from photo-acoustic measurements. Here ® = ®,_g.

Suppose that B is the unit sphere. Since Sp[v](0) = 0, formula (2.37) reads

(2.39) (@ — 2D)(2) & 36?1t @V (2) N5 (0) ~ 3aus N5 (0).
Thus one can easily see that

2.40 21y ~ — .

(2.40) : 3ausNp(0) + O (z)

Let us see how one may separate ¢ from p,. Because of (2.9), it follows from
(2.10) that

1 o) do ~ 11 (DO ( 11 (
/mg(cb O do ~ p, d( )<I>°()|D|—|—3( )/VCD Vo (y)dy.

 3us Ho+ o
Thus we get from (2.36) that

(2.41)

1 / 0)

— g(® — ) do
3/”’8 (o9} ( )

~ 1o ®(2)00 (2)|D] — 3”—;2v<b<0>(z)- {3a4yaysq><0>(z)/ VN5(y) dy+
B

+e /B (1-E2vss) ) dyv<I><°><z>}

fhs
”Zf Va0 (2). [gwau@(%) / VNs(y) dy+
B

S

~ ea| B0 (z) —

+ [ 0= vyl ) arve )|
B Hs

One may use this approximation to separately recover ¢ from p, even in the general

case, where B not necessary a unit sphere by combining (2.41) together with (2.37).

However, this approach requires boundary measurements of ® on 0f2.

3. Multi-Wavelength Approach

We now deal with the problem of estimating both the absorption coefficient
e and the reduced scattering coefficient ps from A = 1, ® where @ satisfies (2.4)
and the boundary condition (2.5). It is known that this problem at fixed optical
wavelength A\ is a severely ill-posed problem. However, if the optical wavelength
dependence of both the scattering and the absorption are known, then the ill-
posedness of the inversion can be dramatically reduced.

Let ps(z,A;) and pe(x, Aj) be the reduced scattering and absorption coeffi-
cients at the optical wavelength A; for j = 1,2, respectively. Note that p.(-, A;) is
supported in the absorbing region D which is of the form D = z+¢B for ¢ of small
magnitude. We assume that ps(x, \) and pq(z, A) depend on the wavelength in the
following way:

(242) Ns(x’ )‘) = fs(x)gs(A)a
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and
(2.43) ta(@, A) = fa(2)ga(N),
for some functions f,, fs, ga, gs- Denote
Cy = M = constant in the z variable in €2,
s (.23, )‘2)
and
C, = M = constant in the z variable in D.
Ha (Z‘, AQ)

Assumptions (2.42) and (2.43) are physically acceptable. See, for instance, [56].
Let A; be the optical absorption density at A;, j = 1,2. Let I{, l5 be two positive
constants. Let ®; be the solution of

1 1
2.44 @ \)— =V —— ®.(x) =0,
(2.44) (1ele ) = 37 a5y ¥ st =0
with the boundary condition
1 0P,

Note that the boundary condition (2.45) is slightly different from (2.2) because ps
is assumed variable possibly up to the boundary. Moreover, in order to simplify the
derivations below we neglect i, in the denominator in the second term of (2.44).

Multiplying (2.44) for j = 1 by ®5 and integrating by parts over 2, we obtain
that

0:/9<ua(x,)\1)—%V-mV)@l(x)fﬁg(m)daﬁ

1
= /Q/.La(a?,/\l)q)l(bgdl‘ — g /aﬂ(gll(I)Q — lllq)l(I)Q)dO'

1 1
- ——Vo -Vo .
+3/Qus($,)\1)v 1(z) - VOq(z)dx

We then replace ps(z, A1) by Csps(x, A2) and integrate by parts further to obtain
1/ By — Lo (x)da(x)+1/ b 1) ¢y (1) () do(a)
3 /og g1%2 CSQQ 1 3 Joo \Cs 1% 2

= /D(_%;)\Q) + pa (2, A1) 1 (2) P2 (2) da.

Since D = z 4 €B, we have the following proposition.

PROPOSITION 2.6. The following approzimation holds:
(2.46)

D11+ o(1)) (—%H)% -5/ (gi%—cisggcbl) do

+l/ é—l/@(ﬁda
3 Jog\Cs 1)
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Proposition 2.6 yields approximations of 4 (2, A2) and pe(2z, A1) = Capia(z, A2)
from A; and As provided that |D| is known. To estimate |D| one can use the
following identity

(2.47) /Dﬂa(x,xj)qy(x) do = %/{m (g; _ zg.cbj) do.

2.4. Numerical Examples

To explore the performances of approaches in the previous sections, we run
numerical simulations in a simple 3D setting. The medium we considered is a cube
in R3 of edge 4cm ([0cm, 4cm]?), containing a small spherical inclusion D located at
(1.7¢m, 2.5¢m, 0.8¢m). The background medium was assumed to be non-absorbing
and to have a constant realistic reduced scattering coefficient ps = 10cm~!. The
absorption coefficient i, |p inside the inclusion was set to different (positive) values,
from asymptotically small to realistic ones (u, = 0.01, 0.05 and 0.lecm~!). The
inclusion radius € ranges from 0.03cm to 0.3cm (to 0.5¢cm in the multi-wavelength
setting).

We assume pure Neumann conditions (I = 0), with a focused laser beam at the
center of one edge of the square and of normalized intensity (g is a Gaussian with
full width at half maximum =~ 2mm). The working frequency w was set to 30Mhz
so that k = £ = 0.00lcm™".

Simulations were conducted using FreeFEM++ (http://www.freefem.org). We
solved the direct problem (2.4)-(2.5) using P1-elements on an adapted mesh (char-

acteristic size of the mesh i ~ 0.1cm on the boundary of the medium; h ~ 1i00 in
the neighborhood of the inclusion).

2.4.1. Asymptotic Approach. Following Chapter 1, we assumed that we
can accurately estimate the position z of the inclusion and the quantity a =
1ae?®(2) from photoacoustic inversion. Both quantities, along with the reduced
scattering coefficient us were assumed to be known with no error.

We computed ®©) solving (2.9) on the same mesh. Applying formula (2.40),
we obtained an estimate on u,e2. The error on this estimate for the values of the
parameters can be seen in Fig.2.1.

To separate size from attenuation, we furthermore assumed that we could access
total boundary measurements ®|,,. Using the leading-order term in (2.41), we can
write

1
s
which yields a direct estimation for €. Using both estimates, we derived an estima-
tion of p,. Errors on these estimates are given in Figs. 2.2 and 2.3.

As expected, reconstruction is very accurate in the asymptotic limit and de-
grades as i, and/or € increase.

We mention that the asymptotic estimations of ¢ and p4e? are independent.
The latter is only based on the photoacoustic measurements. The former requires
also diffusing light measurements and seems to be more accurate (error < 3% in
the range of our parameters vs. < 30% for the estimation of p,e2).

The estimate on p, is obtained using these two estimates, thus the quality of
the attenuation reconstruction is limited by the least-quality estimate, i.e., fqe2.

4
/ g(® —dOYdo ~ — —mead®)(2),
G19) 3
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Estimation error (%) on uaez vs. inclusion radius in the Asympotic 3D-setting

25 : : : : T T =
uaZOAOlcm
—_— ua=0.05cm’1
—k— ua=0,1cm"1
20f B

a

.
o
T
I

o
o
T

relative error (%) on the estimation of p 3

0 — L I I I
[¢] 0.05 0.1 0.15 0.2 0.25 0.3 0.35

inclusion radius € (cm)

FIGURE 2.1. Error on the first estimate p,e2 using the asymptotic approach.

Estimation error (%) on & vs. inclusion radius in the Asympotic 3D-setting

1,=0. o1cm*

—+—n,=0.05cm™
—%—n,=0.1em™

25+

15+

relative error (%) on the estimation of &

. . . . .
o 0.05 0.1 015 0.2 025 03 035
inclusion radius € (cm)

FIGURE 2.2. Error on the reconstruction of € using the asymptotic approach.

2.4.2. Multi-Wavelength Approach. In this setting, we assumed that we
could access the position z of the inclusion, the quantities a; = p,(\;)e?®;(2) and
the factors Cs and C,, with no error. The factors Cs and C, were arbitrarily fixed
at values 1.1 and 1.25 and I}, j = 1,2, set to 0.

We first used identity (2.47) to get estimations of €. Indeed, if we assume that
e is independent of z, then, in an asymptotic setting, (2.47) can be written as
follows:

4 4 1
§7r53ua()\j)<1>j(z) = gmea; N 5 /{m g;-
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Estimation error (%) on y, vs. inclusion radius in the Asympotic 3D-setting

1,=0. o1cm*

—+—n,=0.05cm™
—%—n,=0.1em™

'a

relative error (%) on the estimation of
o
5
T

L L
0.25 03 0.35

= L
o 0.05 0.1 2
inclusion radius € (cm)

FIGURE 2.3. Error on the reconstruction of p, using the asymp-
totic approach.

This way to estimate the inclusion size € is slightly different from the one used in
the previous subsection.

Assuming we had total boundary measurements, we applied formula (2.46) to
extract an estimation on u,. Errors on the estimations in this multi-wavelength
setting are given in Figs. 2.4 and 2.5.

Estimation error (%) on £ vs. inclusion radius in the Multi-Wavelenght 3D-setting
7 T T T T T T T T T

1,=0.01cm™*

—+—n,=0.05cm™*
—%—,=0.1cm™

© IS a
T T T

relative erfor (%) on the estimation of &

~
T

o 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 05
inclusion radius € (cm)

FIGURE 2.4. Error on the reconstruction of & in the multi-
wavelength setting.

2.5. Concluding Remarks

Assuming that the reduced scattering coefficient is known, we have provided an
asymptotic approach to estimate the normalized absorption coefficient of a small
absorber from the normalized absorbed energy. We have also shown how to sepa-
rate the size of the absorber from the absolute absorption coefficient by combining
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Estimation error (%) on i vs. inclusion radius in the MultiWavelenght 3D-setting

1,=0.01cm™*
—+—n,=0.05cm™*
| —— 1,=0 1em™t

relative erfor (%) on the estimation of 1,

FIGURE 2.5. Error on the reconstruction of pu, in the multi-
wavelength setting.

photo-acoustic and diffusing light measurements. In the case where the reduced
scattering coefficient is unknown, we have developed a multi-wavelength approach
to estimate the absolute absorption coefficient. Finally, it would be of interest to
use the radiative transfer equation as a light transport model when the diffusion ap-
proximation breaks down. Another subject of future work is to develop a method,
similar to the one derived in this chapter, to estimate the normalized absorption
coeflicient from the normalized absorbed energy for the half-space problem. The
Half-space model is of considerable practical interest in photo-acoustic imaging of
the skin. See [46, 127].

Appendix A: Proof of Estimate (2.13)

In this section we prove estimate (2.13). To this end, we consider

Au—iau =0, in ),

@—i—ﬁu:g on 02,
v

where a > 0 and 3 > 0. The estimate (2.13) is an easy consequence of the following
lemma.

(2.48)

LEMMA 2.7. Lety € Q and r > 0 be such that Bs, := Bs,(y) is a subset of
with dist(Bs,, Q) > ¢y for some positive constant co. Here B,.(y) denotes the ball
of radius r centered at y. The following estimates hold:

o Ifa > 1, then there is a constant C independent of o such that if u be the
solution to (2.48), then

(2.49)  ullpoo(m,y + @ 2|Vl Lo,y + a7 [ VVU| Lo < CllgllLe00)-

o I[f0 < a <1, then there is a constant C independent of o such that if u
be the solution to (2.48), then

(2.50) lull oo (B,) + IVullLe(s,) + [[VVUl[Lo(B,) < CllgllL~aq)-
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Proof. Multiplying both sides of the equation in (2.48) by u and integrating by

parts yield
6/ |u|2—|—/ |Vu|2dx—|—ia/ |u|2dx=/ g.
90 Q Q 90

By taking the real and imaginary parts of the above identity and using the inequality
ab < a?/n + nb?, we have

c
@51 5[ P [ [VaPdota | juPds < gl on + Ol oo
o0 Q Q n
for some constant C where 7 is a small constant to be determined later. Since
ull7100) < 10Qull?200),

then by choosing 7 so small that Cn|99| < g, we have

p
@52 5[ juPde@)+ [ [Vuldr+a [ juPde < Clgli o,

o0
Let ¢ be a smooth function with a support in Bs,. such that ¢ =1 on Bsy,, and

let w := pu. Then w is a smooth function (with a compact support) satisfying

(A —io)w =2Vp - Vu + Apu.

Recall that the fundamental solution to the operator A — i« is given by

exp(—eTvala))

Ly(x) := Il

, x#0.
Therefore, we have
w(@) = [ Talo - 1)(2V¢- Vut Apu)(g)dy. o€ 0.
Q

Note that 2V - Vu+ Apu is supported in Bs, \ Ba,y. So (2.49) and (2.50) for o # 0
follow immediately. For a = 0, we shall make use of the inequality

U— — u do

<
|~ g /. = Clvellza

L2 ()

to obtain the desired estimate. This completes the proof. O

Appendix B: Proof of Lemma 2.3
We first note that since p > 3, ¢ = % < % For —1 < a < 2, define

To[f](x) :/ 1) dy, x€D.
plz—yl*
By Hoélder’s inequality, we have
1 1a 5
1@ < Wl ([ mdn) < € Ul
p lz—yl

It then follows that
(2.53) 1Tl fll r(p) < 063_a||f||LP(D)~
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Let us set
M) = /D (f(y) — f@)T(x — ) dy,
Nolf](x) = /D V() - VL@ —y) dy,
Ralf](z) == /D (f(y) — f(2))R(x, ) dy.
Rolf](x) = /D VI ) VyR(x.y) dy,

so that
— Ha o Ha
./\/ = 3/141#5./\[1 - Yo + ,MSNQ and R = MaRl — WRQ
Note that

(O (I
0= [ T8y v -y ay

Since |y — 2|I'(z — y) < C, we have as in (2.53)

s )P
N 2oy < C (// 1/ |y_ 'dd) < CP |V o).

Similarly, we have
VN f]ll e Dy < 052||Vf||Lp(D).
We also have
[N2[f1llr(p) < Ce ||vf||Lp(D)

Note that V,V,I'(z—y) is a Calderén-Zygmund kernel [122] and hence the operator
VAN, is bounded on LP, 1 < p < oo. Therefore, we have

IVNa A lr0) < C IV Fll oo -

Therefore, we obtain (2.24) and (2.25).
Similarly, we have using (2.16)-(2.18) that

IR (Al ooy < Cud?e |V £l Lo (p)
IVRAfllr(py < Clp2et + 132 3)|\Vf||Lp<D>,
IR2[f1llo(py < C(u2e® + 13V £l Lo ()
VRl Le(py < C(u3/2e® + p2e® + 122e) |V £l o ()

Therefore we get

Ha
IR vy < C (u e+ L % 2)) IV Fllocon,

S

IVR[fll o (py < C (ua(uge +ud2%) + Z”( p3/2e3 + p2e? + 3l %e )) IV £l (p)-

S

Suppose that £,/is is small. We obtain

Ha Ha
MaM§/2 44 Ha " (MSE +M3/2 2) <g Vs <uau36 + " )

S S
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and

pa(pie + pd?e®) + %(ui/ 20+ ple® + pd%e) < e/ (uausez + %) :

which yields (2.27) and (2.26) and thus completes the proof. O






CHAPTER 3

Transient Wave Imaging with Limited-View Data

3.1. Introduction

In Chapter 1 and the recent works [15, 14], the imaging of small anomalies
using transient wave boundary measurements has been investigated. We have de-
signed different approaches for locating them and reconstructing some information
about their sizes and physical parameters. Our algorithms make use of complete
boundary measurements. They are of Kirchhoff-, back-propagation, MUSIC-, and
arrival time-types. The resolution of those algorithms in the time-harmonic domain
is finite. It is essentially of order one-half the wavelength. See, for instance, [4].

In this work, we extend those algorithms to the case with limited-view mea-
surements. For simplicity, we model here the small anomalies as point sources or
dipoles. We refer the reader to [15, 14] and Chapter 1 for rigorous derivations of
these approximate models and their higher-order corrections. It is worth mention-
ing that in order to model a small anomaly as a point source or a dipole, one has
to truncate the high-frequency component of the transient incident and reflected
waves.

By using the geometrical control method [28], we show how to recover all
the classical algorithms that have been used to image point sources and dipole
locations. Our main finding in this chapter is that if one can construct accurately
the geometric control then one can perform imaging with the same resolution using
partial data as using complete data. Our algorithms apply equally well to the case of
many source points or dipole locations and are robust with respect to perturbations
of the boundary. This is quite important in real experiments since one does not
necessarily know the non-accessible part of the boundary with good accuracy.

The chapter is organized as follows. In Section 3.2 we provide a key identity
based on the averaging of the limited-view data, using weights constructed by the
geometrical control method. Section 3.3 is devoted to developing, for different
choices of weights, Kirchhoff-, back-propagation-, MUSIC-, and arrival time-type
algorithms for transient imaging with limited-view data. In Section 3.4 we discuss
potential applications of the method in emerging biomedical imaging. In Section 3.5
we present results of numerical experiments and comparisons among the proposed
algorithms.

3.2. Geometric Control
The basic model to be considered in this chapter is the following wave equation:

2
(3.1) %(m) — AAp(z,t) =0, z€Q, te€)0,T],

51
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for some final observation time 7', with the Dirichlet boundary conditions

(3.2) p(z,t) =0 on 00x]0,T7,

the initial conditions

(3.3) p(x,t)|i=0 =0 in Q,

and

(3.4) hp(x,t)|t=0 = 0g=» or Op(x,t)|t=0 = Mo - Viz=. in .

Here ¢ is the acoustic speed in  which we assume to be constant, and mg is a
constant nonzero vector. We suppose that T is large enough so that
(3.5) T> dh%(m.

The purpose of this chapter is to design efficient algorithms for reconstructing
the location z from boundary measurements of % on I'x]0,T'[, where I C 9.

Suppose that T and I" are such that they geometrically control €2, which roughly
means that every geometrical optic ray, starting at any point = € €2, at time ¢t = 0,
hits T" before time T" at a nondiffractive point; see [28, 100]. Let 5 € C§°(Q2) be
a cutoff function such that 3(x) = 1 in a sub-domain Q' of , which contains the
source point z.

For a given function w which will be specified later, we construct by the geo-
metrical control method a function v(zx,t) satisfying

(3.6) O Av =0 in Qx]0,T|
. oz ¢ Av=0 in AR
with the initial condition
(3.7) v(z,0) = ?B(x)w(x), Ow(x,0) =0,
the boundary condition v = 0 on Q \ T, and the final conditions
ov
. = — =0 in Q.
(3 8) U|t7T It et 0 in
Let
(3.9) guw(z,t) :=v(x,t) on I'x]0,T].

Multiplying (3.1) by v and integrating over £ x [0,7] lead to the following key
identity of this chapter:

T
(3.10) /0 /F %(m,t)gw(x,t) do(z)dt =w(z) or —mg-Vw(z).

Note that the probe function constructed in [7] corresponds to one of the fol-
lowing choices for w in €2:

5( _ \m;y\)
(3.11) w(x) == “arle gl in three dimensions
or
1 . . .
(3.12) w(z) :=0 <7’ - 20 . x) in two dimensions,

where 6 is a unit vector.
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The reader is referred, for instance, to [23, 140, 87] for numerical investigations
of the geometrical control method.

3.3. Imaging Algorithms

In this section, we only consider the initial condition d¢p(z,t)|t=0 = dz=- in .
One can treat the case of the initial data 9yp(x,t)|1=0 = mo - Vi,—. in the exactly
same way. Using the functions v constructed by the geometrical control method
with different choices of initial data w, one recovers several classical algorithms for
imaging point sources. For simplicity, we only consider a single point source, but
the derived algorithms are efficient for locating multiple sources as well. The reader
is referred to [53] for a review on source localization methods.

3.3.1. Kirchhoff Algorithm. Let y € R\ Q,d = 2,3, and w € R. Set
w(z) =e“l*vl 2 eq.

Then, for a given search point z° in Q, we have from (3.10)

T
/e—w\zs—m/ /@(ﬂfat)gw(x,t) do(z) dt dw = / e~z =vl=l==vD) g,
R o Jrov R

= 025 _y|—|z—y|=0;

where ¢ is the Dirac mass. Taking a (virtual) planar array of receivers y outside {2
yields then a Kirchhoff-type algorithm for finding z.

In fact, let wi, k = 1,..., K, be a set of frequencies and let y1,...,yn, be a
set of virtual receivers. To find the location z one maximizes over z° the following
imaging functional:

T
T (%) = e S S el [ [ By, (0,1) doo) at

Wk Yn o Jrdv
where wy, , (r) = erl@=unl,

3.3.2. Back-propagation Algorithm. If one takes w to be a plane wave:
w(x) = e §e 5L

where S%! is the unit sphere in R?, then one computes for a given search point
s
z° €9,

T
/ it / / O (2 1) g (1) do(z) dt do(0) = / 02" 4o (f).
Sd—1 0 r ov

gd—1
But
Jo(w|z — ZS|) for d = 3,

/ eiw0~(z7zs) dO’(@) —
sat Jo(w|z — 2%|)  for d =2,

where jg is the spherical Bessel function of order zero and Jj is the Bessel function
of the first kind and of order zero.
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This is a back-propagation algorithm. Let 61,...,60y, be a discretization of the
unit sphere S4~1. One plots at each point z° in the search domain the following
imaging functional:

1 —twl, -z r 8
Ipp(2°) = N%e Ze On S/o /Fa—l]j(x,t)gwn (z,t) do(z) dt,
On

where w,,(x) = €' The resulting plot will have a large peak at z. Note that

the higher the frequency w is, the better is the resolution. However, high frequency
oscillations cause numerical instabilities. There is a trade-off between resolution
and stability.

3.3.3. MUSIC Algorithm. Take
w(z) = O g g e g

It follows from (3.10) that

Therefore, one can de51gn a multlple signal classification (MUSIC) algorithm for

locating z. For doing so, let 6y, ...,0x be N unit vectors in R¢. Define the matrix
A= (Ann’)r]:f,n/:l by

T
Apn ::/ / @(x,t)gw (z,t) do(x) dt,
0 r 8V n,n

iw(0n+06,,)x

with
Wp o (z) =€
Let P be the orthogonal projection onto the range of A. Given any point z° in the
search domain form the vector
h(ZS) — (eiw01~zs einN-zS)T
: by ,
where T denotes the transpose. Then plot the MUSIC imaging functional:
1
R T ———
Y 17 = P)R(S)I]
The resulting plot will have a large peak at z. Again, the higher the frequency w
is, the better is the resolution.

3.3.4. Arrival Time and Time-Delay of Arrival Algorithms. Taking w
to be a distance function,
U)(J?) = |y - $|,
to a virtual receiver y on a planar array outside 2 yields arrival-time and time-delay
of arrival algorithms. In fact, we have

// (2, ) g (2, 1) do(z) dt = |y — 2.

Let y1,...,yn be N receivers and compute

// (z,t)gw, (z,t) do(z) dt,

with wy, (z) = |y, —x|. Then, the point z can be found as the intersection of spheres
of centers y, and radii r,.
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Using time-of-arrival differences instead of arrival times would improve the
robustness of the algorithm. Introduce the time-of-arrival difference, ¢, ,,/, between
the receiver y,, and ¥y, as follows:

T
- / / O (,0) (g, — g, ), ) do(z) dt.
’ o JrOv "

At least N = 4 sources are required to locate z. The location z can be found as
the intersection of three sets of hyperboloids. See, for instance, [47, 132, 117, 50,
86, 31, 53|.

3.4. Applications to Emerging Biomedical Imaging

In this section we show how to apply the designed algorithms to emerging
biomedical imaging. Of particular interest are radiation force imaging, magneto-
acoustic current imaging, and photo-acoustic imaging.

3.4.1. Radiation Force Imaging. In radiation force imaging, one generates
vibrations inside the organ, and acquires a spatio-temporal sequence of the propa-
gation of the induced transient wave to estimate the location and the viscoelastic
parameters of a small anomaly inside the medium. See, for instance, [32, 33, 15].

Let z be the location of the anomaly. Let Q be a large ball englobing the
anomaly. In the far-field, the problem, roughly speaking, reduces to finding the
location of the anomaly from measurements of the pressure p on 9Qx]0, T, that
is, the solution to (3.1) with the initial conditions

(3.13) p(z,t)|t=0 =0 and  Op(z,t)|t=0 = mo - Viz—, in

A time-reversal technique can be designed to locate the anomaly. Suppose that
one is able to measure p and its normal derivative at any point x on 0. If both p
and its normal derivative on 02 are time-reversed and emitted from 92, then the
time-reversed wave travels back to the location z of the anomaly. See [15].

Suppose now that the measurements of p and its normal derivative are only
done on the part I of 9Q2. Note first that

dp
5|aﬂx]o,ﬂ = Apw[plaaxio, i,

where Ap¢y is the Dirichlet-to-Neumann operator for the wave equation in R? \ Q.
For any function v satisfying (3.6), (3.7), and (3.8), integrating by parts yields

T ov
|| pleti @bl + 5o)at) dote) de = mo - Vu(e),
0 o0

where A} denotes the adjoint of Apyn. Next, constructing by the geometrical
control method, g¢,, such that v satisfies (3.6), (3.7), and (3.8), together with the
boundary condition

. v 0 ondQ\T x]0,7T]
Apen[v] + o= =
gw onI'x]0,T7,

one obtains

T
/ /p(a:, t)gw(x,t) do(x) dt = mg - Vw(z).
o Jr
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Making similar choices for w to those in the previous section provide different
algorithms for locating the anomaly.

3.4.2. Magneto-Acoustic Current Imaging. In magneto-acoustic current
imaging, one detects a pressure signal created in the presence of a magnetic field by
electrically active tissues [88, 115, 116]. In the presence of an externally applied
magnetic field, biological action currents, arising from active nerve or muscle fibers,
experience a Lorentz force. The resulting pressure or tissue displacement contains
information about the action current distribution.

Let z € Q be the location of an electric dipole, which represents an active nerve
or muscle fiber, with strength c. The wave equation governing the induced pressure
distribution p is (3.1), with the boundary condition (3.2), the initial conditions
(3.3), and

(3.14) Op(x,t)|t=0 = 0p=» in Q.

The algorithms constructed in the previous section apply immediately to finding z
from partial boundary measurements of the normal derivative of p.

3.4.3. Photo-Acoustic Imaging. The photo-acoustic effect refers to the
generation of acoustic waves by the absorption of optical energy [135, 72]. In
photo-acoustic imaging, energy absorption causes thermo-elastic expansion of the
tissue, which in turn leads to propagation of a pressure wave. This signal is mea-
sured by transducers distributed on the boundary of the organ, which is in turn
used for imaging optical properties of the organ. Mathematically, the pressure p
satisfies (3.1) with the boundary condition (3.2) and the initial conditions

(3.15) p(x,t)|t=0 = ady=- in Q,
and
(3.16) Op(z,t)|t=0 =0 in Q.

Here a is the absorbed energy.

Construct by the geometrical control method a function v(z, t) satisfying (3.6),
the initial condition (3.7), the boundary condition v = 0 on 9 \ T, and the final
conditions (3.8). Choosing w as in Section 3.3 yields different detection algorithms.

3.5. Numerical Illustrations

To test the geometrical control imaging approach, we implemented numerical
simulations of both the forward problem, the wave equation (3.1)-(3.4), and the
inverse problem where we compute the geometrical control function (3.6)-(3.9) and
implement the inversion algorithms of Section 3.3.

To simulate the wave equation, we used a standard P1-finite elements discretiza-
tion in space and a finite difference scheme in time. For time-cost considerations,
we settled with an explicit (leap-frog) scheme along with the use of mass lumping
(row-sum technique).

The method we present here has been implemented and tested on various types
of two-dimensional meshes. We will present results obtained on three different sets
of meshes (see Figure 3.1 and Table 3.1):

e squareReg0 and squareReg2 are regular meshes of the unit square [—0.5 0.5]2.
e circle are unstructured meshes of the unit disc.
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Meshes squareReg0
coarse fine
05 05
0 0
-05 -05
205 0 05 205 0 0.5
Mesh Reg2 )
coarse eshes squarereg fine
05 05
0 0
-05 -05
205 0 05 205 0 0.5
Meshes circle .
coarse fine
1 1
4 > KD
1% ROVAAS (N,
0.5 ‘éé%%‘é:%?;gﬁ%ig&éA 0.5
PN MW vy
QAR RARAK
0 KIAKIKRSREROOAN 0
SRR AROIARE
-0.5 RAEREHRAKD -0.5
DRI o
SRR
a RO a s
-1 0 1 -1 0 1
FIGURE 3.1. The coarse and fine meshes used on the square and
circular geometries.
Set name Coarse mesh Fine mesh
# of nodes | # of elements h # of nodes | # of elements 2h
squareReg0 36 50 0.2 121 200 0.1
squareReg?2 441 800 0.05 1681 3200 0.025
circle 270 490 0.0672 1029 1960 0.0336

TABLE 3.1. Geometries and meshes.

For computation of imaging functionals of Kirchhoff-, back-propagation-, and
MUSIC-types, one has to be very careful with the spatial frequency w. One has
to make sure that the function w(x;w) is accurately represented on the meshes we
use. This imposes strict limitations on the range of frequencies that can be used.
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Finally, the considered initial conditions for the simulated measurements are
p(z,0) = 0 and %(x,O) = 0p(xo), where J;, is a Gaussian approximation of the
Dirac distribution and 2o = [0.21 — 0.17] (see Figure 3.2).

FIGURE 3.2. Initial time derivative, for the three geometries, used
for the simulated measures.

To illustrate the performance of our approach with regards to limiting the view,
we applied the algorithm to both a full and a partial view setting.

For the square medium, we assumed measurements were taken only on two
adjacent edges - this corresponds to the theoretical (and practical) limit that still
ensures geometric controllability. For the circular medium, we assumed measure-

ments between angles 7 and 37”, as shown in Figure 3.4.

Partial data on square medium Partial data on circular medium
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* 04 4
3
03 1 06 .,
04} . p .
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04 02 0 02 04 06 -1 05 0 05 1

F1GURE 3.3. Limited-view observation boundaries for square and disc.

Before presenting the numerical results, we describe the numerical method used
for computing the geometrical control, which is based on the Hilbert Uniqueness
Method (HUM) of Lions.

20
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-40

-50
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3.5.1. Geometrical Control: HUM Using Conjugate Gradient Itera-
tion on a Bi-Grid Mesh. The solution g,, of (3.6)-(3.9) has been shown to be
unique provided that T and the control boundary I' geometrically control 2 [28].
A systematic and constructive method for computing such a control is given by
the Hilbert Uniqueness Method (HUM) of Lions [102]. A detailed study of the
algorithm can be found in [77], [23], and [140]. The method applies a conjugate
gradient algorithm as follows:

e Let eg,e; € HY(Q) x L2(€2), where H}(2) is the standard Sobolev space
with zero boundary values;
e Solve forwards on (0,7") the wave equation

82
8tf (z,t) — EA¢(x,t) =0,
(3.17) G(x,t)=0  on O,

B0 = eole),  Fw0) =)

e Solve backwards the wave equation

Py
Iz (z,t) — AP (x,t) =0,
0 on OO\I'
(3.18) Y(z,t) =
%(x, t) on I,

Y(x,T) =0, i (2,T) = 0;
e Set

(3.19) Aleg,e1) = {aalf (z,0), 1/)(;3,0)};

e The solution v of (3.6)-(3.8) can be identified with ¢ when

Aeo, e1) {O —626 Jw(x )}
and g, (x,t) = ¥(z,t) on I
REMARK 3.1. In the case where the initial condition is a pressure field (e.g.,
photo-acoustics) p(x,0) = po(x), gf(x 0) = 0, we need to have v(x,0) = 0,
‘3}’ (2,0) = 2B(z)w(x). This can be easily obtained by solving : A(eg,e1) =
{?B(z)w(z),0}.

To proceed, we used a conjugate gradient algorithm on a discretized version Aj
of the operator defined in (3.19), where we solve the wave equation using the finite-
element finite-difference discretization described previously. To deal with unwanted
effects linked with high spatial frequencies, we used a bi-grid method of Glowinski
[77] based on a fine mesh with discretization length h and a coarse mesh with
length 2h. The wave equation is solved on the fine mesh and the residuals of Ay
are computed after projection onto the coarse mesh.

Let us define 12" and I}, to be the projectors from the fine mesh to the coarse
mesh and vice versa. The conjugate gradient algorithm is now as follows:

e Let e), el be given initial guesses on the coarse mesh;
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Solve numerically (3.17) forwards with initial conditions 1%, 3, I% €9 and
solve (3.18) backwards, both on the fine grid;
Compute the initial residuals ¢° = {g§), g9} on the coarse grid as follows:

1 —
—Agd —IQhw 2;? — Iy inQ,

g9 =0 on 0Q,

and
=0 — I uo;
If the norm of the residuals
b ot} = [ 192 +19a8F
Th
is small enough, we have our solution, else we set the first search direction

w® = g% and start the conjugate gradient;

e Suppose we know e* = {ek eF}, ¢ = {g&, gFYand w* = {wf, w}};
e Solve numerically (3.17) forwards with initial conditions I}, wf, I w¥ and

solve (3.18) backwards both on the fine grid;

Compute the remaining residuals £ = {¢&, €51 on the coarse grid as
follows: )
—_A k .[2h d} 1;[}
no 2A¢t
=0 on 09,
and
& =%
Calculate the length of the step in the w* direction
kE _ lg*IIn
(&F, wk)p’

where (€%, w" / VEEVwE + Erwh;
Update the quantltleb

k+1 k k, Kk

e =e" — pTw"®,

gFtt = gk — pFeh;

If ||g*+1|; is small, then e¥*?! is our solution, else compute

,yk _ ||9k+1Hh
lg®[ln
and set the new descent direction
whl — k+1 i ’y ok

REMARK 3.2 (Remarks on the numerical convergence). The numerical proce-

dure described in the previous section has been proved to converge in the case of

finite difference method on the unit square [87]. This result can be easily extended

in the case of a finite element method on a regular mesh. Convergence results for
more general meshes are not available yet. They will be the subject of a future study.
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3.5.2. Reconstruction Results. We present here some results obtained by
algorithms presented in Section 3.3. For each algorithm we will consider both the
full view and the partial view cases.

e Kirchhoff algorithm. We limited ourselves to the frequency range :
W = [~Wmax, Wmax] With a step-size Aw = wax/N, Where wpax and ny,
depend on the mesh coarseness.

For time considerations we chose a reduced array of three virtual
receivers

- Y ={[0.6 —0.6], [0.6 0], [0.6 0.6]} for the square medium.
- Y={[1 —-1], [10], [11]} for the circular medium.

We compute and represent the function Zxi(z°) for 2% on the fine
mesh. The estimated position is at the maximum of Zki(2°). Recon-
struction results are given in Figure 3.4.

e Back-propagation algorithm. We chose frequencies well represented
on the mesh (w = 9 for squareReg0, w = 30 for squareReg2 and w = 20
for circle) and a 30-point discretization of the unit circle for 6.

We compute and represent the function Zpp(z°) for 2% on the fine
mesh. The estimated position is at the maximum of Zp(2°). Results are
given in Figure 3.5.

e Arrival-time algorithm. We considered minimal arrays of two virtual
receivers Y = {[0 0.6];[0.6 0]} for the square medium. For each receiver
we computed the value of rp, = d(xo,yx), where xo is the position of
the source and yj the position of the receiver. We represent the circles
C(yk,7) and their intersections. Results are given in Figure 3.6.

e MUSIC algorithm. Working with the same parameters, we compute
and represent the function Zyy(z°) for z° on the fine mesh. The esti-
mated position is at the maximum of Ty (2%). Reconstruction results
are given in Figure 3.7.

In Table 3.2 we give the estimations z.s of the source location zg = [0.21—0.17]
for each algorithm, and the error d(xg,Zest). For comparison, we give hpin, the
smallest distance between 2 points in the fine mesh.

3.5.3. Case of Multiple Sources. Except for the arrival-time algorithm, all
the methods presented in this chapter are well-suited for identifying several point-
like sources. To illustrate this, we simulated measurements on squareReg2 with
three sources located at [0.21 — 0.17], [-0.22 — 0.3] and [0.05 0.27].

e We applied the Kirchhoff imaging algorithm with a different set of virtual
receivers:

Y = {[0.6 0], [0.6 0.6], [0 0.6], [~0.6 0.6], [~0.6 0]}.

The reason for taking more virtual receivers is that Kirchhoff works on in-
tersecting circles centered at the receivers and passing through the sources.
Too few receivers can generate false positives. Results are given in Figure
3.10.

e We ran the back-propagation and MUSIC algorithms with exactly the
same parameters as previously. Results are given in Figures 3.11 and 3.12
respectively.
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Algorithm Mesh View Tost hmin | d(x0, Test)
Kirchhoff squareReg0 | Full (0.2 -0.15] 0.1 0.0224
Partial | [0.2 -0.15] 0.0224
squareReg2 | Full [0.2 -0.175] 0.025 0.0112
Partial | [0.2 -0.175] 0.0112
circle Full | [0.1949-0.1619] | 0.0336 0.0171
Partial | [0.1949 -0.1619] 0.0171
Back-propagation | squareReg0 | Full [0.2 -0.15] 0.1 0.0224
Partial | [0.2 -0.15] 0.0224
squareReg2 | Full [0.2125 -0.175] | 0.025 0.0056
Partial | [0.2125 -0.175] 0.0056
circle Full |[0.1949-0.1619] | 0.0336 | 0.0171
Partial | [0.1949 -0.1619] 0.0171
Arrival time squareReg(0 | Full [0.1877 -0.1433] 0.1 0.0348
Partial | [0.1882 -0.1314] 0.0444
squareReg2 | Full | [0.2050-0.1768] | 0.025 0.0085
Partial | [0.2048 -0.1774] 0.009
circle Full | [0.1802-0.2196] | 0.0336 0.0579
Partial | [0.1790 -0.2119] 0.0522
MUSIC squareReg0 | Full [0.15 -0.2] 0.1 0.0671
Partial | [0.15 -0.2] 0.0671
squareReg2 | Full [0.175 -0.1625] | 0.025 0.0358
Partial | [0.175 -0.175] 0.0354
circle Full [0.2804 -0.139] | 0.0336 0.0769
Partial | [0.2416 -0.0974] 0.0792

TABLE 3.2. Numerical results for localization of the source at xg =
[0.21,—0.17] using four algorithms and three geometries.

3.5.4. Boundary Perturbation. In real experiments, one does not neces-
sarily know the uncontrolled part of the boundary with good accuracy. A major
concern for real applications of the method is thus its robustness with respect to
perturbations of the boundary.

We tested our algorithms by perturbing the boundary nodes outwards

Zi,perturbed = Zj + GUTLI“
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Results in the full view setting Results in the partial view setting

FiGURE 3.4. Kirchhoff results for the geometries of Table 3.1
- from top to bottom: squareReg0, squareReg2, circle. The
(black/white) x denotes the (numerical/theoretical) center of the
source.

where € is an amplitude factor, U is a uniform random variable in [0 1] and ng, is
the outward normal at the point x;. We simulated measurements on the perturbed
mesh, which is then supposed unknown since we computed the geometric control
on the unperturbed mesh.
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Results in the full view setting Results in the partial view setting

FIGURE 3.5. Back-propagation results for the geometries of Table
3.1 - from top to bottom: squareReg0, squareReg2, circle. The
(black/white) x denotes the (numerical/theoretical) center of the
source.

To illustrate the results, we used squareReg2 with three levels of perturbation,
e =0.01, 0.025 and 0.05 (see Figure 3.5.4) and the same initial condition as before,
that is a Dirac approximation located at [0.21 — 0.17].

We give the results, with the three perturbations, for the Kirchhoff (Figure
3.13), the back-propagation (Figure 3.14) and the arrival-time (Figure 3.15) algo-
rithms. Modifying the mesh as we did generates smaller elements and thus changes
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F1GURE 3.6. Example of arrival time results for squareReg2 geometry.

the CFL condition for the wave-equation solver. Computation time becomes too
expensive for the MUSIC algorithm. For this reason we do not present MUSIC
results here.

As expected the estimation of the source position deteriorates as we increase
the boundary uncertainty. The errors are summarized in Table 3.5.4.
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Results in the full view setting Results in the partial view setting

0.5

-1
-1 0

-1 0

—_
—_

F1cUre 3.7. MUSIC results for the geometries of Table 3.1 - from
top to bottom: sqReg0, sqReg2, circle. The (black/white) x de-
notes the (numerical/theoretical) center of the source.
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Initial time derivative for the case of multiple sources.
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FIGURE 3.8.
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FIGURE 3.9. Perturbation of the mesh for e = 0.01, 0.025 and 0.05.

3.6. Concluding Remarks

In this chapter we have constructed Kirchhoff-, back-propagation-, MUSIC-,
and arrival time-type algorithms for imaging point sources and dipoles from limited-
view data. Our approach is based on averaging of the limited-view data, using
weights constructed by the geometrical control method. It is quite robust with
respect to perturbations of the non-accessible part of the boundary. We have shown
that if one can construct accurately the geometric control then one can perform
imaging with the same resolution using partial data as using complete data. The
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F1GURE 3.10. Kirchhoff results for the geometry sqReg2 with sev-
eral inclusions.

Full view Partial view

F1GURE 3.11. Back-propagation results for the geometry sqReg2
with several inclusions.

generalization of the proposed algorithms to the case where the speed of sound has
random fluctuations will be considered in Chapter 5.
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Full view Partial view
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F1GURE 3.12. MUSIC results for the geometry sqReg2 with sev-
eral inclusions.

F1GURE 3.13. Kirchhoff results for the geometry sqReg2 with per-
turbed boundary (from left-to-right,e = 0.01, 0.025 and 0.05). The
(black /white) x denotes the (numerical/theoretical) center of the
source.
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L9

0.18

FI1GURE 3.14. Back-propagation results for the geometry sqReg2
with perturbed boundary (from left-to-right, e = 0.01, 0.025 and
0.05). The (black/white) x denotes the (numerical/theoretical)

center of the source.
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FIGURE 3.15. Arrival-time results for the geometry sqReg2 with
perturbed boundary (from left-to-right, e = 0.01, 0.025 and 0.05)
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Algorithm Perturbation amplitude € | Zegt d(xo, Test)

Kirchhoff 0.01 0.2-0.1625] | 0.0125
0.025 0.2-0.1625] | 0.0125

0.05 0.1875 -0.15] | 0.03
Back-propagation 0.01 [0.2125 -0.1625] | 0.0079
0.025 0.2-0.1625] | 0.0125

0.05 [0.1875 -0.15] 0.03
Arrival time 0.01 [0.2022 -0.1687] | 0.0079
0.025 [0.1917 -0.167] | 0.0186
0.05 [0.1944 -0.1643] | 0.0166

TABLE 3.3. N

umerical results for localization of the source at zg =
[0.21 —0.17] using sqReg2 geometry with boundary perturbations.
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CHAPTER 4

Photoacoustic Imaging of Extended Absorbers in
Attenuating Acoustic Media

4.1. Introduction

In photo-acoustic imaging, optical energy absorption causes thermo-elastic ex-
pansion of the tissue, which leads to the propagation of a pressure wave. This
signal is measured by transducers distributed on the boundary of the object, which
in turn is used for imaging optical properties of the object. The major contribution
of photo-acoustic imaging is to provide images of optical contrasts (based on the
optical absorption) with the resolution of ultrasound [135].

If the medium is acoustically homogeneous and has the same acoustic properties
as the free space, then the boundary of the object plays no role and the optical
properties of the medium can be extracted from measurements of the pressure
wave by inverting a spherical Radon transform [96].

A first challenging problem in photo-acoustic imaging is to take into account
the issue of modelling the acoustic attenuation and its compensation. This subject
is addressed in [113, 45, 110, 92, 94, 104, 124, 126]. The reader is in particular
referred to [93] for a very nice discussion on the attenuation models and their
causality properties.

Moreover, in some settings, free space assumptions does not hold. For example,
in brain imaging, the skull plays an important acoustic role, and in small animal
imaging devices, the metallic chamber may have a strong acoustic effect. In those
cases, one has to account for boundary conditions. If a boundary condition has
to be imposed on the pressure field, then an explicit inversion formula no longer
exists. However, using a quite simple duality approach, one can still reconstruct the
optical absorption coefficient. In fact, in Chapters 1 and 2, we have investigated
quantitative photoacoustic imaging in the case of a bounded medium with imposed
boundary conditions. In Chapter 3, we proposed a geometric-control approach to
deal with the case of limited view measurements. In both cases, we focused on a
situation with small optical absorbers in a non-absorbing background and proposed
adapted algorithms to locate the absorbers and estimate their absorbed energy.

In this chapter, we propose a new approach to image extended optical sources
from photo-acoustic data and to correct the effect of acoustic attenuation. By test-
ing our measurements against an appropriate family of functions, we show that we
can access the Radon transform of the initial condition, and thus recover quanti-
tatively any initial condition for the photoacoustic problem. We also show how to
compensate the effect of acoustic attenuation on image quality by using the sta-
tionary phase theorem. We use a frequency power-law model for the attenuation
losses.

73
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The chapter is organized as follows. In Section 4.2 we consider the photo-
acoustic imaging problem in free space. We first propose three algorithms to recover
the absorbing energy density from limited-view and compare their speeds of conver-
gence. We then present two approaches to correct the effect of acoustic attenuation.
We use a power-law model for the attenuation. We test the singular value decom-
position approach proposed in [113] and provide a new a technique based on the
stationary phase theorem. Section 4.3 is devoted to correct the effect of imposed
boundary conditions. By testing our measurements against an appropriate family
of functions, we show how to obtain the Radon transform of the initial condition in
the acoustic wave equation, and thus recover quantitatively the absorbing energy
density. We also show how to compensate the effect of acoustic attenuation on
image quality by using again the stationary phase theorem. The chapter ends with
a discussion.

4.2. Photo-Acoustic Imaging in Free Space

In this section, we first formulate the imaging problem in free space and present
a simulation for the reconstruction of the absorbing energy density using the spher-
ical Radon transform. Then, we provide a total variation regularization to find a
satisfactory solution of the imaging problem with limited-view data. Finally, we
present algorithms for compensating the effect of acoustic attenuation. The main
idea is to express the effect of attenuation as a convolution operator. Attenuation
correction is then achieved by inverting this operator. Two strategies are used for
such deconvolution. The first one is based on the singular value decomposition
of the operator and the second one uses its asymptotic expansion based on the
stationary phase theorem. We compare the performances of the two approaches.

4.2.1. Mathematical Formulation. We consider the wave equation in R¢,

1 0% o
%ﬁ(x,t)—Ap(x,t)zo in R X(O,T),
with o
p(z,0) =po and a—]z(x, 0) =0.

Here cg is the phase velocity in a non-attenuating medium.

Assume that the support of pg, the absorbing energy density, is contained in
a bounded set Q of R%. Our objective in this part is to reconstruct pg from the
measurements ¢(y,t) = p(y,t) on 9N x (0,T), where 9 denotes the boundary of
Q.

The problem of reconstructing pg is related to the inversion of the spherical
Radon transform given by

Ralfl(y.r) = /5 rf(y + 7€) do(€), (y,7) € 00 x R*,

where S denotes the unit sphere. It is known that in dimension 2, Kirchhoff’s
formula implies that [70]

_ 1 " Ralpol (y; cor)
p(yat) = %&/0 ﬁdﬁ
" p(y7 7(;/CO)

ARV

Ra [Po] (y7 7") =4r
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Let the operator W be defined by

(4.1) Wigl(y,r) = 4r 9y, t/co) dt for all g: 90 x Rt — R.
0

2 — 2

Then, it follows that
(4.2) Ralpo](y,r) = Wipl(y, ).

In recent works, a large class of inversion retroprojection formulae for the spher-
ical Radon transform have been obtained in even and odd dimensions when €2 is a
ball, see for instance [70, 97, 69, 108]. In dimension 2 when € is the unit disk, it
turns out that

1 1 2 2
43wl = i [ [ | GzRabelnn)| - (- 22l drdoty),
This formula can be rewritten as follows:
1
(4.4) pole) = 15 RaBRalpo](@),
where R, is the adjoint of Rq,

Rawmw:;égg@Jy—xnda@x

and B is defined by
2 72

Blile.t) = [ GAwr) (e = 2 dr

for g: O x RT — R.

In Figure 4.1, we give a numerical illustration for the reconstruction of py using
the spherical Radon transform. We adopt the same approach as in [69] for the
discretization of formulae (4.1) and (4.3). Note that in the numerical examples
presented in this section, Ny denotes the number of equally spaced angles on 952,
the pressure signals are uniformly sampled at N time steps, and the phantom
(the initial pressure distribution pg) is sampled on a uniform Cartesian grid with
Ngr X Ng points.

4.2.2. Limited-View Data. In many situations, we have only at our disposal
data on T' x (0,7), where T' C 9. As illustrated in Figure 4.2, restricting the
integration in formula (4.3) to I' as follows:

45w = o [ [l b - - 2 do )

is not stable enough to give a correct reconstruction of pg.

The inverse problem becomes severely ill-posed and needs to be regularized
(see for instance [134, 79]). We apply here a Tikhonov regularization with a total
variation term, which is well adapted to the reconstruction of smooth solutions with
front discontinuities. We then introduce the function pg, as the minimizer of

1
J(f] = §HQ [Ralf] = ) 17200x0.2)) + IV L@

where (@ is a positive weight operator.
Direct computation of pg, can be complicated as the TV term is not smooth
(not of class C'). Here, we obtain an approximation of pg, via an iterative
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FIGURE 4.1. Numerical inversion using (4.3) with N = 256, N =
200 and Ny = 200. Top left: po ; Top right: p(y,t) with (y,t) €
00 x (0,2); Bottom left: Ralpol(y,t) with (y,t) € 9Q x (0,2);
Bottom right: +1R&BRa[po)-
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FIGURE 4.2. Numerical inversion with truncated (4.3) formula
with N = 128, Np = 128, and Ny = 30. Left: pg; Right:
2 R BRapo).-

shrinkage-thresholding algorithm [60, 55]. This algorithm can be viewed as a
split, gradient-descent, iterative scheme:

e Data g, initial solution fy = 0;
e (1) Data link step: fry1/2 = fr — YRGQ*Q [Ralfe] — gl;
e (2) Regularization step: fr = Tyl fiy1/2]s
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where v is a virtual descent time step and the operator T, is given by

. 1
73] = arg win { 5l — ol + 0Vl .

Note that T, defines a proximal point method. One advantage of the algorithm
is to minimize implicitly the TV term using the duality algorithm of Chambolle
[49]. This algorithm converges [60, 55] under the assumption v||REQ*QRall < 1,
but its rate of convergence is known to be slow. Thus, in order to accelerate the
convergence rate, we will also consider the variant algorithm of Beck and Teboulle
[29] defined as

e Data g, initial set: fo =9 =0, t; = 1;
o (1) xp =Ty (fr — YRGQQ [Ralfk] — 9]);

2
o (2) fri1 =Tk + te—1 (zp — Tp_1) With triq + I4y/144t, V21+4tk

41

The standard choice of @ is the identity, Id, and then it is easy to see that
|RoRy|| ~ 2m. It will also be interesting to use @ = 5=B'/2, which is well defined
since B is symmetric and positive. In this case, RHQ*Q ~ Rgl and we can hope
to improve the convergence rate of the regularized algorithm.

We compare three algorithms of this kind in Figure 4.3. The first and the second
one correspond to the simplest algorithm with respectively @ = Id and @) = %Bl/ 2,
The last method uses the variant of Beck and Teboulle with Q = %Bl/ 2. The
speed of convergence of each of these algorithms is plotted in Figure 4.3. Clearly,
the third method is the best and after 30 iterations, a very good approximation of
po is reconstructed.

Two limited-angle experiments are presented in Figure 4.4 using the third al-
gorithm.

4.2.3. Compensation of the Effect of Acoustic Attenuation. Our aim
in this section is to compensate for the effect of acoustic attenuation. The pressures
p(z,t) and p,(z,t) are respectively solutions of the following wave equations:

1 0%

1
%w(x, t) — Ap(a:, t) = % ézopo(x)a

and

1 8%p, 1
%W(x, t) — Apg(x,t) — L(t) * po(x,t) = % 8;_opo(z),
where L is defined by

(4.6) L(t) = V%Tr/R (KQ(w) — ‘;’—g) e“tdw.

Many models exist for K (w). Here we use the power-law model. Then K (w) is the
complex wave number, defined by

w
4.7 K(w) = — +ialw|®
(47) (@) = 55 +ialul.
where w is the frequency, ¢(w) is the frequency dependent phase velocity and 1 <
¢ < 2 is the power of the attenuation coefficient. See [125]. A common model,

known as the thermo-viscous model, is given by K (w) = %ﬁﬁ and corresponds

approximately to ¢ = 2 with c(w) = ¢o.
Our strategy is now to:
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FIGURE 4.3. Iterative shrinkage-thresholding solution after 30 it-
erations with n = 0.01, N = 128, Nr = 128, and Ny = 30. Top
left: simplest algorithm with @ = Id and p = 1/(27); Top right:
simplest algorithm with @ = %81/2 and p = 0.5; Bottom left:
Beck and Teboulle variant with Q = %81/2 and p = 0.5; Bottom
right: error k — || fr — polleo for each of the previous situations.

Test 1:

Test 2:

FIGURE 4.4. Case of limited angle with Beck and Teboulle iter-
ative shrinkage-thresholding after 50 iterations, with parameters
equal to 7 = 0.01, N = 128, Ny = 128, Ny = 64 and Q = ;-B/2.
Left: po; Center: 52 RHBRalpol; Right: fso.
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e Estimate p(y,t) from p,(y,t) for all (y,t) € 9Q x RT.
e Apply the inverse formula for the spherical Radon transform to reconstruct
po from the non-attenuated data.

A natural definition of an attenuated spherical Radon transform R, o is
(4.8) Ra,[po] = Wipa)-

4.2.4. Relationship Between p and p,. Recall that the Fourier transforms
of p and p, satisfy

(84 (20) it =

which implies that

and (A + K(w)?) pa(z,w) =

\/ﬂ = po(z) \/ﬂ = po(a),

coK(w)

Pz, cK(w)) = Pa (2, w).

The issue is to estimate p from p, using the relationship p, = L[p], where L is
defined by

_i w —iws > ico K (w)
£l = e [ e [ oee K ard,

The main difficulty is that £ is not well conditioned. We will compare two ap-
proaches. The first one uses a regularized inverse of £ via a singular value decom-
position (SVD), which has been recently introduced in [113]. The second one is
based on the asymptotic behavior of £ as the attenuation coefficient a tends to
Zero.

Figure 4.5 gives some numerical illustrations of the inversion of the attenuated
spherical Radon transform without a correction of the attenuation effect, where a
thermo-viscous attenuation model is used with ¢g = 1.

4.2.5. A SVD Approach. La Riviere, Zhang, and Anastasio have recently
proposed in [113] to use a regularized inverse of the operator £ obtained by a
standard SVD approach:

Llgl =D or(¢, t)i,
1

where (¢;) and (1) are two orthonormal bases of L?(0,T) and o; are positives
eigenvalues such that

Lo =3 01l b)
LLg] =3, 02(b, b)),
LLYB) =3, 02{d, ).

An e-approximation inverse of £ is then given by
‘Cii[qb] = Z 2 T 2<¢ ¢l>¢lv
1

where € > 0.

In Figure 4.6 we present some numerical inversions of the thermo-viscous wave
equation with a = 0.0005 and a = 0.0025. We first obtain the ideal measurements
from the attenuated ones and then apply the inverse formula for the spherical Radon
transform to reconstruct py from the ideal data. We take e respectively equal to
0.01, 0.001 and 0.0001. The operator L is discretized to obtain an Nr x N matrix
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FIGURE 4.5. Numerical inversion of attenuated wave equation
with K(w) = £ + iaw?/2 and a = 0.001. Here N = 256,
Npr = 200 and Ng = 200. Top left: po; Top right: p,(y,t) with
(y,t) € 002 x(0,2); Bottom left: Wp,(y,t) with (y,t) € 02x (0, 2);
Bottom right: 2>R&§B W[pa(y,t)).

to which we apply an SVD decomposition. A regularization of the SVD allows us

to construct Cfi
As expected, this algorithm corrects a part of the attenuation effect but is
unstable when € tends to zero.

4.2.6. Asymptotics of L. In physical situations, the coefficient of attenua-
tion a is very small. We will take into account this phenomenon and introduce an
approximation of £ and £~! as a goes to zero:

Ly[g] = L] +o(a*h) and  L53[¢] = L7H] + o(a™ ),
where k represents an order of approximation.

4.2.6.1. Thermo-viscous case: K(w) = & + iaw?/2. Let us consider in this
section the attenuation model K(w) = & + iaw? /2 at low frequencies w < 1, such
that

g%,
1+ iacow/2 2
The operator L is approximated as follows

L[](s) ~ %/0 ¢(t)/R (1 - Z?w) e 3e0a i (t=5) i, dt.

Since
1 (s=1)2

1 1 2, . 1
e~ 3C0awW tezw(t—s)dw _ e coat
V21 Jr veoat




4.2. PHOTO-ACOUSTIC IMAGING IN FREE SPACE 81

FI1GURE 4.6. Compensation of acoustic attenuation with SVD reg-
ularization: N = 256, Np = 200 and Ny = 200. First line:
a = 0.0005; second line: a = 0.0025. Left to right: using Lfi
respectively with € = 0.01, ¢ = 0.001 and e = 0.0001.

and

\/Lz_w/R O o~ eont golt=0) gy = S0, <\/c1076_% (i‘);f) ’
it follows that

1(s—t)?
aco 1 e 2 coat gy

+o0
“05,) \/% /0 o)

£lo] = (1+

We then investigate the asymptotic behavior of £ defined by

1(s—t)?
- too -=
(4.9) ﬁ[d’]:\/% /0 ¢(t)ﬁe 2 coat g,

Since the phase in (4.9) is quadratic and a is small, by the stationary phase theorem
we can prove that
(coa)’

9 Dif6](s) + o(a®),

k
(4.10) Llel(s) =D

i=0
where the differential operators D; satisfy D;[#](s) = (t'¢(t))(3?) (s). See Appendix
B. We can also deduce the following approximation of order k of £~!

k
(4.11) L) = diy,
=0

where vy, ; are defined recursively by

J
1 .
Yro =1 and Yy ;= — Z EDi[wa-_i], for all j < k.

i=1
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0]10)10]
01010/

F1GURE 4.7. Compensation of acoustic attenuation with formula
(4.12): N =256, Ng = 200 and Ng = 200. First line: a = 0.0005;
second line: a = 0.0025. Left: ﬁ,;l with k& = 0; Center: L',Ngl with
k = 1; Right: £, " with k = 8.

Finally, we define

-1
(412) L= (1+ ‘gﬂag) Lp and L3h=L" (14 %at) .

We plot in Figure 4.6 some numerical reconstructions of py using a thermo-
viscous wave equation with ¢ = 0.0005 and a = 0.0025. We take the value of k
respectively equal to £ =0, k = 1 and k = 8. These reconstructions seem to be as
good as those obtained by the SVD regularization approach. Moreover, this new
algorithm has better stability properties.

4.2.6.2. General case: K(w) = w + ia|w|® with 1 < ¢ < 2. We now consider
the attenuation model K(w) = & + ialw|® with 1 < ¢ < 2. We first note that
this model is not causal but can be changed to a causal one [93, 52]. However,
since our main purpose here is to give insights for the compensation of the effect of
attenuation on image reconstruction, we work with this quite general model because
of its simplicity. As before, the problem can be reduced to the approximation of
the operator £ defined by

Ligl(s) = / é(t) / ¢ t=9) g leleont guyqy.
0 R
It is also interesting to see that its adjoint L* satisfies

£[9)(s) = /Ooo &(t) / et emlwlteons gy

Suppose for the moment that { = 1, and working with the adjoint operator L*, we
see that

2l = [ e

Invoking the dominated convergence theorem, we have
G 1 1 L[> 1
tin £°00l(s) = Yo = [ ot sy = 1 [ oy = o).

acq
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More precisely, introducing the fractional Laplacian A'/? as follows

AY2g(s) = %p.v. /+Oo o(t) — ¢(s) dt,

P ()
where p.v. stands for the Cauchy principal value, we get
1, R 1
SEOE o) = [ e (0l ol
- i (55)

-/ Tl 80— gls))dt

oo T (coas)? + (s — t)?
1 CoS

T e 7 a0 O

. 1 CcoS
—  lim oo T (5 OF (@(t) — ¢(s)) dt
= cosAY2¢(s),

as a tends to zero. We therefore deduce that
L[](s) = d(s)+coasA2g(s)+o(a) and  L*[g](s) = (s)+coal/? (sé(s))+o(a).
Applying exactly the same argument for 1 < { < 2, we obtain that
L[gl(s) = () + Ceoal?(s(s)) + o(a),
where C' is a constant, depending only on ¢ and A¢/2 defined by

o0 _ s
AC/2¢(S) = %p.v. / 7?2(;?)_ 3)?4(-4) dt.

4.2.7. Iterative Shrinkage-Thresholding Algorithm with Correction
of Attenuation. The previous correction of attenuation is not so efficient for a
large attenuation coefficient a. In this case, to improve the reconstruction, we may
use again a Tikhonov regularization. Let Rgla . be an approximate inverse of the
attenuated spherical Radon transform Rq ,:

Rohr =Ra WL W™

Although its convergence is not clear, we will now consider the following iterative
shrinkage-thresholding algorithm:

— 00

e Data g, initial set: fo =z =0, t; = 1;
o (1)a; =Ty (£; = 1RGhs (Raafi—9));

i— . 1+4/144¢2
o (2) fini =+ i (g —wjm1)  with ti + 5L

Figure 4.8 shows the efficiency of this algorithm.

4.3. Photo-Acoustic Imaging with Imposed Boundary Conditions

In this section, we consider the case where a boundary condition has to be
imposed on the pressure field. We first formulate the photo-acoustic imaging prob-
lem in a bounded domain before reviewing the reconstruction procedures. We refer
the reader to [131] where the half-space problem has been considered. We then
introduce a new algorithm which reduces the reconstruction problem to the inver-
sion of a Radon transform. This procedure is particularly well-suited for extended
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FIGURE 4.8. Numerical results wusing iterative shrinkage-
thresholding algorithm with n = 0.001 and @ = 0.0025. Left up:
fs0 with & = 0; Top right: f59 with & = 1; Bottom left: f5¢ with
k = 6; Bottom right: error j — || f; — pol| for different values of k.

absorbers. Finally, we discuss the issue of correcting the attenuation effect and
propose an algorithm analogous to the one described in the previous section.

4.3.1. Mathematical Formulation. Let  be a bounded domain. We con-
sider the wave equation in the domain 2:

1 0% .

%w(%t)_Ap(x’t):O in Q x (0,7,
(413) p(ﬂ?, O) = po(x) in Q,

Op _ .

a(m, 0)=0 in Q,

with the Dirichlet (resp. the Neumann) imposed boundary conditions:

(4.14) p(x,t) =0 <resp. %(m,t) = 0> on 90 x (0,T).

Our objective in the next subsection is to reconstruct po(x) from the measure-

%(m,t) (resp. p(x,t)) on the boundary 92 x (0,T).

ments of
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4.3.2. Inversion Algorithms. Consider probe functions satisfying

2
Lo - dden =0 n0x(0.7)
(4.15) v(z,T) =0 in Q,
ov .
E(x’T) =0 in Q.

Multiplying (4.13) by v and integrating by parts yields (in the case of Dirichlet
boundary conditions):

T
(4.16) /0 I (. Yo (i, B)dor ()t / o@) 2 (2, 0)da.

o0 N ot

Choosing a probe function v with proper initial time derivative allows us to
infer information on pg (right-hand side in (4.16)) from our boundary measurements
(left-hand side in (4.16)).

In Chapter 1, considering a full view setting, we used a 2-parameter travelling
plane wave given by

(4.17) v (e, )-6(% —|—t—7>,

and we determined the inclusions’ characteristic functions by varying (6,7). We
also used in three dimensions the spherical waves given by

5@+7 “fg

4.1 - 1) =
( 8) w ,y(x ) 47T|Z‘—y|

)

for y € R?\ ©, to probe the medium.
In Chapter 3, we assumed that measurements are only made on a part of the

boundary I' C 992. Using geometric control, we could choose the form of — (x 0)

ot
and design a probe function v satisfying (4.15) together with

v(z,t) =0 on OO\T,
so that we had

(4.19) / / 2L (¢, )0l )do(z)dt = / oz )g (2,0)dz.

Varying our choice of E(x 0), we could adapt classical imaging algorithms (MU-

SIC, back-propagation, Kirchhoff migration, arrival-time) to the case of limited
view data.
Now simply consider the 2-parameter family of probe functions:

-0
(4.20) d@@J):l—J?(f——+t—T>,
. co
where H is the Heaviside function. The probe function v( )(x t) is an incoming

plane wavefront. Its equivalent, still denoted by vfg

satisfies the initial conditions

, in the limited-view setting

92
(4.21) v (2,0)=0 and 70 (2,0) =6 (x_g _ T) ’
7 ot o
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FIGURE 4.9. Reconstruction in the case of homogeneous Dirichlet
boundary conditions. Left: initial condition py; Center: recon-
struction using spherical Radon transform; Right: reconstruction
using probe functions algorithm.

together with the boundary condition vfz =00n dQ\T x (0,7).

Note that if T' > di%o(m in the full-view setting, our test functions vi_lg, 5 g and
Wy vanish at t = 7. In the limited-view case, under the geometric controllability
conditions [28] on I' and T, existence of the test function v is guaranteed.

In both the full- and the limited-view cases, we get

(4.22) / /BQ i ay 2,602 (z, t)do (x)dt = Rlpo) (6, 7),

where R[f] is the (line) Radon transform of f. Applying a classical filtered back-
projection algorithm to the data (4.22), one can reconstruct po(x).

To illustrate the need of this approach, we present in Figure 4.9 the recon-
struction results from data with homogeneous Dirchlet boundary conditions. We
compare the reconstruction using the inverse spherical Radon transform with the
duality approach presented above. It appears that not taking boundary conditions
into account leads to important errors in the reconstruction.

We then tested this approach on the Shepp-Logan phantom, using the family of
probe functions vfz. Reconstructions are given in Figure 4.10. We notice numerical
noise due to the use of discontinuous (Heaviside) test functions against discrete
measurements.

The numerical tests were conducted using Matlab. Three different forward
solvers have been used for the wave equation:

e a FDTD solver, with Newmark scheme for time differentiation;
e a space-Fourier solver, with Crank-Nicholson finite difference scheme in
time;

e a space-(P1) FEM-time finite difference solver.
Measurements were supposed to be obtained on equi-distributed captors on a circle
or a square. The use of integral transforms (line or spherical Radon transform)
avoids inverse crime since such transforms are computed on a different class of pa-
rameters (center and radius for spherical Radon transforms, direction and shift for
line Radon transform). Indeed, their numerical inversions (achieved using formula
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FIGURE 4.10. Numerical inversion in the case of homogeneous
Dirichlet boundary conditions. Here, N = 256, Np = 200 and
Ny = 200. Top left: po; Top right: p(y,t) with (y,t) € 9Q x (0, 3);
Bottom left: R[pg]; Bottom right: reconstruction using probe func-
tions algorithm.

(4.3) or the iradon function of Matlab) are not computed on the same grid as the
one for the forward solvers.

4.3.3. Compensation of the Effect of Acoustic Attenuation. Our aim
in this section is to compensate the effect of acoustic attenuation. Let p,(x,t) be
the solution of the wave equation in a dissipative medium:

(4.23)
1 8%pa 1 .
= St (@.8) = Apa(e,6) = L(t) #palat) = 50_opo(@) i QxR,
0 0
with the Dirichlet (resp. the Neumann) imposed boundary conditions:
(4.24) palz,t) =0 <resp. aapa (x,t) = 0) on 90 x R,
v

where L is defined by (4.6).
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0
We want to recover pg(z) from boundary measurements of %(m,t) (resp.
v

Pa(x,1)). Again, we assume that a is small.
Taking the Fourier transform of (4.23) yields
(8 + K2@))pale,w) = —=—po(a) in @,
V2mcd

(4.25) Y
Pa(z,w) =0 <resp. %(m,w) = 0) on 09,

where p, denotes the Fourier transform of p,.

4.3.4. Case of a Spherical Wave as a Probe Function. By multiplying
(4.25) by the Fourier transform, g, (x,w), of wr=¢, given by (4.18), we arrive at,
for any T,
(4.26)

i

V2T
for the Dirichlet problem and
(4.27)

\/;—ﬂ /Q po(z)( /R we gy (2, K (w)) dw) dz = — /R e /8 Qﬁa(:v,w)

for the Neumann problem.
Next we compute [, we™ g, (2, K (w)) dw for the thermo-viscous model. Re-
call that in this case,

T = ot 9Pa z,w)Wo,y(z, K(w)) dw
/onm(/Rwe 0 (. K () do) dx—/Re (1, 0)ib0 y (7, K (@) oo,

o0 8V

ow

AO,y
ov

(z, K(w)) dw,

We have

2 |z—y
aw? ==yl

) 1 . lz—yl
4.28 we g, (1, K (w)) dw ~ ——— [ we™ T e 0 dw,
@) [ e o K@) dox o |
and again, the stationary phase theorem can then be applied to approximate the
inversion procedure for po(x).

Note that if we use the Fourier transform ¢ of (4.17) or (4.20) as a test function
then we have to truncate the integral in (4.26) since o(x, K(w)) is exponentially
growing in some regions of (2.

4.3.5. Case of a Plane Wave as a Probe Function. Let us first introduce

the function K(w) defined by K(w) = /K (w)? and consider a solution of the
Helmholtz equation

(A + f(z(w)) Do (z,w) =0
of the form
(4.29) Do, w) = e—iw(mﬂ—co‘r)g(w)’

where g(w) decays sufficiently fast.
Multiplying (4.25) by ¥4 (z,w), we obtain

(4.30) \/%/on(x) (/medw) al;vz/]R - %]?j (z,w)0q(x,w)do(z)dw.
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Since K (w) ~ ¥ — ““” , then by taking in formula (4.29)

co

1
g(w) = €_§W 2acoT and g(w) — _€—§w (L(‘()T,
1w

we can use the plane waves O((ll) and v va given by

~ —3 H0— T LG
Uél)(x,w) =e iw(z-0 ("07') 2“’ aCO( + ‘I’)7

and

1 _. _ _ 1,2 Tyzo _
v{(f)(x,w) = _—¢ iw(z-0 007')6 swraco(T+ co )
1w

)

as approximate probe functions.
Take T sufficiently large such that (T + a:c_~00 — 7') stays positive for all x € (.
Thus,
(z-0 —cor +1)°

1 72ac (T +z0 T)
o (2, ) ~ e 0 co ,

and
-0 —coT +t

\/aco <T + mc_~00 — 7')
(2)

Now using vg 'in formula (4.30) leads to the convolution of the Radon transform of
po with a quasi-Gaussian kernel. Indeed, the left hand-side of (4.30) satisfies

= [ o) ([Pt e

v® (x,t) ~ erf

(-0 — cor)?

1 72ac (T—l—me )
0 dx

co

(s — 007)2

Smax 1 2 T_|_i_
:/ Rpo) (6, s) , 20eo(T+5-7)

min \/aco (T + % — 7-)

and the right hand-side is explicitly estimated by

8pa 2) N/ T-0—cor+t
/ /89 ey (z,w)do(z)dw - 8V do(x)dt.
acy (T + %f — 7')
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00|
Q)0

FI1GURE 4.11. Compensation of acoustic attenuation with formula
(4.31) in the case of homogeneous Dirichlet boundary conditions.
Here, N = 256, Ngp = 200 and Ny = 200. First line: a = 0.0005;
Second line: a = 0.0025. Left: ﬁ,:l with k = 0; Center: Z,:l with
k = 1; Right: £; " with k = 8.

150 100

As previously, we can compensate the effect of attenuation using the stationary
phase theorem for the operator L,

(s — C()T)2
. Smax 1 2acy (T + = - 7')
2ol = [ o) ‘ o~ as,
Fmin \/aco (T + - T)
which reads
~ T 2 /
(4.31) LIgl(r) = dleor) + = ((b”(cor) + M) .
C()T
See Appendix C. More generally,
k i
5 coa
(4.3) 2w = 32 9 Do) + o),
i=0 ’
where the differential operators D; satisfy
s i i
Difd] = (T + — = 'l

Define £;* as in (4.11). Using (4.32), we reconstructed the line Radon trans-
form of py correcting the effect of attenuation. We then applied a standard filtered
back-projection algorithm to inverse the Radon transform. Results are given in
Figure 4.11.
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4.4. Conclusion

In this chapter we have provided new approaches to correct the effect of im-
posed boundary conditions as well as the effect of acoustic attenuation for imaging
extended absorbers.

It would be very interesting to analytically investigate their robustness with
respect to measurement noise and medium noise. In this connection, we refer to
Chapter 5 for a coherent interferometric strategy for photo-acoustic imaging in the
presence of microscopic random fluctuations of the speed of sound.

Another important problem is to a priori estimate the attenuation coefficient
a and the frequency power (.

Finally, it is worth emphasizing that it is the absorption coefficient, not the
absorbed energy, that is a fundamental physiological parameter. The absorbed
energy density is in fact the product of the optical absorption coefficient and the
light fluence which depends on the distribution of scattering and absorption within
the domain, as well as the light sources. In Chapter 2, methods for reconstructing
the normalized optical absorption coefficient of small absorbers from the absorbed
density are proposed. Multi-wavelength acoustic measurements are combined with
diffusing light measurements to separate the product of absorption coefficient and
optical fluence. In the case of extended absorbers, multi-wavelength photo-acoustic
imaging is also expected to lead to a satisfactory solution [59].

Stationary Phase Theorem and Proofs of (4.10) and (4.31)
Appendix A: Stationary Phase Theorem.

THEOREM 4.1. (Stationary Phase [85])Let K C [0,00) be a compact set, X
an open neighborhood of K and k a positive integer. If 1 € C3F(K), f € C3*+1(X)
and Im(f) > 0 in X, Im(f(to)) = 0, f'(to) = 0, f"(to) #0, f' # 0 in K \ {to}
then for e >0

/ Y(t)e S O/ eqp — ¢if (to)/e (e_lf"(to)/27ri)71/2 Z dL;[Y)| < Ce* Z sup [ (z)).
K

i<k a<2k

Here C is bounded when f stays in a bounded set in C3*+1(X) and |t — to|/|f'(t)]
has a uniform bound. With,

gu(6) = F(8) = F(t0) = 37" ()¢~ 1)

which vanishes up to third order at to, and

L= 3 S i 2 (1) (k) (gl )2 (to).

vl

v—p=j32v>3u

We will use this theorem with & = 2. Note that L, can be expressed as the
sum L [¢] = Lgl)[w] + ng) [¥] + L§3)[¢], where ng) is respectively associated to the
couple (v, ;) = (1,0),(2,1),(3,2) and is identified as

L[] = =" (t) 70 (to),
LW = gy /() 2 (90a) D (o) = 1" (t0) 72 (98, (to ) ko) + 4983 (ko) (o))

L[] = gtn £ (t0) " (92,9)© (to) = gt £ (t0) ~ (92,)© (to) s (to)-
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Appendix B: Proof of Approximation (4.10). Let us now apply the sta-
tionary phase theorem to the operator £

. oo . 1(s—1)?
Al 9 t
Blol= o= / o) e 2 il an

Note that the integral
96 = [ wle)er e,
0

with ¢ (t) = %’?, € = coa, f(t) = i(t;f)z, satisfies J(s) = v/coa2rL[¢]. The phase

f vanishes at ¢t = s and satisfies

2 2
ro-ig(1-%). ro-is re-i

The function g,(t) is given by

A(t—s)? 1(t—s)?

1
gt = 7 — — 71— = 71—
95(t) = 15— N '3

We can deduce that
{(gsw@(s) = (o4 (5)ls) + 4982 ()0 (5) ) = i
(@20)O(s) = (93,) @ ()(s) =~ Fei(s),

and then, with the same notation as in Theorem 4.1,

=3 (3o eo) = 3o () =3 (Ve - 22422

(Be(s) — Z'(s)),

N|—=

L] = 528" (o2 )(s) + 49O (610 (5)) = 5 (3 (M) - 3%))
1 d(s) 9e(s)

LW = gt (9 (@) O 6)005) = 5 (§ K/)> |

The operator L, is given by

Ly = LW+ LPR] + 1P W)
1 " / S 3 9 15 S 1 "
= (e e-nZ2 e (3-54 ) D) = gz o),
and so,

< Ca? Y sup |6 ().

a<4

7 = Varazs (A a0t

Finally, we arrive at

75 ot ot o)

< Ca? 3 sup |6 (1)

a<4
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Appendix C: Proof of Approximation (4.31). Let us now apply the sta-
tionary phase theorem to the operator £ defined by

- (s — 007)2
E[fﬁ](T) = \/ﬁ / o { (a(coT + s — cm))fé e 20 (coT + s — COT)} ds
t2

Smax—COT - - 2a (T + t)
- t+com) (a(T+1)) e |t
27T 1]!\11) coT |: ( 0 )

where T = ¢oT. Note that the integral

Smax_COT X
J(r) = / bt O,

min—C0T
. _ ¢(t+coT) ~
with ¢(t) = 7\/T—+t =a, f(s) = (T+f) satisfies J(7) = va2wL[¢].
The phase f vanishes at ¢ = 0 and satisfies
1 2T T2 1
Foy=is N2 =i T ey =ik
2 (t+T)? (t+1T1)3

The function go(t) is identified as

We have
{(gow)<4><o> = (98" )00 + 4957 (0 (0)) = % (Z(0) - 2e'(0)),
(V) O0) = (6) @ (0)(0) =~ £v(0),

and
_ ¢(coT) oy @ (com) 1 é(coT) niy _ @' (com)  ¢'(coT) | 3 ¢(coT)
v =528, w0 = SRR -SE0T ) = SOR -0 ST

Therefore, again with the same notation as in Theorem 4.1,

1001 = -1 (30O 0)) = 5 (VEo(ear) - et 4 2208
@1 L o2 (L (4) @ v () — L (a2 2?0
L] = 37072 (o6 0)(0) + 465" 0)0'(©)) = 5 (30/(0) — 3%

_ 1 ¢ (cor) 9 ¢(coT)

_5(3 Fiz 3 o )
L] = = gy 0 ()P (00(0) = 5 (175 %?) ,

and L, is given by
_ g 2 ( 1 "
Ll = LW+ LR P = (T (cor) + 26/ (o))

I
M‘
S
—
w
|
o
o
\]
+
S
S~—"
=
S~—"
N—
g
3
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which yields

7(7) = Vara (8(cor) + a/2 (5 — o + 0 T)O(S)) ey )| < Ca® Y sup (6 ()]

a<4
Hence,
i~ (9(eor) + 257 (ocor) + 2207 ) )| < cav 3 o))



CHAPTER 5

Coherent Interferometric Strategy for
Photoacoustic Imaging

5.1. Introduction

In the previous chapters, we developed a variety of inversion approaches which
can be extended to the case of variable but known sound speed and can correct the
effect of attenuation on image reconstructions. However, the situation of interest
for medical applications is the case where the sound speed is perturbed by an
unknown clutter noise. This means that the speed of sound of the medium is
randomly fluctuating around a known value. In this situation, waves experience
partial coherence loss [73] and the designed algorithms assuming a constant sound
speed may fail.

Interferometric methods for imaging have been considered in [51, 120, 119].
Coherent interferometry (CINT) was introduced and analyzed in [39, 40]. While
classical methods back-propagate the recorded signals directly, CINT is an array
imaging method that first computes cross-correlations of the recorded signals over
appropriately chosen space-frequency windows and then back-propagates the local
cross-correlations. As shown in [39, 40, 41, 42], CINT deals well with partial loss
of coherence in cluttered environments.

In this chapter, combining the CINT method for imaging in clutter together
with a reconstruction approach for extended targets by Radon inversions, we pro-
pose CINT-Radon algorithms for photoacoustic imaging in the presence of random
fluctuations of the sound speed. We show that these new algorithms provide sta-
tistically stable photoacoustic images. We provide a detailed analysis for their
stability and resolution and numerically illustrate their performance.

The chapter is organized as follows. In Section 5.2 we formulate the inverse
problem of photoacoustics and describe the clutter noise considered for the sound
speed. In Section 5.3 we recall the reconstruction using the circular Radon trans-
form when the sound speed is constant and describe the original CINT algorithm.
We then propose a new CINT approach which consists in pre-processing the data
(in the same way as for the circular Radon inversion) before back-projecting their
correlations. Section 5.4 is devoted to the stability analysis of this new algorithm.
Section 5.5 adapts the results presented in Sections 5.3 and 5.4 to the case of a
bounded domain. We make a parallel between the filtered back-projection of the
circular Radon inversion in free space and of the line Radon inversion when we
have boundary conditions. Both algorithms end with a back-projection step. We
propose to back-project the correlations between the (pre-processed) data in the
same way as in Section 5.3. The chapter ends with a short discussion.

95
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5.2. Problem Formulation

In photoacoustics, a pressure wave p(x,t) is generated by an electromagnetic
energy deposit pg(x):

02 x,1) — () Ap(x, 1) = 0.

p(x,0) = po(x), %(x, 0) = 0.

The imaging problem is to reconstruct the initial value of the pressure py from
boundary measurements. Most of the reconstruction algorithms assume constant
(or known) sound speed. However, in real applications, the sound speed is not
perfectly known. It seems more relevant to consider that it fluctuates randomly
around a known distribution. For simplicity, we will consider the model with ran-
dom fluctuations around a constant:

: 1(1+W(X))

o0 EER

where p is a normalized stationary random process, z. is the correlation length of
the fluctuations of ¢ and o, is their relative standard deviation.

5.3. Imaging Algorithms

Consider the two-dimensional case. Define the Fourier transform by

(5.2) f(w):/Rf(t)em dt,  f(t) = %/Rf(w)e_"“tdw.

In free space, it is possible to link the measurements of the pressure waves p(y,t)
on the boundary 9 to the circular Radon transform of the initial condition pg(x)
as follows [70]:

Ralpol(y,r) = Wipl(y,r), ye€dQ, reRT,

where the circular Radon transform is defined by

Ralpol(y,r) = / rpoly +r0)do(8), y €09, reR*,
st

and .
Wipl(y,r) := 4r Py, t/co) dt, yedQ, reRt.
0

82 — 2
Here S denotes the unit circle. When € is the unit disk with center at 0 and radius
Xo =1, in order to find pg we can use the following exact inversion formula [108]:

1
5.3 - _
(5.3) Po=73

where R, (the adjoint of the circular Radon transform) is a backprojection operator
given by

Raolf / [y, |x—yl|)do(y / /f y,w)e “FYldudo(y), xeQ,
27T o0
and B is a filter defined by

oBWIpl,

2 72

d
Blily.) = [ THr) (e = #dr. y <00,
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Note that (5.3) holds only in two dimensions. Moreover, in the Fourier domain, it
reads

po(x) = /{m/Rm](y,w)e_i“’lx_y‘dwda(y), x € Q.

(2m)?
Hence, we introduce the Kirchhoff-Radon migration imaging functional:
(5.4)  Txrm(x) = RQBW[p / / (x,w)e” ¥l dudo(y),
271' a0
where
(5.5) qg= 4772 —BW|p]

is the pre-processed data.
A second imaging functional is to simply back-project the raw data [36]:

(5.6)  Tn(x) = RA[p // By, @)=Y dudo(y), x € Q.
EL o0

When the sound speed varies, the phases of the measured waves are shifted
according to the unknown clutter. To correct this effect, the idea of the original
CINT algorithm is to back-project the space and frequency correlations between
the data [40]:

Tci(x) = // // Py, wr)e— vl
(57) 27T 0 J|y2—y1|<Xq Jwa—w1|<Qq

X]_ﬁ(yg , wg)e“"2 x=¥2l oy dws do(y1)do(y2).

As will be shown later, Z¢p is quite efficient in localizing point sources but not in
finding the true value of pg. Moreover, when the support of the initial pressure pg
is extended, Zcy may fail in recovering a good photoacoustic image. We propose
two things. First, in order to avoid numerical oscillatory effects, we replace the
sharp cut-offs in the integral by Gaussian convolutions. Then instead of taking
the correlations between the back-projected raw data, we pre-process them like
we do for the Radon inversion. We thus get the following CINT-Radon imaging
functional:

(5.8)

(“’2 W1) _ *5'22\2
Tcr (%) ¥4
27m)2 Jog Joa

xq(y1, wl)e*“"l ‘x*y”c‘?(yg, wg)e“"2|x*y2|dw1dw2da(y1)do(y2),

where ¢ is given by (5.5).
Note that, when Q4 — oo and X; — oo, then Zcir is the square of the
Kirchhoff-Radon migration functional:

ICIR (X) = |IKRM (X) |2 .

The purpose of the CINT-Radon imaging functional is to keep in (5.8) the pairs
(y1,w1) and (yo,ws) for which the pre-processed data §(y1,w1) and §(ys2,ws) are
coherent, and to remove the pairs that do not bring information.
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5.4. Stability and Resolution Analysis

5.4.1. Noise Model. We assume that the operating bandwidth of the sensors
is of the form [wo — B/2,wy + B/2] with B <« wy and consider the following noise
model. We assume that there is an error v(x,y) between the theoretical travel time
To(x,y) with the background velocity ¢y and the real travel time 7(x,y) where y
is a point of the surface of the observation disk 02 and x is a point of the search
domain. Therefore, we have

T(x%,¥) = 10(x,¥) + v(%,y),

where v(x,y) is a random process. This model can be used in the presence of
low-frequency (i.e., x. > (2m)/wo) cluttered noise p(x) in (5.1) which induces
perturbations to travel times up to leading order:

ocly — x| 1N<X+ (y—X)S)dS.

v(x,y) = 20 /s o

Assuming that the search window is relatively small we can assume that v depends
only on the sensor position y and we can neglect the variations of v with respect
to x. This is perfectly correct if we analyze the expectations and the variances of
the imaging functionals for a fixed test point x (then the search region is just one
point). This is still correct if we analyze the covariance of the imaging functional
for a pair of test points x and x’ that are close to each other (closer than the
correlation radius z. of the clutter noise). This model can also be used when the
positions of the sensors are poorly characterized.

We assume that the random process p is a random process with Gaussian
statistics, mean zero, and covariance function:

x x/ |x — x'|?

Then v is a random process with Gaussian statistics, mean zero, and covariance
function:

69 B =) v =1 e (- )i

T r

where 72 = /21021 X(/(4c3) is the variance of the fluctuations of the travel times.

Here E stands for the expectation (mean value) and we have assumed that z. < Xj.
Using the Gaussian statistics it is straightforward to compute the moments

A 2.2
E[euul/(y)] = exp ( _ w27—c )’
iwv(y)—iw' vy’ w—uw 2Tc2 y — y,
Bl ®)-iw'v(y)] = exp(_%_wwgg(l_w(%))).
If we assume that wor. > 1, then for w,w’ € [wo — B/2,wo + B/2], we have
‘ 2.2
(5.10) E[e“*®)] ~ exp ( - %),
iwv(y)—iw vy’ (w — wl)27—? |y — yl|2
(5.11) E[ei«v ) O]~ exp ( - 5 £ — oX? ),

with X2 = 322/ (2wir?).
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5.4.2. Kirchhoff-Radon Migration. Recall that the Kirchhoff-Radon mi-
gration functional is

G-Bil) = = [ [ iwe ooty = [ aly.ly - <),

where ¢ = BW|p]/(47?). The functional applied to the perfect pre-processed data

1
0) — - (0)
(5.13) q prcreldd i
is
(5.14)
1 )
T (%) = — / / 1O (y, w)e™ ¥ M dwdo(y) = / 4Oy, ly - x|)do(y),
27 Jaa Jr bGle}

and it is equal to the initial condition pg(x).
We consider the random travel time model to describe the recorded data set:

(5.15) a(y, t) = ¢y, t = v(y)).
We first consider the expectation of the functional. Using (5.10) we find that

WQTCQ 0

which shows that the mean functional undergoes a strong damping compared to

E[IKRM (X)] = exp ( —

the unperturbed functional I%%M (x).
The statistics of the fluctuations can be characterized by the covariance

1 - ) (e ) p—iw —x| iw —x’
EZxrm (x)IxrMm (X')] = W//an , 4O (y1,w01)q0 (ya, wa e~ iwrly1—x| giwalya—x
X
o N\2.2 o2
Xexp(— (1 ;2) e |Y12X}2’2| )dwlda(yl)dwgda(yg).

In the regime in which 7,! > B and X, > X, we find that the amplitude of the
fluctuations is of the order of

Var (Tirm (%)) ~ (T ()7

Here, Var stands for the variance. In the regime in which 77! < B and X, < Xp
we find that

Var (Tican (%)) ~ (T (%))? (%) (%)

Define the signal-to-noise ratio (SNR) by

EZkrm (x)]
5.16 SNR = .
( ) KRM Var(Zxru (X))1/2
The following holds.
PROPOSITION 5.4.1. We have

2,2 1 1
_ woTe 2 ﬁ 2
SNRKRM exp ( —2 ) (1 + B’Tc) (1 + Xc) .

Note that SNRkg is very small in this regime (wo7. > 1).
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5.4.3. CINT-Radon. We consider the random travel time model (5.15). We
first note that coherence in (5.8) is maintained as long as exp(iwav(y2) —iwiv(y1))
is close to one. From (5.11) this requires that |w; — wa| < 77! and |y; — y2| < Xe.
We can therefore anticipate that the cut-off parameters X4 and 24 should be related
to the coherence parameters X, and 7, !. In the following we study the role of the
cut-off parameters X4 and 24 for resolution and stability. For doing so, we compute
the expectation and variance of the imaging functional Z¢g.

‘We have
1 ) -
Elfem ()l = Gy // dondion / / do(y1)do(y2)d® (y1,w1)d® (y2, ws)
(2) X 0Q
—iw —x| _iw —x (wl _w2)2 2 1 |y1 |2 1
xe iyl giualyaxl oxp (- LS (7 +Q—3>——2 <X2 + X2>)

where ¢(©) is the perfect pre-processed data defined by (5.13). Using the change of

variables

hq ha Ya Ya
e = Wag — 7757 = a a5 0 = a T4
9 w2 =w B Y1 Y, + B Y2 Y 5

the expectation of the CINT-Radon functional can be written as

EZcir(x)] = #/ /dh /\u do(ya)Q(Ya, ha, Ya; X)

W1 = Wqg +

ha 1 lyal®, 1 1
1 (__a 2, 1y A )
(5.17) X exp 5 (72 + Q(Qi) 5 (X(% Xg) ,
where
LZ{}’(LERQ,Y 2689andY—|— eaQ}
and
A a ha . . B h.
Q(Yaa ha7ya;x) = /dwan(O)(Ya + y_aWa + —)q(O)(Ya - y—,wa — —)
2 2 2 2
Xeii(wa+h7a)|Ya+yTa*X‘ei(wa )‘Yaf_fx‘

We assume that Xy is much smaller than X, so that y; — y2 is approximately
orthogonal to (y1 +y2)/2 when y1,y2 € 9Q and |y1 — y2| < X4. Then

Yi:{YaERQ;Ya'Ya:O}a

and

QY hayuin) = /dwaq<°>(Ya+y7,wa+7)q<0>m—%,wa—g)

Xezwa ‘x Ya\ Ya—tha|x—=Y,|

/dwa/dra dU na)Wq(Yaawa;n(lval)
YL

[0

e 1(Wa\x—Ya Ka)'Yat(Ta— \x—Ya\)h,,,’
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where W, is the Wigner transform of q\:

a ha ~ a ha
WQ(YMWG; Ka, Ta) = /dh“/ da(Ya)qA(O) (Ya + Y y Wa + )q(O) (Ya - Y yWa — )
vi 2 2 2 2

(518) Xeilﬂmya—ihaq—a.

Therefore, we get

[SIE
Q
2

1
E[ICIR(X)] = (2’”)3()%% n XLFZ)%(TE_FQLZ) dO'(Ya)/dwa - dO’(K'»a)/dTa

XWq(Yaywa; K/ayTa)

—Y. Y, |2
( ko —wa (B3 — (77 pevp) 1) (Ta—lYa—X|)2)
xexp | —

Since, for any s,
We(Ya,wa; ka + 5Ya,70) = We(Ya,Wa; Ka, Ta)s
we obtain the following result.

PROPOSITION 5.4.2. We have

1
E[ICIR(X)] = / dJ(Ya)/dwa/ da(na)/dﬂl
(2m)*(3z + 52)2 (72 + gz)* Jon v
x—=Y, |2
Ka — Wo g™ Y, —x|)?
(5.19) Wy (Ya,Wa; Kay Ta) exp(— | \ Ya\| B (Ta — |Ya — x|) )

2(x7 + x2) 2(72 + gz)

Formula (5.19) shows that the coherent part (i.e., the expectation) of the
CINT-Radon functional is a smoothed version of the Wigner transform of the pre-
processed data. It selects a band of directions and time delays that are centered
around the direction and the time delay between the search point x and the point
Y, of the sensor array.

We observe that:

- if Q4 > 771 and X, > X, then the cut-off parameters Q4 and X, have no
influence on the coherent part of the functional which does not depend on
(Qa, Xa)-

- if Q4 < 771 and Xy < X, then CINT has an influence and reduces the
resolution of the coherent part of the functional (it enhances the smoothing
of the Wigner transform).

We next compute the covariance of the CINT-Radon functional. If

— g 4 = fa L - s
wl_wa 2a w2_wa 27 w3—(JJb 27 (JJ4—Wb 2,
Ya Ya Yo Yo
-Y, + 22 -Y, - 22 s =Y, + 22, -Y, - 2
Y1 + 5 y2 5 y3 b+ 5 Y4 b

then

2.2 2
i1 (1) —iwsv(y2) Tiwar (ya)—ierr (ra)] ~ (e = M) |ya =yl
E[e w(y1 2v(¥2) piwsv(ys) —iwa (y4)} _exp( 5 7% ,
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and therefore,
- 1
Blfem (0T )] = o / / / do(Yo)dhodo (ya)do(Yo)dhydo(ys)

XQ(YG7 ha,Ya;X)Q(Yb, hb,Yb;X/)

X exp ( C(h2+hi)  (yal® + |Yb|2))
202 2X2
(ha = p)°12  |ya — ybI?
e ( - 2 T X )

Using (5.17) we can see that, if Q4 < 7.1 and X; < X,, then we have

L ) h(QL Ya 2
ElZcir(x)] = @n)? // do(Ya)dhado(ya)Q(Ya, ha,ya; X) exp ( ~ 507 |2X|3 )
Using
(ha = ho)*72  |ya = yol”\ _ (ha = m)*12 | lya =yl
oenp (- St - SR ) T g B

it follows that

Var (Zorn () = EllZom () - EZan()? ~ ((0ar0? + (1)) [EZom o)

Therefore, the following proposition, where the SNR is defined analogously to
(5.16), holds.

PROPOSITION 5.4.3. When Q4 < Tc_l and Xg < X., we have
1

(Qure)? + (ii—j)z'

(5.20) SNRcir ~

Note that the SNR is greater than one when Q4 < 7.1 and X, < X..

To conclude, we notice that the values of the parameters Xy ~ X, and Q4 ~ 7.
achieve a good trade-off between resolution and stability. When taking smaller
values Qg < 7, L and X4 < X, one increases the signal-to-noise ratio but one
also reduces the resolution. In practice, these parameters are difficult to estimate
directly from the data, so it is better to determine them adaptively, by optimizing
over 24 and X, the quality of the resulting image. This is exactly what is done in
adaptive CINT [41].

1

5.4.4. Two Particular Cases. We now discuss the following two particular
cases:
(i) If we take X4 — 0 then the CINT functional has the form
(5.21)

_ (wy—wo)?

1 ~ —tw —X| 27 ) tw —x
Zor(x) = @n? 2//dw1dw2/ do(y)e % G(y,wi)e ¥ >lg(y, wy)e =y,
)2 Jr Jr o9

This case could correspond to the situation in which X. is very small,
which means that the signals recorded by different sensors are so noisy
that they are independent from each other.
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If Q4 > B, then (5.21) is equivalent to the incoherent matched field func-
tional
Tor(x) ~ [ do(Ya)|q(Ya, [Ya —x|)[".
o0
If Q4 < B (or, more generally, for any Q4), then (5.21) is a smoothed (in
time) version of this functional given by

Q 92t2
T (x) \/% anU(Ya)/Rdﬂq( o [Ya— x|+ 1) exp(—T).

(ii) If we take X4 — oo then the CINT functional has the form

1 _ (w1—wy)?
Ter(x) = //dw1dw2 // do(y1)do(ys)e  *%
27m)? Jr Jr XN

(522) ><qA(y17 W1)€7iUJ1 [y1 7x|(j(y27 w2)eiwz\y27x\ )

This case could correspond to the situation in which X, is very large,
which means that the signals recorded by different sensors are strongly
correlated with one another. This is a typical weak noise case.

If Q4 > B, then (5.21) is equivalent to the coherent matched field function
(or square KM functional):

Tom(x) =~ ] /aQ do(Yo)q(Ya, [Yo — x|)]2.

If Q4 < B (or, more generally, for any Q4), then (5.22) is a smoothed (in
time) version of this functional:

Qd 2 QitQ
Zer(x) Vo Je dt’ 0(Ya)q(Ya, | Yo — x|+ t)‘ exp ( - T)

5.5. CINT-Radon Algorithm in a Bounded Domain

When considering photoacoustics in a bounded domain, we developed in [9]
an approach involving the line Radon transform of the initial condition. We will
consider homogeneous Dirichlet conditions:

2
gtf(x t) — c(x)*Ap(x,t) =0, x€Q,
Op

p(x,0) = po(x), 5t - (x,0) =0, x€Q,
p(y,t) =0, y €.

Here, €2 is not necessarily a disk. Let n denote the outward normal to 9. When
¢(x) = cg, we can express the line Radon transform of the initial condition pg(x)
in terms of the Neumann measurements 9,p(y,t) = n(y) - Vp(y,t) on 0Q x [0,T7:

R[po](e, 8) = W[anp](ea S)a

where the line Radon transform is defined by

Rlpo](O,7) := /po(r0 + 50 )ds, 6eS', reR,
R

108, s) := // (x,t)H (—0+t—s)do(x)dt, 0csS', seR.
o9 Co

and
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Here H denotes the Heaviside function. We then invert the Radon transform using
the back-projection algorithm

po = R*BW[0np],
where R* is the adjoint Radon transform:
" 1 —m;x -0
R*[fl(x) = o f(0 x-0)do(0 @) /S1 / £(0,w) dwdo(0), x€Q,
and B is a ramp ﬁlter
Bg](0,5) / w|§(8,w)e“ dw, 6 cS.

Here, the hat stands for the Fourier transform (5.2) in the second (shift) variable.
In the Fourier domain, the inversion reads

po(x) = (27r / /BW Onp)(8,w)e”“*dwdo(8), xe Q.

Therefore, a natural idea to extend the CINT imaging to bounded media is to
consider the imaging functional:

_(wop—w)? _Jog— 91\
ICIR( = 202 202
27T st Jst

xBW[@np](Ol,wl) —inx. Glzs’W[anp](eQ,wg)em*%dwldwda(el)da(eg).

The stability and resolution analysis in Section 5.4 applies immediately to Zcr.-

5.6. Numerical Illustrations

In this section we present numerical experiments to illustrate the performance
of the CINT-Radon algorithms and to compare them with the Kirchhoff-Radon.
The wave equation (direct problem) is solved via a Lie-splitting method. It can be
rewritten as a first order PDE:

9,P = AP + BP,

D 0 1 0 0
where P = A= ,and B = . The opera-

Op/ ot ’ cAA 0 (2=cd)A 0
tor A is solved exactly in the Fourier space while the operator B is treated explicitly
with a finite difference method and a PML formulation in the case of free space.
The inverse circular Radon formula is discretized as in [69].
In Figure 5.1, we consider 6 point sources which emit pulses of the form

f(t) = cos(2mwot)td, exp(—nt?62), with d, =10, wp = 36,.

We use the random velocity c¢1, visualized in Figure 5.1. Figure 5.2 presents the
pressure p(y,t) computed without and with noise, and the reconstruction of the
source locations obtained by the Kirchhoff migration functional Zky;. Figure 5.2
illustrates that in the presence of noise, Zxyn becomes very instable and fails to
really localize the targets. The images obtained by Z¢p are plotted in Figure 5.3
and compared to those obtained by Zkn. Note that Z¢p presents better stability
properties when X, and Q4 become small as predicted by the theory.

We now consider the case of extended targets and test the imaging functional
Zcir. We use the random velocity ¢o shown in Figure 5.1. Reconstructions of the
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FIGURE 5.1. Left: Positions of the sensors; Center: random veloc-
ity ¢; with high frequencies; Right: random velocity ¢y with low
frequencies.

FIGURE 5.2. Testl: measured data p(y,t) and source localization
using Kirchhoff migration Zxy with (right) and without (left)
noise.

FI1GURE 5.3. Testl: source localization using the standard CINT
functional Zgp, with parameters X; and €4 given by X; =
0.25,0.5,1 (from left to right) and Q4 = 25,50,100 (from top to
bottom).
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initial pressure obtained by Zxrn are plotted in Figures 5.4 and 5.6. Figures 5.4 and
5.6 clearly highlight the fact that the noise significantly affects the reconstruction.
In fact, the whole line is not found.

On the other hand, plots of Z¢ig presented in Figures 5.5 and 5.7 provide more
stable reconstructions of po(x). However, note that choosing small values of the
parameters X4 and 4 can affect the reconstruction in the sense that Zcig becomes
very different from the expected value, p2, when X4 and Q4 tend to zero. This is a
manifestation of the trade-off between resolution and stability discussed in Section
5.4.

In the case of a bounded domain, we consider the low frequency cluttered
speed of Figure 5.1, on a square medium, with homogeneous Dirichlet conditions.
We illustrate the performance of Zcig on the Shepp-Logan phantom. Figure 5.8
shows the reconstruction using the inverse Radon transform algorithm. We notice
that the outer interface appears twice. In fact, Zcir can correct this effect. Figure
5.9 shows results for different values of ©4 and 3. The imaging functional Zcg
can get the outer interface correctly but seems to focus too much on it. To check
if Zor reconstructs the inside of the target with the good contrast, we show in
Figure 5.10 the same images with a colormap saturated at 80% of their maximum
values.

FIGURE 5.4. Test2: measured data p(y,t) and reconstruction of
po using Zgrm with (right) and without (left) noise.

5.7. Conclusion

In this chapter we have introduced new CINT-Radon type imaging functionals
in order to correct the effect on photoacoustic images of random fluctuations of
the background sound speed around a known constant value. We have provided a
stability and resolution analysis of the proposed algorithms and found the values
of the cut-off parameters which achieve a good trade-off between resolution and
stability. We have presented numerical reconstructions of both small and extended
targets and compared our algorithms with Kirchhoff-Radon migration functionals.
The CINT-Radon imaging functionals give better reconstruction than Kirchhoff-
Radon migration, specially for extended targets in the presence of low-frequency
medium noise.
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FIGURE 5.5. Test2: source localization using Zcir, with X4 and
Qg given by X4 = 0.5,1, 2 (from left to right) and Q4 = 50, 100, 200
(from top to bottom).

—

FIGURE 5.6. Test3: measured data p(y,t) and reconstruction of
po using Zgrm with (right) and without (left) noise.
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FIGURE 5.7. Test3 : source localization using Zcg, with X4 and
Qg given by X4 = 0.5,1, 2 (from left to right) and Q4 = 50, 100, 200
(from top to bottom).

FIGURE 5.8. Reconstruction of an extended target using line
Radon transform in the case of imposed boundary conditions.
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FIGURE 5.9. Extended target reconstruction with boundary con-
ditions using Zcir, with ©4 and Q4 given by ©4 = 1, 3,6 (from top
to bottom) and €24 = 50, 100,200 (from left to right).
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FIGURE 5.10. Extended target reconstruction with boundary con-
ditions using Zcir, with ©4 and Q4 given by ©4 = 1, 3,6 (from top
to bottom) and Q4 = 50, 100,200 (from left to right). Colormaps
are saturated at 80% of the maximum values of the images.



CHAPTER 6

Inverse Transport Theory of Photoacoustics

6.1. Introduction

Photoacoustic imaging is a recent medical imaging technique combining the
large contrast between healthy and un-healthy tissues of their optical parameters
with the high spatial resolution of acoustic (ultrasonic) waves. Electromagnetic
radiation, sent through a domain of interest, generates some heating and a resulting
thermal expansion of the underlying tissues. The mechanical displacement of the
tissues generates acoustic waves, which then propagate through the medium and
are recorded by an array of detectors (ultrasound transducers). The photoacoustic
effect is now being actively investigated for its promising applications in medical
imaging.

In an idealized setting revisited below, the electromagnetic source is a very
short pulse that propagates through the domain at a scale faster than that of
the acoustic waves. The measured acoustic signals may then be seen as being
emitted by unknown initial conditions. A first step in the inversion thus consists
in reconstructing this initial condition by solving an inverse source problem for a
wave equation. This inversion is relatively simple when the sound speed is constant
and full measurements are available. It becomes much more challenging when only
partial measurements are available and the sound speed is not constant; see, e.g.,
Chapters 1 and 3.

A second step consists of analyzing the initial condition reconstructed in the
first step and extracting information about the optical coefficients of the domain
of interest. The second step is much less studied. The energy deposited by the
radiation is given by the product of o,(x), the attenuation in the tissue and of
I(x), the radiation intensity. The question is therefore what information on the
medium may be extracted from o,I. The product can be plotted as a proxy for
0, when [ is more or less uniform. This, however, generates image distortions as
has been reported, e.g., in [101]. The extraction of, e.g., o, from o, remains an
essentially unsolved problem.

Two different regimes of radiation propagation should then be considered. In
thermoacoustic tomography (TAT), low frequency (radio-frequency) waves with
wavelengths much larger than the domain of interest, are being used. We do not
consider this modality here. Rather, we assume that high frequency radiation is
generated in the near infra red (NIR) spectrum. NIR photons have the advantage
that they propagate over fairly large distances before being absorbed. Moreover,
their absorption properties have a very large contrast between healthy and cancer-
ous tissues. In this regime, I(x) may be interpreted as a spatial density of photons
propagating in the domain of interest. The density of photons is then modeled

111
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by a transport equation that accounts for photon propagation, absorption, and
scattering; see (6.11) below.

This chapter concerns the reconstruction of the optical parameters in a steady-
state transport equation from knowledge of H(z) := o4(x)I(z). The derivation of
the transport equation given in (6.11) below is addressed in section 6.2. We are
concerned here with the setting of measurements of H(x) for different radiation
patterns. Our most general measurement operator A is then the operator which to
arbitrary radiation patterns at the domain’s boundary maps the deposited energy

We analyze the reconstruction of the absorption and scattering properties of
the photons from knowledge of A. The main tool used in the analysis is the decom-
position of A into singular components, in a spirit very similar to what was done,
e.g., in [26, 25, 54] (see also [24]) in the presence of boundary measurements rather
than internal measurements. The most singular component is related to the ballis-
tic photons. We show that the analysis of that component allows us to reconstruct
the attenuation coefficient o, and the spatial component o of the scattering coeffi-
cient. The anisotropic behavior of scattering is partially determined by the second
most singular term in A, which accounts for photons having scattered only once in
the domain. Although the full phase function of the scattering coefficient cannot
be reconstructed with the techniques described in this chapter, we show that the
anisotropy coefficient g(x) that appears in the classical Henyey-Greenstein phase
function is uniquely determined by the measurements in spatial dimensions n = 2
and n = 3. Moreover, all the parameters that can be reconstructed are obtained
with Holder-type stability. We present the stability results in detail.

When scattering is very large, then radiation is best modeled by a diffusion
equation characterized by two unknown coefficients, the diffusion coefficient D(x)
and the attenuation coefficient o,(z). This regime is briefly mentioned in section
6.2.8.

The rest of the chapter is structured as follows. Section 6.2 is devoted to the
derivation of the stationary inverse transport problem starting from the transient
equation for the short electromagnetic pulse. The main uniqueness and stability
results are also presented in detail in this section. The derivation of the unique-
ness and stability results is postponed to the technical sections 6.3 and 6.4. The
former section is devoted to the decomposition of the albedo operator into singular
components. Useful results on the transport equation are also recalled. The latter
section presents in detail the proofs of the stability results given in section 6.2.

6.2. Derivation and Main Results

6.2.1. Transport and Inverse Wave Problem. The propagation of radia-
tion is modeled by the following radiative transfer equation

(6.1) %%u(t,x,v) + Tu(t,z,v) = S(t,z,v), teR, x€R" veS*L

We assume here that S(t, z,v) is compactly supported in ¢ > 0 and in z outside of
a bounded domain of interest X we wish to probe. The domain X is assumed to
be an open subset of R™ with C! boundary. For the sake of simplicity, X is also
assumed to be convex although all uniqueness and stability results in this chapter
remain valid when X is not convex. Here, ¢ is light speed, S*~! is the unit sphere
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in R™ and T is the transport operator defined as

(6.2) Tu=v-Vyu+o(z,v)u— / k(z, v, v)u(t,z,v")dv',

S§n—1
where o(x,v) is the total attenuation coefficient and k(z,v’,v) is the scattering
coefficient. Both coefficients are assumed to be non-negative and bounded (by a
constant M < oo) throughout the chapter. We define

(6.3) os(z,v) = /Sni1 k(x,v,v")dv', oo(x,v) = o(z,v) — og(x,v).

We also refer to o, as a scattering coefficient and define o, as the intrinsic atten-
uation coefficient. We assume that for (almost) all (z,v) € R™ x S"~! we have
oa(z,v) > 0g > 0. We also assume that k(z,v,v') = 0 for (almost) all x & X.

The optical coefficients k(x,v’,v) and o(x,v) are the unknown coefficients in-
side X that we would like to reconstruct by probing the domain X by radiation
modeled by S(¢,x,v). In photo-acoustics, the emitted radiation generates some
heating inside the domain X. Heating then causes some dilation, which mechani-
cally induces acoustic waves. Such acoustic waves are measured at the boundary
of the domain X. After time reversion, the latter measurements allow us to in-
fer the intensity of the source of heating. This gives us internal measurements of
the solution w of the transport equation (6.1). The objective of this chapter is to
understand which parts of the optical parameters may be reconstructed from such
information and with which stability.

Before doing so, we need an accurate description of the propagation of the
acoustic waves generated by the radiative heating. The proper model for the acous-
tic pressure is given by the following wave equation (see Chapter 1)

(6.4 Oplt, @) = 0 H(t,2),
where [ is the d’Alembertian defined as

1 2
(6.5) op

Op=———— —A

P=2@ar ~ 7P
with c¢g the sound speed, where (3 is a coupling coefficient assumed to be constant
and known, and where H(t,z) is the thermal energy deposited by the radiation
given by

(6.6) H(t,z) = /gnq ooz, v u(t,z,v")dv'.

Not surprisingly, the amount of heating generated by radiation is proportional to
the amount of radiation w and to the rate of (intrinsic) absorption o,.

As it stands, the problem of the reconstruction of the source term H(t,x)
inside X from measurements of p(¢, ) on the boundary 90X is ill-posed, because H
is (n+1)—dimensional whereas information on (¢,z) € Ry x 0X is n—dimensional.
What allows us to simplify the inverse acoustic problem is the difference of time
scales between the sound speed cs and the light speed c.

To simplify the analysis, we assume that ¢, is constant and rescale time so that
¢s = 1. Then cin (6.1) is replaced by -, which in water is of order 2.3 108/1.5103% ~
1.510° := é > 1. The transport scale is therefore considerably faster than the
acoustic scale. As a consequence, when the radiation source term S(¢,x,v) is sup-
ported on a scale much faster than the acoustic scale, then u is also supported on
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a scale much faster than the acoustic scale and as a result H(¢,x) can be approxi-
mated by a source term supported at ¢t = 0.

More specifically, let us assume that the source of radiation is defined at the
scale € = ©= so that S is replaced by

(6.7) S(t,2,v) = %p(é)&)(m,v),

where p > 0 is a function compactly supported in ¢ € (0, 00) such that fR+ p(t)dt =
1. The transport solution then solves

%%ue(t,x,v) + Tuc(t, x,v) = Sc(t, z,v).
With ¢, = 1, we verify that u. is given by
(6.8) ue(t, z,v) = 1u(z,a:,v),
€ ‘e

where u solves (6.1) with S(¢,z,v) = p(¢)So(z,v). Because o, > g¢ > 0, we verify
that u decays exponentially in time. This shows that wu. lives at the time scale ¢ so
that H(t,z) = [qu_1 0a(®,v)uc(t,z,v)dv is also primarily supported in the vicinity
of t =0.

Let us formally derive the equation satisfied by p. when ¢ — 0. Let (¢, x) be
a test function and define (-,-) as the standard inner product on R x R™. Then we
find that

(Oper) = B ) = ~B(H, 92) = ~p(H, 52 (1),

where H(t,z) = [g,—1 0a(2,v)u(t, z,v)dv with u defined in (6.8) and where we have

used the change of variables t — et. The latter term is therefore equal to

9 9
~B(H, 50(0) = =B5(0) /RS ou(z, v)ult,z,v)dtdv,

up to a small term for ¢ sufficiently smooth. We thus find that p. converges weakly
as € — 0 to the solution p of the following wave equation

Op=20 t>0, zeR"
(6.9) p(0,7) = Ho(x) := ~/]R ga(fvv)u(tvxvv)dtdva z €R"
S
%(O,x)zo z € R™

The inverse problem for the wave equation is now well-posed. The objective is
to reconstruct Hy(x) for z € X from measurements of p(t, z) for t > 0 and = € 0X.
Such an inverse problem has been extensively studied in the literature. We refer
the reader to, e.g., [123] for a recent inversion with (known) variable sound speed.

In this chapter, we assume that Hp(z) has been reconstructed accurately as a
functional of the radiation source Sp(x,v). Our objective is to understand which
parts of the optical parameters o(x,v) and k(x,v’,v) can be reconstructed from
knowledge of Hy(z) for a given set of radiations Sy(x,v). Note that we will allow
ourselves to generate many such Sp(x,v) and thus consider a multi-measurement
setting.
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The time average u(x,v) := [w(t,x,v)dt satisfies a closed-form steady state
transport equation given by
(6.10) Tu = So(z,v), (z,v) € R" x §"71,

as can be seen by averaging (6.1) in time since [ p(t)dt = 1.

6.2.2. Inverse Transport with Internal Measurements. Since Sy(x,v)
is assumed to be supported outside of the domain X and scattering k(z,v’,v) =0
outside of X, the above transport equation may be replaced by a boundary value
problem of the form

(6.11)
v Veu+o(z,v)u — / k(x, v, v)u(z,v)dv =0, (r,v) € X x S»!
Sn—1
u(z,v) = ¢(z,v) (z,0) €T,

where the sets of outgoing and incoming boundary radiations are given by
(6.12) Iy = {(z,v) €0X xS" ', +v-v(z) >0},

where v(z) is the outward normal to X at x € 90X and ¢(x,v) is an appropriate
set of incoming radiation conditions obtained by solving v - V,u + o4(z,v)u = Sy
outside of X assuming that o,(x,v) is known outside of X.

We are now ready to state the inverse transport problem of interest in this
chapter. It is well known that (6.11) admits a unique solution in L*(X x S"~1)
when ¢(z,v) € LY(T'_, d¢), where d¢ = |v-v(x)|du(z)dv with du the surface measure
on 0X. We thus define the albedo operator as

A: LYT_,d¢) — LYX)
o(xz,v) — A¢(x)=H(x) ::/ oa(z,v)u(z,v)dv.

Sn—1

(6.13)

The inverse transport problem with angularly averaged internal measurements thus
consists of understanding what can be reconstructed from the optical parameters
o(xz,v) and k(z,v’,v) from complete or partial knowledge of the albedo operator
A. We also wish to understand the stability of such reconstructions.

6.2.3. Albedo Operator and Decomposition. The inverse transport prob-
lem and its stability properties are solved by looking at a decomposition of the
albedo operator into singular components. Let a(z,z’,v’") be the Schwartz kernel
of the albedo operator A, i.e., the distribution such that

(6.14) Ag(z) = / a(z, 2’ v")p(z’,v)du(x")dv'.
The kernel a(z,2’,v") corresponds to measurements of H(x) at z € X for a radia-
tion condition concentrated at 2’ € X and propagating with direction v’ € S~ 1.
Such a kernel can thus be obtained as a limit of physical experiments with sources
concentrated in the vicinity of (2’,v") and detectors concentrated in the vicinity of
x.

The kernel a(z,2’,v’) accounts for radiation propagation inside X, including
all orders of scattering of the radiation with the underlying structure. It turns out
that we can extract from a(z,z’,v’) singular components that are not affected by
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multiple scattering. Such singular components provide useful information on the
optical coefficients. Let us define the ballistic part of transport as the solution of

(6.15) v Vaug +o(z,v)ug =0, in X x S" 71, up=¢, onl_.

Then for m > 1, we define iteratively
(6.16)

V-V g Uy +0 (2, 0) Uy, = /k(x,v’,v)um,l(aﬁ,v')dv', in XxS" ' w4, =0, onT_.

This allows us to decompose the albedo operator as
(6.17) A=Ay + A+ G,

where Ay, for k = 0,1 are defined as A in (6.13) with u replaced by uj and where
Go is defined as A — Ag — A1. Thus, Ag is the contribution in A of particles that
have not scattered at all with the underlying structure while A; is the contribution
of particles that have scattered exactly once.

Let oy for k = 0,1 be the Schwartz kernel of Ay and I's the Schwartz kernel
of Gy using the same convention as in (6.14). We define 74 (x,v) for x € X and
v e Sl as ri(z,v) = inf{s € Ry|z + sv ¢ X}. Thus, 74(z,v) indicates the
time of escape from X of a particle at £ moving in direction +v. On 9X, we also
define d¢,1(y) as the distribution such that [, d¢.}(y)d(y)du(y) = ¢(x) for any
continuous function ¢ on 0X. Finally, we define the following terms that quantify
attenuation. We define the function E(zg,z1) on X x 0X as

|zo—a1] To— X1 Xo—T
6.18 E(xg,x1) =ex (—/ o(zo — s 1, 0 ! ds).
(6.18) (w0, 1) = exp 0 (w0 lzo — @1 |330—$1|)

We still denote by E the function defined above for 7 in X. Then by induction on
m, we define

(6.19) E(x1,...,xm) = E@1,...,2m-1)E(@m_1,Tm)-

The latter term measures the attenuation along the broken path [x1, ..., Zn].
Then we have the following result.

THEOREM 6.2.1. Let ag, a1, and I's be the Schwartz kernels defined as above.
Then we have:

(6.20)
_(z,v")
ao(z, 2, v") = oz, v)exp ( - / o(r — sv’,v’)ds) 8wt (200} (@)
0
ar(z, 2’ v') = (')
T4 (2'v") E(IE z 4+t :E/)
(T, 9 ’ k / tl I’ I7 ol ity dtl
/0 ooz v)|x — (" +t' v v)|v:m
Moreover, we have the bound
(6.21)
1“ / /
Lole, 27, ) €L®(X xT_) when n=2
lv(z’) - v'|

|z — 2" — ((x —2') - V') |"3Tg(z, 2, v
v (@) - ']

/!
)ELOO(XXF,) when n > 3.
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This theorem will be proved in section 6.3. The results show that ag is more
singular than a7 and T's. It turns out that «ay is also more singular than I's in the
sense that it is asymptotically much larger than I's in the vicinity of the support of
the ballistic part «g. That this is the case is the object of the following result (see
also Lemma 6.3.2 (6.48) and (6.50) for “m = 17). For any topological space Y, we
denote by Cy(Y") the set of the bounded continuous functions from Y to R.

THEOREM 6.2.2. Let us assume that o € Cp(X x S"~1) and that k € Cp(X X
St x SnTL). For (2/,v') € T, let & = 2’ + tyv' for some ty € (0,74 (2',0")).
Let v'*+ € S"~! be such that v’ - v'+ = 0. Then we have the following asymptotic
eTpansion:

oar(x + ev'*, o v’)

E((x o |Vgx (ln i) (x(@,v',v") + x(@,v, =) + 0(1n§)

oy (z +ev’ 1 T a3 , 1
Fle 7)o ) /| 6"_2/0 sin Gx(x,v,v(e))dG—i—o(En_Q),

forn =2 and n > 3, respectively, where we have defined the functions x(x,v’,v) =
ooz, v)k(z,v",v) and v(0) = cos v’ + sin fv'+

(6.22)

Theorem 6.2.2 will be proved in section 6.3.

We thus observe that a; blows up a priori faster than I'; as ¢ — 0, i.e., as
the observation point x becomes closer to the segment where the ballistic term
« is supported. This singularity allows us to obtain information on the optical
coefficients that is not contained in the ballistic part ag. Moreover, because of the
singular behavior of «, such information can be reconstructed in a stable manner.

6.2.4. Stability Estimates. As mentioned above, the singular behaviors of
agp and «7 allow us to extract them from the full measurements «. Moreover,
such an extraction can be carried out in a stable fashion, in the sense that small
errors in the measurement of the albedo operator translates into small errors in the
extraction of the terms characterizing oy and ;.

More precisely, let A be the albedo operator corresponding to optical parame-
ters (o, k) and A the operator corresponding to the optical parameters (G, k) From
now on, a term superimposed with the ~sign means a term calculated using the
optical parameters (&, k) instead of (o, k). For instance E(x,y) is the equivalent of
E(z,y) defined in (6.18) with (o, k) replaced by (&, k).

We first derive the stability of useful functionals of the optical parameters in
terms of errors made on the measurements. Let us assume that A is the “real”
albedo operator and that A is the “measured” operator. We want to obtain error
estimates on the useful functionals of the optical parameters in terms of appropriate
metrics for A — A. We obtain the following two results. The first result pertains to
the stability of the ballistic term in the albedo operator:

THEOREM 6.2.3. Let A and A be two albedo operators and (z',v') € T_. Then
we obtain that
(6.23)

/T+($/,U,)
0

< A=Al g aeynix))-

t 7 7 7 - _ t ~ 7 !’ !’
O'a(if/ + tvlvv/)effo o(z'+sv'v)ds O'a((EI + tU/, v')e fo 5(z'+sv’v")ds dt
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Theorem 6.2.3 is proved in section 6.4.1.

The stability result obtained from the single scattering component is based
on a singular behavior obtained in the vicinity of the ballistic component. Such
a behavior cannot be captured by the L' norm used above. Instead, we define
I't = a — ap as the Schwartz kernel of the albedo operator where the ballistic
part has been removed, i.e., for measurements that are performed away from the
support of the ballistic part. Our stability results are obtained in terms of errors
on I'y rather than on A. We can then show the following stability result.

THEOREM 6.2.4. Let us assume that (o,5) € Cp(X x S* 12 and that (k, k) €
Co(X xS xS"1)2. Let (z,2') € X x 0X and define v/ = £=L Let vt € Sn—1

lz—=']

such that v' - v'+ = 0. In dimension n = 2, we have

(6.24)
‘E(ﬂ?, ') (x(@, ', ") + x(@, 0", =v')) = Bz, ') (X(x, 0, 0") + X(z,0, =0"))
< H (T —Ty)(z, 2, v) ’
= u(2!) - v |we(z, 2!, v") e (x xT_)’

’UJh@T’E 'lUQ(fE, xl,U/) — 1+1n(|”1‘—7-’_‘r+(T":,_)::I:g::::)—;’;%—(r’U’)?)’)v/) When n 2 3! we

have
| /W sin =2 (0) ( Bz, 2/ )x(w, v/, 0(6)) = Ew,2))%(w, 0/, 0(6)) ) db|
(6.25) _ (‘]‘ Ty — fl)(x, 2 v ’
— w2’ - v |wy(z, 2, v") Lo (x xT_)’
where wy,(z,2',v") = |z — 2’ — ((x — 2') - )V'|>~" and where we use the same

notation as in Theorem 6.2.2.

Theorem 6.2.4 is proved in section 6.4.2.

Such results do not grant uniqueness of the reconstruction of the optical pa-
rameters in the most general setting. However, they do provide stable, unique,
reconstructions in several settings of interest.

6.2.5. Scattering-Free Setting. Let us first assume that &k = 0 so that o =
0q. Then knowledge of the albedo operator uniquely determines o, (z,v) for all
r€ X and v e SL.

Indeed, we deduce from Theorem 6.2.3 that

O'a(ifl + tU,, v')e_ j(; oo (z'+sv’,v")ds _ _% (6_ j(; a,,,(m’-{—sv’,v’)ds)
is uniquely determined and hence e~ Jg oal@’+sv" .0 ds gince the latter equals 1 when
t = 0. Taking the derivative of the negative of the logarithm of the latter expression
gives us o(z’ + tv',v’) for all (z',v') € T_ and ¢t > 0 and hence o(z,v) for all
(z,v) € X x S~ L
Moreover, we have the following stability result.

THEOREM 6.2.5. Recalling that o,(x,v) is bounded from above and below by
positive constants, we find that when k=0,

(6.26) loa = Gall Lo @n-121(x)) < CIIA = All ez (v agyiLr (x))-

Here, C is a constant that depends on the uniform bound M.
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The above theorem is proved in section 6.4.1. Note that the above result is
local in 2’ and ¢'. In other words, o, (z,v’) is uniquely determined by {a(y,z —
T (2, ")V, )|y = z+tv’ for —7_(x,v") <t < 74 (x,v")}, that is by the experiment
that consists of sending a beam of radiation in direction v’ passing through the
point x (at least asymptotically since such a transport solution is not an element
in L1(X x S"1)).

6.2.6. Reconstruction of the Spatial Optical Parameters. We now as-
sume that k& # 0. Then the ballistic component of A and the estimate in Theorem
6.2.3 allow us to uniquely reconstruct both o, (x,v) and o(z,v) under the assump-
tion that

(6.27) ooz, v) = 04(z, —v), o(x,v) = o(z, —v).

We recall that o, (z,v) is bounded from below by o9 > 0. For technical reasons,
we also assume that o(z,v) is known in the dp—vicinity of 90X, i.e., for all (z,v) €
R"™ x S"~! such that dist(x,0X) < dp for some dy > 0. Such a hypothesis is not
very restrictive from a practical viewpoint.

We denote by W~11(X) the Banach space of the continuous linear functionals
on the Banach space Wy ™ (X) := {¢ € L>(X) | suppp C X, V¢ € L=(X,C")}
(where the gradient V is understood in the distributional sense).

Under the above assumptions, we have the following result.

THEOREM 6.2.6. The coefficients o,(x,v) and o(z,v) are uniquely determined
by the albedo operator A. Moreover, we have the following stability estimate

(6.28) o= Gl (gn—1,w-11(x))

+loa = Galloesn-1;21(x)) < ClIA = Allar_ deysLr(x))-

The constant C depends on the parameter &g as well as the uniform bounds og and
M.

This theorem is proved in section 6.4.1. The above result is also local in z’
and v’. In other words, o, (z,v") and o(z,v’) are uniquely determined by {a(y, z —
T—(z, 0" )0, )|y = v + tv' for —7_(2,v") <t < 71 (x,0")}, ie., by the experiment
that consists of sending a beam of radiation in direction v’ passing through the
point x.

Stability estimates may be obtained in stronger norms for ¢ provided that a
priori regularity assumptions be imposed. We show the

COROLLARY 6.2.7. Let us assume that o and & are bounded in L>(S"~1, W™P(X))
by Co for p>1 and r > —1. Then for all —1 < s <r, we have

_1r—s
(6.29) llo = &llpeesn-1war(x)) < ClIA = AllZ (0 agynix)

where the constant C' depends on Cy and on the uniform bounds oo and M.

The corollary is proved in section 6.4.1.

6.2.7. Application to Henyey-Greenstein Kernels. Let us assume that
0 € Cyp(X xS"1) and that k € Cp(X x S*~1 x S*~1) and let us assume again that
o(z) is known in the do—vicinity of 90X, i.e., for all x € R™ such that dist(z,0X) <
0o for some g > 0 .
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The stability estimate (6.23) allows one to uniquely reconstruct o, and ¢ un-
der the symmetry hypothesis (6.27), which is quite general physically. Indeed, even
when attenuation is anisotropic, there is no reason to observe different attenua-
tions in direction v and direction —v. The stability estimate in Theorem 6.2.4
provides additional information on the optical coefficients, but not enough to fully
reconstruct the scattering kernel k(x, v’ v).

In dimension n = 2, we gain information only on k(x,v",v") + k(x,v', —v’). In
dimension n > 3, we garner information about foﬂ x(z, v, cos Ov’ +sin Ov'L)d for all

+ orthogonal to v'. The integration in # means that one dimension of information
is lost in the measurements. Thus, 3n — 3 dimensions of information are available
on the (3n — 2)—dimensional object k(z,v’,v).

Let us consider the case of an isotropic absorption o, = o4(z) and isotropic
scattering in the sense that k(z,v',v) = k(z,v’ - v). In such a setting, k(z,v" - v)
becomes (n + 1)—dimensional. Yet, available data in dimension n > 2 give us
information on

(6.30) og(x) = k(z,—1)+k(z,1), when n =2,

(6.31) og(x) = / k(x, cos #) sin™ 3 0df, when n > 3.
0

This is different information from the normalization in (6.3)

os(x) = /S B k(z,v -v)dv' = |S’“2|/0 E(x, cos 0) sin™ 2 0de.

As a consequence, if k(x,cos#) is of the form o4(x)f(x,cos ), where f(x,cos6) is
parameterized by one function g(z), then we have a chance of reconstructing g(z)
from knowledge of o4(x) and o,(x) provided o4(x) > 0 (where 05 = 0 — 74).

This occurs for the classical Henyey-Greenstein (HG) phase function in dimen-
sions n = 2 and n = 3 , where

— d*(x
(6.32) K, ) = o) 3 +1g@"2 (—)2g(a:))\)’ when n = 2,
(6.33) k(z,\) := os(x) L—9*(@) , when n > 3,

am(1 + g(x)? — 2g(x)\) 2
(

where g € Cp(X) and 0 < g(x) < 1 for a.e. € X. Note that

(6.34) og(x) = os(x)h(g(x)),
for x € X where the function h : [0,1) — R is given by
1+ k2

. = ——— wh =2

(6.35) h(k) A=) when n = 2,
T 1— k2
(6.36) h(k) = / —df, when n > 3.
0 4m(1+ K2 — 2k cos(h))?

THEOREM 6.2.8. In the HG phase function in dimension n = 2,3, the param-
eter g(x) is uniquely determined by the data provided os(x) > 0 for a.e. z € X.

Theorem 6.2.8 follows from Theorems 6.2.6, 6.2.4, and from (6.30), (6.31),
(6.34) and the following Lemma.

LEMMA 6.2.9. The function h is strictly increasing on [0, 1) h(0) = 0, h(0) > 0,
limy 1~ (1—g)h(g) = c(n), where h(g) = §5(9) and ¢(2) = 7" and ¢(3) = (2m) 7.
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Considering (6.35), Lemma 6.2.9 in dimension n = 2 is trivial. The proof of
Lemma 6.2.9 in dimension n = 3 is given in section 6.4.2.
Moreover we have the following stability estimates.

THEOREM 6.2.10. In dimension n > 2, we have

(6.37) ~
lorg () = @)l < (|| |V<(1;})— Ly)(z,2',v/)

+||A - AHL(LI(F_,dE);Ll(X)))’

v | wp (2, 2, 0") ‘oo

where wy(x,2',v") is defined in Theorem 6.2.4, and where the constant C depends
on 6o, og and M.

In addition, for the HG phase function in dimension n = 2,3, we have the fol-
lowing stability estimate: assume min(os(z),ds(x)) > 05,0 > 0 and (h(g(z)), h(§(x))) €
WLee(X)2, then
(6.38)

/ !
Ihto(e)) = haeN o < (| i

: U/|wn(xa J)/, U/)

+||A - AHL(Ll(r_,dg);Ll(X)))7

where the constant C' depends on Sy, 00, 05,0, M and min(||h(g)||w1.-(x), [|R(G)|lwr.(x))-

Theorem 6.2.10 is proved in section 6.4.2.

The sensitivity of the reconstruction of g(x) degrades as g converges to 0 in the
sense that C(Gy) — o0 as Gg — 0, Go = max(||g||co; ||gllec ), where C is the constant
that appears on the right-hand side of (6.38) when we replace h(g(x)) — h(g(z)) by
g — g on the left-hand side of (6.38). On the other hand, C(go) — 0 when gg — 1,
go = min(||gllc, [|G|lcc), s0 that reconstructions of g(z) are very accurate for g(z)
close to 1, i.e., in the case of very anisotropic media.

More precisely, using the properties of the function h, one can replace the left-
hand side of (6.38) by [lg% — 3|1+ (x) (resp. g —dll11(x)s resp- |1 — 1= 11 (x))
provided that max(]|g||ec, [|d]|ec) < Go < 1 (resp. 0 < go < min(]|g|loo, ||]|ec) and
max(]|gl oo, [|7llec) < Go < 1, resp. min(||g|loos [|1Glcc) = go > 0) for some constant
Go (resp. (g0, Go), resp. go) and the constant C' on the right hand side of (6.38)
then depends also on Gy (resp. (go, Go), resp. go).

6.2.8. Reconstructions in the Diffusive Regime. When scattering is large
so that the mean free path 1 (z) is small and intrinsic attenuation o,(z) is small,
then radiation inside the domain X is best modeled by a diffusion equation

=V - D(x)VI(z) + oq(x)I(z) =0 reX
I(z) = ¢(x) z € 0X,

(6.39)

where I(z) = [q,_, u(z,v)dv is the spatial density of photons and D(z) is the
diffusion coefficient. We refer the reader to, e.g., [24, 61] for references on the
diffusion approximation. When scattering is, e.g., isotropic, i.e., when k(x,6’,0) =
k(z), then we find that D(z) = #(T), where o is introduced in (6.3) and n is the
spatial dimension.

When D(z) is known, then the reconstruction of o,(x) may be easily obtained
by using only one measurement. Indeed, the measurement H(z) = o,(x)I(x) so
that I(x) may be obtained by solving (6.39). Once I(x) is known, it will be positive
in X provided that ¢(z) is non trivial and non-negative. Then o, (z) is obtained by
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dividing H by I. When ¢(x) is bounded from below by a positive constant, then
we see that the reconstruction of o, is unique and clearly stable.

When (D(z),04(x)) are both unknown, then multiple (at least two) measure-
ments are necessary. This problem will be analyzed elsewhere.

This concludes the section on the derivation and the display of the main results.
The mathematical proofs are presented in the following two sections.

6.3. Transport Equation and Estimates

In this section, we prove several results on the decomposition of the albedo
operator (Lemmas 6.3.1, 6.3.2 and 6.3.3) and prove Theorems 6.2.1 and 6.2.2.

We first recall the well-posedness of the boundary value problem (6.11) (here
o€ L®(X xS 1), k€ L®(X x S" ! xS" 1) and 0, > 09 > 0) and give
a decomposition of the albedo operator. The boundary value problem (6.11) is
equivalent to the integral equation

(6.40) (I-Kyu=J¢

for u € LY (X x S"71) and ¢ € LY(T'_,d¢), where K is the bounded operator in
LY(X x S"~1) defined by

7_(z,v)
(6.41) Ku= / E(x,z — tv) / k(z — tv, v, v)u(z — tv,v")dv'dt,
0 s

n—1

for a.e. (z,v) € X xS" ! and for u € L'(X xS"~1), and J is the bounded operator
from LY(T'_,d¢) to LY(X x S*~1) defined by

S (0)
(6.42) Jo(x,v) = e Jo o(@=po)dp (1 — (2, 0)0,0),
for a.e. (z,v) € X x S"71,

Since 0, = 0 —0 > 0, it turns out that I — K is invertible in L(X x S"~1) [25,
Lemma 2.4], so that the albedo operator A : LY(I'_, d¢) — L*(X) is well-defined by
(6.13) and so that the solution u of (6.11) with boundary condition ¢ € L*(T'—, d¢)
satisfies

(6.43) u=Y K"Jp+ K" I-K)'Js.
m=0

It follows that
a6 = | (Z (2,0, v’>> o(a v/ )du(a )
r- m=0

(6.44) s ) (T - K)7 6 w)dydu,

where v,,, m > 0, is the distributional kernel of K™ : L1(X x §"71) — L(X)
defined by

(6.45) Kmu(z) = /Sni1 ooz, 0) K™ u(x,v)dv,

for a.e. € X and u € LY(X x S*71), and where a,,, m > 0, is the distributional
kernel of K™.J : LY(T'_,d¢) — LY(X).

We give the explicit expression of the distributional kernels «,,, m > 2, and
Ym, M > 3 in Lemma 6.3.1 and study the boundedness of a,, in Lemma 6.3.2 and



6.3. TRANSPORT EQUATION AND ESTIMATES 123

of yp+1 in Lemma 6.3.3. We then prove Theorems 6.2.1 and 6.2.2 and Lemmas
6.3.2 and 6.3.3. The proof of Lemma 6.3.1 is given in the appendix. For w € R™,

sot 1) = W
w # 0, we set W := o

LEMMA 6.3.1. Form > 2 and a.e. (20, 2m,vm) € X x I'_, we have

T4 (Zm 0m)
(6.46)  aim (20, 2 von) = [(20n) - O] / / (720, v0)
xm-1Jo

E(an ce oy Rm—1,2m + t/Um, Zm)k(zm + tlvma Um, Um—l)
|2m, + tVm — Zm1 |2 20 — 2 |7

Xnﬁzlk(zi,viaviq)] dt'dzy ... dzm_1.

X

11,;=27’,:E11 i=0...m—2,

Vm—1=2m—1—2m—t'zm
For m >3 and a.e. (20, 2m,vm) € X x X x S""1, we have
E(zoy...y2m)

m—1 H:’;1|zz — Zi_1|n—1

(6.47) 'ym(zo,zm,vm)z/x

x [oa(20, vo) L1 k(i vi, vie1)],, —. =5, im0 m—1 @21 - - - dZm—1.

LEMMA 6.3.2. Forn = 2,

Oél(x, xlv U/)

(648) ‘ ’ ( ’ /) /‘ ( ’ ( ’ /) /) ’ € LOO(X x F_)’
AN, c—x' =7 (x/ v )V |—(z—a' =7 (z',0")v)v

|V(Z‘ ) v |1n( lz—a/|—(z—a’)-v’ )

O[Q(Z',Z'/,U/)
6.49 — " 2 e L=®(X xT_).
(6.49) @) o] © (X xI'_)

Forn > 3, we have
(6.50)
A Y Lyl )y |In—1—m ’oo
|z — 2" — ((x — ') - V")V am(x’x’U)ELDO(XxF_),1§m§n—2,
lv(z’) - v'|
/ /
(6.51) Oy (@, @ ’“1) € L®(X xT_),
p(@) - o' (o)
/ /

(6.52) (@) ey o),

(@) - |

We do not use (6.48) and (6.50) for m = 1 in order to prove (6.21). However
we will use them in the proof of the stability estimates given in Theorem 6.2.4.

LEMMA 6.3.3. Forn > 2, we have
(6.53) Yrr1 € L¥(X x X x S"7H),
In addition, we have

(6.54) K™ I — K) ' J¢(x) :/ Cpir(x, 2,02, 0" ) dp(a")d',

for a.e. x € X and for ¢ € LY (T, d§), where

D1 (z, 2’ ,0")

(6.55) BERE

€L®(X xT_).
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Proof of Theorem 6.2.1. The equality (6.20) for o follows from the definition
of the operator J (6.42). From (6.45), (6.41) and (6.42) it follows that

_ T_(z,v)
KJg(z) = / oq(x, v)/ E(z,z —tv,x —tv — 7_(x — tv,v")v)
Sn—1 0 Sn—1
(6.56) xk(z —tv, v, v)p(x — tv — 7_(z — tv,v")v’,v")dv' dtdv,

for a.e. # € X and ¢ € LY(I'_, d¢). Performing the change of variables z = x — tv
(dz = t"~Ydtdv, t = |z — x|) on the right-hand side of (6.56), we obtain

KJp(x) = / ME(x,z,z —7_(z,v' )
X xSn—1 |£K — Z|n
(6.57) xk(z, 0,7 — 2)p(z — 7_ (2,0 W', v')dv' dz,

for a.e. x € X and ¢ € LY(T'_,d¢). Performing the change of variables z = z’ + tv’
(¢ € 0X,t >0, dz = |v(2') - V'|dtdu(x’)) on the right hand side of (6.57), we
obtain

(z',0) - t' ’
RJo(x / / "“” Y =) e of 4t )

Z‘ —x —th /|n 1
(6.58) xk(z' +tv v,z — ' —t)(x',v')dtde (2 v),

for a.e. € X and ¢ € L*(I'_,d¢), which yields (6.20) for a;.
Now set I's := ZZ:Q Qm + Tpg1 when n > 2. Taking account of Lemma 6.3.2

(6.49)—(6.52) and Lemma 6.3.3 (6.55), we obtain (6.21). O
Proof of Theorem 6.2.2. We assume that o € Cp(X x S"~1) and k € Cp(X x

Sn=t x §*1). Let (2/,v’) € T and let t{, € (0,74 (2,v")) and let v'* be such that

v ' = 0. Set z = 2/ + t)v’. From (6.20), it follows that

oy (x4 v’ 2 )
(6.59) @) ] = (L+ + L_)(¢e), where
(6.60)

t Bz 4 ev' ™t 2’ + ', 2!
1(e) = / ( ’ . )Ua(x + ev'L, vp e )k(x + 0 0 oy )dt
0

(A

(6.61)
T (z'v") E Lo o' !

L_(E) — / (ﬂ? +ev T, + 3_7133 )O'(L(JH—EUIL,Utr@)k}(x/—l—tlvl,’U/,’Utgg)dtl,
t (" —15)* +e2)7=

for £ € (0,74 (,v'")), where Ve = (ﬁf—f)v + 't for t € R.

We prove (6.22) for n = 2. Consider the function arcsinh : R — R defined by
arcsinh(y) := ln (y++/1+4y?), for y € R. Then performing the change of variables

arc%mh( — )

n := ————=— on the right hand side of (6.60) and performing the change of

arcsinh( 451 )

aresinh(—=2) o the right hand side of (6.61), we obtain

T (2 W) —t] )
e

variables n :=
arcsinh(

(6.62) Li(e):= arcsmh( =\L (o),
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for e € (0,71 (z,v'")), where

(6.63) spi=th, s— =71 (2, 0) — 1y,
1
‘(e) = / E(z+ev 2+t (e, a)
0
(6.64) ool + v/, vs (0, €))k(a’ + te(n,e)v’, v/, ve(n, €))dn
(6.65) t',(n,e) = t,Fesinh (narcsinh(%))

(6.66) vy (n,e) =

+ sinh (narcsinh(%£)) v’ + o't
+

\/ sinh (narcsinh( ?)

for n € (0,1) (we recall that sinh(y) = ey’267 , y € R). Note that using the
definition of sinh and arcsinh, we obtain

(st +y/s1+1) 1-n
2 )

(6.67) le sinh (r]arcmnh( )) | <

for n € (0,1). Therefore using (6.65) we obtain
(6.68) ' (n,e) — ty, ase — 0
for n € (0,1) and ¢ = 1,2. Note also that from (6.66) it follows that

40’ + sinh (narcsinh (%))~ Tt Ly
— 4,

\/1 + sinh (narcsinh(Z£)) ™ w2t

for n € (0,1) (we used the limit sinh (narcsinh(£)) — 400 as e — 0" which holds
for any positive real numbers s and 7).

Using (6.64), (6.68), (6.69) and continuity and boundedness of o and k and o,
and using Lebesgue dominated convergence theorem, we obtain
(6.70) L' () = o4(z, V") E(z, 2" k(2 +tHv', v/, £0") as e — 0.

Finally note that

(6.69) v (n,€) =

(6.71) arcsinh(sj)—l n (- )—l—o(l), ase — 0.

Combining (6.59), (6.62), (6.70) and (6.71), we obtain (6.22) for n = 2.

We prove (6.22) for n > 3. Performing the change of variables n = L;t’l on the
right-hand side of (6.60), we obtain

0
Ly(e) =2 / L B(o+ e’ 2!+ (e m,2')

(6.72)
oa(zt+ev'™ ) /
ol P k(2 —|—t (e,m)v', v, v)

——  d
|[v=—nuv’ 42’ ,

for & € (0,71 (x,v'")), where th(e,n) = t{, + en for n € R. Note that
(6.73) th(e,m) — ty, ase — 0.

Therefore, using the Lebesgue dominated convergence theorem and continuity and
boundedness of (o, k, 0,), we obtain

0 ga(z,v)k(z, v 0),

(6.74) Ly(e) = "E(x,2) / dn + o(e*™™),

- /—772 s 1nfl
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as ¢ — 07. Similarly performing the change of variables n = L ;to on the right hand
side of (6.61), and using Lebesgue dominated convergence theorem and continuity
and boundedness of (o, k, c,), we obtain

+oo g (z,v)k(x, v, v)

(675) Lf({-j) = 52_"E(x’ x/)/ |[v=—nv’+v’ L

o /—772 m 1nfl

ase — 07. Note that performing the change of variables cos(§) = —=, 6 € (0, ),

Vit

dn +o(*™™),

(n= —:iorfgg;, dn = Sin(le)g df) we have

(6.76)
oo oq(x,v)k x,v’,v WL "
/+ ( ) ( )‘1)27771) +v dn :/ Sin(g)"_3o'a(x,v(9))k($,U/av(e))de'
0

e \/mn—l

Adding (6.74) and (6.75) and using (6.76) and (6.59), we obtain (6.22) for n > 3.0
Proof of Lemma 6.3.2. First note that from (6.20) and (6.46), it follows that

(6.77) am(z, 7', 0") < loallco KI5 v (27) - V' [ (2,27, 0"),

for a.e. (z,2',v") € X xT'_ and for m € N, m > 1, where

T4 (2" ") dt'
6.78 Iy (20,20 =/ :
( ) 1, (ZO xz U) 0 |Zo—£L'/—t/U/|n71

(@l dt'dz .. .dz
6.79) Imiin ) Ia ! :/ / L ;
( ) +1, (ZO r,v ) w Jo |.23' +thy — Zm|"_1H?;1|Z¢ _ Z¢_1|"—1
for (zg,2’,v") € X xT'_ and m > 1.
We prove (6.48) and (6.49). Let n = 2. Let (x,2',v") € X x I'_ be such that
z # x' + X\ for any A € R. Set (w), := w— (w-v')v for any w € R™. Using (6.78)
and using the equality |z — 2’ —t'v'|?> = (t/ — (x — ') -v")? + |(z — 2') L |?, we obtain

(@ W)~ (z—a') )

Y

(6.80) Ilﬁn(x,x’,v'):/

n—1
—(z—z')-v' (|(Z‘ _ 37/)L|2 + tQ)T
e — 2 — 7 (2, V)| — (& — 2’ — 7. (', 0" )) -v')

6.81) = 1n<

where we used that [ % = In(z+ v1+2?%). Estimate (6.48) follows from
(6.77) and (6.81).

Let (x,2',v") € X x T'_ be such that x # 2’ + A’ for any A € R. Using (6.81)
(with “z = 27) and (6.79), we obtain

v — 2| — (x — 2) - v’

[z—a' =74 (2", 0)v' | = (=2 —714 (a0 )v") 0] )
dz

ln( z—x'|—(z—x’)-v’
IZ,n(xvxla ’U/) = / | | ( )
X

|z — 2|
(6.82) = DL, (z, 2" +7y (a0 0") = I, (2,27, 0"),
where
(6.83) I (z,a,0) = / I(lz—al=(z=a)-v) )
’ p's |z — 2]
for a € X. We prove
(6.84) sup 115, (x,a,0")] < oo,

(z,a,0")EX x X xSn—1
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Then estimate (6.49) follows from (6.77), (6.82) and (6.84).
Let (7,a,v") € X x X x S"~1. Note that by using (6.83), we obtain

J— J— . Il
C/ (z—al+(-a) )t
x |z -2

. (z,a,0 1
| , ( )| (|z —al2 = ((z — a) - v")2)s

i 1
2D)sC rdz,
(20) /x |z —z|(|]z —a]?> = ((z — a) - v")?)5

where C':= sup,.¢ (o 6p) 7% |In(r)| < oo and D denotes the diameter of X. Consider

(6.85)

IN

vt e §"! a unit vector orthogonal to v' and perform the change of variable
z=a+ \v + )\QUIL, then we obtain

dM1d)s
Az — A)2 + (A2w — A2)2) [ Xo| T’

(656) |13, (e0)| < 2D)FC |
(-D,D}2 (

where Ay 0" + /\ng’l =z — a. Then note that
(6.87)

/D dM; I D—Xiz+ (A= No)?+(D— )\1,.@)2)%
D= Aip+ (A2 = Aoe)2 4+ (D + Aip)2)s )

D (A — A2+ Qo — A2))2

Combining (6.86) and (6.87), we obtain

D _ _ 2 _ 2\3\%
Bawa) <o [ Ao Me oz do) 4D _ha) PIEL
’ DT (=(D+ Aw) + /(A2 = Xog)?+ (D + A1 5)?)5

cor [° Bt O e’ + D MDY
= T 1 2
-D [A2|7[A2 — Ag z |
D D
dA X2 21 d
(6.88) SC”I/ 1 - 1 =Clﬂ|/\2,m|%/ b %,
—D [A2]T[A2 — A1 -2 [s|a]s — 1|4

where ¢’ := (2D)5C2, C" := (12D?)5C? and C" := (72D3)3C2. Finally note
that

1 1
(6.89) Do} / <) + Co(Maw),  where
ls|< |s|T]s — 1]

D
A2 2]

(6-90)C1 (A2.s) = Nae|2 / |s|7%|s — 1|7%ds < D= / |s| =7 |s — 1| %ds

Is|<2 ls|<2
1 _1 _1 1.1 _1
Caha) = Pal® [ ol Hp =11 Hs < i} [ o 4ds
2§|s\§max(2,‘>\2’iw‘) 2§|s\§max(27‘>\§$‘)
D 3 1
(6.91) < (|)\2,x|maX(27m)) <(2D)>.
2,x

Combining (6.88)—(6.91) we obtain (6.84).
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The statements (6.50)—(6.52) follow from (6.77) and the following statements
(6.92)—(6.94)
(6.92) |z —a' — ((x—a) )W | " Ly (z, 2 0") € L°(X x T2),
In—l,n(x; J)/, U/)

1
n (=)
(6.94) I, p(z,2’,v") € L¥(X xT_),

(6.93) € L®(X xT_),

for (m,n) e Nx N, n>3,1<m <n—2 and where I, ,, is defined by (6.78) and
(6.79).

We prove (6.92)—-(6.94), which will complete the proof of Lemma 6.3.2. We
proceed by induction on m. We prove (6.92) for m = 1. Let n > 3. Note that
formula (6.80) still holds. Note also that

(6.95) lw— M2 = w2+ |w-v = A2 > 27 (Jwy |+ w0 — A|)?,
for (w,A\) € R" x (=D, D), |w| < 2D. Therefore

2D 2D n—1 ntl
dA 27z d\ 2
(6.96) / — g/ AN —__
—op |w = M'|" —op (lwi|+[A])" (n—2)[w, [

Thus (6.92) for m = 1 follows from (6.96) and (6.80).
Let m € N, m > 1 be such that (6.92)—(6.94) hold for any n > 3. We prove

that (6.92)—(6.94) hold for any n > 3 and for “m”= m + 1. Let (z,z’,v’) be such

that x # 2’ + A’ for any A € R. From (6.78) and (6.79) it follows that

I (z,2',0")

(6.97) Istn(a, o)) < / i,

x |z—z"7t
Assume that m +1 <n — 1. Then from (6.97) and (6.92) for (m,n) it follows that

there exists a constant C' (which does not depend on (z,z’,v")) such that

1

6.98 Int1n(z,2',0") < C dz.
( ) +1, (Z‘ xr ’U)_ /X |x—z|”*1|(z—x’)l|"*17m z

Performing the change of variables z — ' = 2’ + A/, 2/ - v/ = 0, we obtain

D 1
X dz
/ !/
(6.99)  Imyim(z, 2’ 0v) < C/Z,,U,:O (/_D lo —a' — 2/ — )\Ul|n—1> |2/ |[n—1-m"

|z/|<D

Combining (6.99) and (6.96) (with “w =z — 2’ — 2'”), we obtain

n+1

272 C
(6.100) Ipsin(z,2'0") < i 5 Il o (x, 2’ v"),  where
n— :
dz’
' (w20 = /
+1, ( ) T;}T/;DO |($ _ x/)l _ Zl|n—2|zl|n—1—m
dz’
(6.101) = / — —,
2eBn1(0,0) (@ =) Lley — 2"z |1 mm

and e; = (1,0,...,0) € R""! and B,,_1(0, D) denotes the Euclidean ball of R"~!
of center 0 and radius D. Using spherical coordinates z’ = |(z — 2’)1|e1 + 7L,
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(r,Q) € (0,+400) x S*2 and Q) = (sin(0),cos(0)O) ((6,0) € (_%’ %) > 8”73) we
obtain

I U R
mt1n (@2, v") <SP cos™3(6)

2D : dr
(/ . n—1—m )da
o (Ir+[(z—a)L[sin(0)]* + |(z — a) L[> cos(0)?)

(by convention |S°| := 2). Note that by performing the change of variables “r =
r+ |(z — ') |sin(f)” and using the estimate a? + b? > 271 (a + b)2, we obtain

/2D dr
o (Ir+|(x — /) L|sin(0)2 + |(z — 2/) L |2 cos(0)2) "5 "

(6.102%

< /3D 2" dr B /3D 23 dr
= Josp (frl+ (@ —a") Lfcos(@))1=m — Jo  (r+|(z — ') | cos(6))n—1-m
25
yifm4+1<n—1,
(6.103) <! (m—=m=2)(|(z —a’)L|cos(d))" 2™

02 1 3D+ |(z — a’) 1| cos(h)
(@ — ) 1] cos(®)
for 0 € (=%, %). Assume m + 1 < n — 1. Then combining (6.102) and (6.103), we
obtain

), ifm+1=n-1,

/2 cos™1(0)d6.

s
2

n41
272 |SnT3)
6.104 1 ") <
( ) m+1,n(xax , U ) (TL 2 m)|(x x/)l|n72—m

Therefore using also (6.100) we obtain that (6.92) holds for “m”’=m+1 <n — 1.
Assume m 4+ 1 =n — 1. Then note that

N (3D+|(m—x’)J_|cos(9)) <ln<|( 4D >

[(x — 2’) 1| cos(6) x — ') 1| cos(0)

(6.105) <In(4D) + In( ) — In(cos(h)),

|(z — ") 1|
for 0 € (—%,5). Combining (6.102), (6.103) and (6.105), we obtain

n+41 1
1 1" ') <2 +ign—3 In(——r—
(6.106) (T2 ) < |S™ 3| (cl + Cy In( &= 2] )) ,

where C; := ffl cos"3(0)(In(4D)—In(cos(6)))dh < oo and Cy := j;%ﬂ cos"3(6)d6.
2 2
Therefore using also (6.100), we obtain that (6.93) holds for “m”=m+1=mn — 1.
Assume that m 4+ 1 = n. From (6.97) and (6.93) for (n — 1,n) it follows that
there exists a constant C' (which does not depend on (z,z’,v")) such that

’m = ’
’ x |{E—Z|n 1

Performing the change of variables z — ' = 2’ + A/, 2/ - v/ = 0, we obtain
(6.108)

D
dX 1
oo
Im-l—l,n(xax , U ) <C 2wl —0 </D |x oyl — oy — )\,U/|n1> ‘111 <m>

|z/|<D

dz'.
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Combining (6.108) and (6.96) (with “w =z — 2’ — 2’”), we obtain

(6.109) L1z, 2’,v") <

where

1
" rooN ’ln (|Z,|
(6.110) I (z,2' ') = T
’ z!-w/=0

_ — in—2
ep W @)L =2

-/ (e
2/€Bu-1(0,D)

Cl
< / T dz
eBna(0,0) [2'|2[(x — a") L|er — 2" =2
and C' = supTE(O7D)r%|ln(r)|, er = (1,0,...,0) € R*"1 and where B,_1(0, D)
denotes the Euclidean ball of R"~! of center 0 and radius D. Using spherical coor-
dinates 2" = |(z — ') L|e1 + 78, (r,Q) € (0,4+00) x S*~2 and Q = (sin(d), cos(0)O)

((6,0) € (—Z,%) xS"~3), and using the estimate |[(z —2') 1 |e1 +7Q| > |r + |(z —

(
)J_| sin(#)|, we obtain
(6.111)

2D C’
I (x, 2’ v') < S 3|/ / . —dr | do.
3 o |r+l(z—a)L]sin(0)|2

Note that

2D / 3D /
(6.112) / ¢ - —dr < / ¢ ——dr < oo,
0 |T+ |($—$/)L|Sll’l(9)|5 3D |’r|

for 6 € (=%, %). Combining (6.109) (6.111) and (6.112), we obtain

IQn—3 3D
6113)  Lnpan(oa o) < 20 CC 'S '/ 3(0)d0/

Therefore (6.94) holds for “m”=m+1 =n. O
Proof of Lemma 6.3.3. We first prove the estimates (6.114) and (6.115) given
below

d
(6.114) /X 70— 21”;1 — < Oy —ChIn(|zo — 2|), when n =2

3

d C
(6.115) / “1 < ~ , when n > 3,
|ZO _ 21|m|21 _ Z|n71 |ZO _ Z|m71

for (29,2) € X2 and for m € N such that zg # 2z and 2 < m < n — 1, where the
positive constants Cy,, C% do not depend on (zo, 2).

Let (20,2) € X2 and let m € N be such that 29 # zand 1 < m < n — 1.
Performing the change of variables z; = z + r1Qy, (r1,Q1) € (0,D) x S~ (where
D denotes the diameter of X), we obtain

d b s
/ = 1 S~/ / 71d711
b'e |Z0—21|m|2’1 —Z|"_ 0 Jsn-1 |’I“Q—7”191|m
D
dS)
(6.116) S/ / 71601“1
0 Jsn—1 |7’61 — 7"191|m
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where e; = (1,0,...,0) € R™ (we also used a rotation that maps Q to the vector
e1) and
(6.117) r=lz—zf Q= 2%

' - |Z —z|

Performing the change of variables 1 = (sin(f1),cos(01)01), (61,01) € (=5, 5)
S"=2), on the right hand side of (6.116) we obtain
(6.118)

/ / L S / / cos(f1)"2db, dr
sn-1 |re; — r191|m ! (r2 +7r? — 2rrysin(6;)) % b

where c(n) := |S"~2| (by convention ¢(2) := 2).
Consider the case n = 2 and m = 1. Using (6.118) and the estimate (r? 4+ rf —
2rry sin(61))2 > 272 (|ry — rsin(6;)] + r| cos(6;)]), we obtain

(6.119) S(r) = /D / 40y dr
' A = (Pt 72 — 2rrysin(f;)) % !
o \/_dT1
do,
|r1 — rsin(6y)| + r| cos(61)]

27 \/_dT'l 27 2D 2d7"1
01 d91
_op || + 7| cos(61)] r1 + 7| cos(61)]
(6.120)

27 27
< 2% / In <w> do; < 2% / In (L) do; < 01—2%7r1n(r),
0 0

| cos(61)] r| cos(67)]

where Cy = 22 fo%(ln(llD) —1In(] cos(#2)|))db2 < co. Estimate (6.114) follows from
(6.116), (6.118) and (6.120).
Consider the case n > 3 and 2 < m <n — 1. Note that

(6.121) rcos(f;) < \/7“2 + 72 — 2rry sin(6y),

for (r,r1,61) € (0,400)? x (=%, %). Combining (6.118) and (6.121), we obtain

/ / / / cos(6)"~™db, dr
Sn-1 |7‘61 — 7"1&'21|m - rm 2 (r2 +r? — 2rry sin(6y)) !

D In (&
/ / cos(@l)d91 dry — c(n) / (Trl)drl
_ 0

2 472 — 2rpry sin(0y)) pm—1 ™

TMQ

%
D n (L
(6.122) /

(we perform the change of variables 1 = 7, dri = rdn). Finally (6.115) follows

from (6.122) and (6.116) and the estimate +DO In( 55 ")dn < +o00.
We are now ready to prove (6.53). Let n 2 2. From (6.47), it follows that

(6123) |"Yn+1(ZO; Zn+1, Un+1)| S HU(LHDQ ||k||7£:rol(XXgn—1 Xgn—l)R(an Zn—i—l)v



132 6. INVERSE TRANSPORT THEORY OF PHOTOACOUSTICS

for a.e. (20, 2n41,Vn+1) € X x X x S*71 where

1
(6124) R(ZQ, Zn+1) = / B Hn+1|z le PN dZn,

s — zi—1|" !

for (Z(),Zn+1) e X xX.
Assume n = 2. Combining (6.114) and (6.124) we obtain

(6.125) R(zo, 23) S/ € = C'lnflzs — 1))

X |21 — 20|

dZ1

Performing the change of variables z; = zg+71{1, on the right hand side of (6.125),
we obtain

D
(6.126) Rlz0,2) < / (C = O In(jm s + 20 — 23]))dQudr.
0 St

Assume n > 3. Using (6.124) and (6.115), we obtain
1

dzndzn—1
x2 |Zn+1 — 20| Yzn — 2n—1" " Hano1 — 20|

(6127) R(Z(),Zn+1) S C

where C' does not depend on (zg, zn+1). Performing the change of variables z; =
Zit1 + 14, (1, ) € (0,4+00) x S*1 i =n — 1,n, we obtain

dry—1drydSd, _1dSy,
/(o,D)zx(snl)z |Zn41 — 20 + 7 + 10120 1]

R(Z07 Zn—‘,—l) <

dry—1d,—
(6.128) = / / o1 ®n 1 drpdQn,
(0,0)xsm—1 J(0,0)xsr1 [|2n41 — 20 + TnSlnler + 1]

wheree; = (1,0,...,0) € R". Performing the change of variables Q = (sin(#), cos(0)©),
(0,0) € (—5,%) x S"2, we obtain

(6.129) [ ] e < st

for w € R™, w # 0, where c(n) := |S" 72| and S(|w|) is defined by (6.119). Therefore
from (6.129), (6.120) and (6.128), it follows that

(6.130) R(z0, 2n+1) < / (C - C"In(|zny1 — 20 + Q0 ]))dr, dQp,
(0,D)xSn—1

where the positive constants C, C’ do not depend on (2g, zn+1)-
Finally from (6.126) and (6.130), it follows that

(6.131) R(z0, 2n+1) < / (C - C"In(|zny1 — 20 + Q0 ]))dr, dQp,
(0,D)xSn—1

for n > 2 and for (29, 2n11) € X2, 20 # Zny1, where the positive constants C, C’
do not depend on (2o, zn+1)-

Let n > 2 and let (20, 2n41) € X2, 20 # 2n+1. From (6.131) and the estimate
[rn, + (20 — 2n+1) - Qn| < |18 + 20 — 2ny1| it follows that

D
Rlz0, 2ns1) < c(n)CD — C’ / / ([r + (20 — 2ne1) - O |)dradS,,
Sn=1.J0

2D 2D
In(|rp|)dry,) = c¢(n)(CD — 2C'/ In(ry)dry,),
92D 0

where ¢(n) := [S"7!|. Statement (6.53) follows from (6.123) and (6.132).

(6.132) < ¢(n)(CD — C" /
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We prove (6.54). We first obtain

(6133) K™= K)o = [ el o)1 - K)o, o),
X xSn—1

for a.e. z € X and for ¢ € L (I'_, d€). Therefore using (6.53) we obtain

(6.134) I = K) 71T 6(@) | x) < Cllollpar ae),

for ¢ € L'(T—, d¢), where C := [[yn11l oo (x x x xsn-1) [(T=K) " || (o0 de), L1 (X xsn 1))
Therefore there exists a (unique) function ® € L*°(X x I'_) such that

(6.135) K" I — K) ' Jé(x) = / O (x, 2’ v )p(a, 0" )dE(2! ).
Set Tpt1(x, 2’ ,v") == [v(2’) - /| ®(z,2/,0v) for a.e. (z,2',0v") € X x T'_ and recall
the definition of d¢. Then (6.54) follows from (6.135). O

6.4. Derivation of Stability Estimates

6.4.1. Estimates for Ballistic Part.
Proof of Theorem 6.2.3. Let ¢ € L®(X), ||¢||r=(x) < 1 and v € LY(I'_,df),
|W||L1(pﬂd5) < 1. We have :

<A = All oz ae),1(x)-

(6.136) ‘ /X o(2) [(A— ) v] (@)

Using (6.136) and the decomposition of the albedo operator (see Theorem 6.2.1)
we obtain

(6.137) 1A0(¢, )] < I|A — All gz aey.rixy + 1A1(8,9)]

where

Bo(.w) = [ 0(w) (oulan ) BGwa = -/

(6.138)  —04(x,v)E(z, 2z — 7_(x, v')v')) P(x — 17— (2,0 )0, 0")dv dx,

(6.139) A1 (o, ) :/ qS(x)/ (T — 1) (z, 2, 0" )b (2’ 0" ) dp(a' )dv' da,
X ,
and where I'y = a1 + 'y (and Iy =a; + f‘g).

Note that performing the change of variables x = 2’ + tv’ on the right-hand
side of (6.138), we obtain

74 (")
(6.140) Ao, ) = /F /0 o’ + t')(n — ) (t: 2!, o)At (e o dE( ),

where
(6.141)

N(t; 2, 0') = aa (@' +t0 v e Jo @S G gt ) = Gy (2! 0 v e o T@ sV s,
We use the following result: For any function G € LY(I'_,d¢) and for a.e.

(25, v)) € T'— there exists a sequence of functions 1. 41 ., € L'(I'—,d§) (which
does not depend on the function G), ||¥z 2 ollzir_,ae) = 1, Yeapy, > 0 and
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SUPPYe ap oy © {(27,0") € T | 2" — 2| + v — | < e} such that the following limit
holds

(6.142) G2, 0" )VWe ar p (2, 0" )dE(2,0) — G(xg,v5), as e — 0F
r_

(we refer the reader to [106, Corollary 4.2] for the proof of this statement). In
particular, the limits (6.142) holds for some sequence . ,; ., When (zg,v) belongs
to the Lebesgue set of G denoted by £(G) and the complement of £(G) is a negligible
subset of I'_ (see [106]).

Let £ := Npenufoy £(Gm) where Gy, is the measurable function on I'_ defined
by

+(wlrvl)
(6.143) G (2’0 = / t"™(n —n)(t;2’,v")dt,
0

for m € NU{0}. Note that the complement of £ is still negligible. Let (z(,v)) € £
and let ¢ € Cy(0, 74 (xf,v))) where Co(0, 74+ (z(, v]))) denotes the set of continu-
ous and compactly supported functions on (0, 7+ (xj, v})). Consider the sequence
(dm) € (L*°(X))N defined by

(6.144) bm () = X0, 1) (|2 S(?),

for z € X and m € N where z = z(, + tv, + 2/, 2’ - v) = 0, where X[07m+r1)(t) =0

1
7T

when t > #H and X[o,ﬁ)(t) = 1 otherwise. The support of ¢,, concentrates

around the line which passes through z{, with direction v{. From (6.140), (6.142),
(6.143) (and the Stone-Weierstrass theorem), we obtain that

T+(I6,v6)
(6145) EEI(I)IJr A0(¢M7 we,xé,v{)) = A ¢m (%6 + tvé)(n - ﬁ) (t; IEG, ’Ué))dt

For the single-scattering part, using (6.21) and (6.48) and (6.50) for m = 1 we
obtain:

(6146) |A1(¢ma 1/}6,I6,v6)| S C / (I)m (xlv U/)we,xé,v(’) (xla vl)dg(xla vl)
r_
where C = || ‘V((g})z)f,‘lz)(:(;';?fz,) o and @ is the function from I'_ to R defined by

(6.147) @m(x’,v’):/Xwn(x,x',v')|¢m(a:)|dx

(where wy, (z,2,v") is defined in Theorem 6.2.4). From the definition of wy, it
follows that ®,, is a bounded and continuous function on I'_. Therefore using
Lebesgue dominated convergence theorem, we obtain

(6.148)

i [ (00 0 0 ) = B ) = |t ) ()
=0t Jp_ b'e

Then using (6.144), (6.148) and Lebesgue convergence theorem, we obtain

limy, 400 [y Wn (2, 20, v0)|dm(x)|dz = 0. Therefore taking account of (6.146) and
(6.148), we obtain

(6.149) lim  lim Ag (G Ve g ) = 0.

m—+00 ¢—0+
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Combining (6.137) (with ¥ = e 4 ), (6.145), (6.144), (6.149), we obtain

4 (2" ,v") _
(6.150) / o) — )t o)t | < 1A — All e e 210x).
0

for (2',v") € £ and ¢ € Cy(0, 74 (2',v")). From the density of Cy(0,74(z',v")) in

LY (0,7, (2',v")), it follows that (6.150) also holds for ¢ € L' (0,7, (z',v")). Applying

(6.150) on ¢(t) := sign(n —7)(¢t; 2’,v") for a.e. ¢t € (0,74 (z',v")) (where sign(s) =1

when s > 0 and sign(s) = —1 otherwise), we obtain (6.23). O
Proof of Theorem 6.2.5. Let us define

C(t) — C(ta Z‘I,’U/) — e j(f Ua(x’+51)”y’)ds’ Tl(t) — n(t;x/,v/) _ U(L(Z‘I—f—t’Ul, v')((t;x/, 1}/).

Note that n(t) = %C(t) Then,

- td - t _
IC() —¢@)] = ’/0 a(C - C)(S)d8’ < /O In—l(s)ds < |A— All - ae);n1 (x))

thanks to (6.23). The point-wise (in t) control on ((¢) and the estimate (6.23) for
n(t) show by application of the triangle inequality and the fact that {(¢) is bounded
from below by the positive constant e~ Mdiam(X) that

(6.151)

/T+(m'7v')
0

Here, the constant C' depends on M and is of order e Not surprisingly,
reconstructions deteriorate when the optical depth Mdiam(X) of the domain in-
creases. This shows that

/ |oa(@,v") = Ga(z,0))|de < Cl|A = All i ae)r (x)-
X

ga(' + 10, 0") — 5o (' + ')

dt < C||A = Allgpr v aeynr(x))-

Mdiam(X)

This concludes the proof of the theorem. O
Proof of Theorem 6.2.6. Let G := {(¢,2',v’) € (0,+00)xI'_ | ¢t € (0,74 (2',v"))}
and let h € L>°(G) be defined by

t T+ (y' ")
(6.152) h(t;2',v') = —/ o(x’ + sv',v')ds + / oy + sv',v")ds,
0 ¢

for (t,2’,v') € G. The function h € L>®(G) is defined similarly.
We first prove a stability estimate (6.158) on h, h. Let (yo,v0) € I'_, t €

(0,74 (Y0, v0)). Set (y1,v1) := (Yo + 7+ (Yo, vo)vo, —vo) and t1 = 74 (yo,vo) — t. Due
to the symmetry of o,, o with respect to the speed variable v (o4, 7, bounded from
below), we obtain:

(6153) 77(757 Yo, UO) _ eh(t;yo,vg), f](t Yo, UO) — eﬁ(t;ygﬂ)o)’

n(ti;y1,v1) Mt y1,v1)
where 7 is defined by (6.141). Note that from (6.152), it follows that |h(t; yo, vo)| <
lollco+ (Y0, v0) < D|lo||cc Where D denotes the diameter of X. A similar estimate
is valid for & and 6. Therefore using the fact that |a — @ < e~ ™n(©:8)|eo — ¢d| for
a = h(t), we obtain

(6.154) h — To|(£; o, vo) < ePmax(llollee lI5ll) n(t; yo,vo) i?v(t;yoaUO) .
- Nty vr) 0ty o)
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Note that from (6.141) it follows that
(6.155) 0 < gge Plolle < n(s;y,v) < |loalloo-
for (y,v) € I'_ and s € (0,74 (y,v)), where D is the diameter of X. A similar
estimate is valid for (6,,7). Therefore using the equality & — % = W (for
a = n(t;yo,vo), b =n(t1;y1,v1)), we obtain

n(t;y0,v0)  1(t;y0,v0)

n(tiy,v1) Nt y1,01)

Dl o 31100 ) 5
—_— (n(t; Y0, v0)|n — 7| (t1; y1,v1) + n(te; yo, v)n — 7|t yo, vo))

0000
oDl e+ l10c) ~ R )
(6.156) < T ouse (||Ua||oo|77 = 0l(t1;y1,v1) + [[0allecn — 7] (t; yoﬂ’o))-

Using (6.156), integrating in the ¢ variable (t1 = 74+ (yo,vo) — t) and using (6.23),
we obtain

/”“’0’”0) n(t;yo,v0) — 7(t Yo, vo)

0 Nty o) Nty v)

(6.157) XA = All L1 (- de).L1(x))-
Combining (6.154) and (6.157) we obtain

Dol e+ )

— (loalloc + [1all0)
gp0g

T+ (yo,v0) . N
(6.158) / |h = h|(t; yo, vo)dt < C[|A = Al gzrr_ ae),21(x))
0

for a.e. (yo,v0) € I'_, where the constant C' depends only on D, ||o|cc, ||7]co;
loalloo and [|G4|lcc- We now prove (6.161). Estimate (6.161) is, in particular, a
consequence of the identities

dh(t; yo,vo)
dt

for a.e. (yo,v0) € '~ and t € (0, 74 (yo, vo))-
Consider the operator T, (., associated with do =0 — 0o :

dh(t; yo,vo)

i = —205(yo + svo,v0),

= —20(yo + svo, Vo),

Trot) : WES(X) = R, ¢ro /X b0 (, ) () dc

for v € S""1. Using the change of variable z = y + tv (dz = |v(y) - v|dtdy,
y€IX_(v):={2' € 0X |v(z') - v<0},te (0,74(y,v))) we have

|<T5z7(.,v)a 50>‘ =

?

7+(y,v)
/ lv(y) - vl / do(y + tv,v)p(y + tv)dtdu(y)
0X_(v) 0

and using integration by part in the inner integral we have:
(6.159)

(Tso(.,0),0)| < / Irty) -l
0X_ (v) 2

1 74+ (y,v)
Vel [
0X_(v) JO

CllA = All e ag), 100 el ),

T4 (y,v) B
/ (h— B)(ty, v)v - Veply + to)dt| du(y)
0

IN

b= | (g, v)dtdu(y)

(6.160)

IN
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for a.e. v € S"! (we used (6.158)). Identifying do and Tj,, we obtain

(6.161) ||0' — 5||L<>Q(Sn—l7W—l,l(X)) < CH.A - -’ZHE(Ll(Ff,dE),Ll(X))-

We prove the following estimate

(6.162) 1600 = GallLoo(sn—1,21(x)) < CIIA = All 1 0_yiLr (x))

where C' depends on the uniform bounds og and M. Combining (6.161) and (6.162),
we obtain (6.28), which completes the proof of Theorem 6.2.6. The estimate on
oq(x,v") comes from an estimate on fof o(z’ + sv’,v")ds by the triangle inequality.
The latter is given by

t T4 (2’ v") t T4 (z' )
2/ oz’ + sv',v")ds = / oz’ + sv',v")ds + (/ —/ )a(x’ + sv',0v")ds.
0 0 o Ji

We just obtained control of

t T4 (2’ v")
(/ —/ )(U — &) (2" + sv',v")ds,
o Jt

in th(; I/l sense in the t—variable. It thus remains to control the constant term
f07+(m v )(O' —a)(z' + sv',v")ds.

Note that the latter term is nothing but the X-ray transform (Radon transform
when n = 2) of o along the line of direction v passing through z’. In the setting of
measurements that are supposed to be accurate in £(L*(I'_, d¢); L'(X)), the line
integral is not directly captured as it corresponds to a measurement performed at
a point x = 2’ + 7 (2/,v")v’. This is the reason why we assume that o is known in
the §—vicinity of 0.X. o

Knowledge of o and & in the dp-vicinity of 0.X allows one to control f07+(r1: ") o(x'+
sv’,v")ds by ||A — A||L"(L1(F7’d5);L1(X)). When the X-ray transform of o is well
captured by available measurements, as for instance in the presence of boundary
measurements [24], then dy can be set to 0.

More precisely, we find that

T+(wlvv/) +(wlrvl)
/ (0 —5) (2" +sv',v)ds = / B(s)(o —a)(z' + sv',v")ds,
0 0

where ¢(s) € C§°(0, 74 (2',v")) is equal to 1 for §y < s < 74(2/,v") — dp. Integrating
by parts, this shows that

Ty (' 0")
’ / (o0 —5)(2" + s/, v’)ds’
0
<0 — B + 10, Yo 0 a0 o) SONA — AlLcaeasns oy,

thanks to estimate (6.158). By Lipschitz regularity of the exponential, we thus have
that
(6.163)

T+(aj,’v/) t ’ ’ 7 t ~ 7 !’ !’ ~
/ ‘eifo o(z'+sv'v") _ o= o a@+sv' )| 1y <O|A - A”L(Ll(l"_,d&);Ll(X))-
0

The stability result (6.162) on o, (z, v') follows from (6.23) and the triangle inequal-
ity as in the proof of Theorem 6.2.5. (]
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Proof of Corollary 6.2.7. Let p > 1. We first derive (6.29) from the following
estimate

~ 1
(6164) ||O' - a/”Loo(Snfl?V[/fl.p(X)) S C”A - A”Z(Ll(l“_,dg),Ll(X))

Assuming that o — & is bounded by Cp in L* (S"~!, W"P(X)), then using (6.164)
and using the complex interpolation result [34, Theorem 6.4.5 pp. 153], we obtain
(6.165)

1-6
. 10 10
o= Gllwsrx) < llo— UHW 1 p(X)”U - UHW%P(X) <C'|A- A||L€L1(r_7d§)7L1(X))v

for =1 < s < r, where s = (1 — ) x (=1) + 70 and ¢’ = C'=?C§. This proves
(6.29).

We prove (6.164). From (6.152), it follows that |h — h|(t;2/,v") < (|| +
|A)(t; 50, v0) < D(||o]loo + |6l ), Where D is the diameter of X. Hence we obtain

~|P ~
6.166)  |h—h| (52/v) < D" (ol + 5] = It ),

for (2',v") € T_ and t € (0,74 (2',v")). Using (6.159) and Hoélder inequality, and
using (6.166), we obtain

74 () z
’/ (0 — &)(z,v)p(x) (/ / |h — h|p (ty,v )dtdﬂ(9)> Vel L x)
X 90X (v)

(6.167) <ClA- A”E(Ll(rﬂdg),p(x)) HQPHWLP’(X)a

for a.e. v € S*7! and for ¢ € Wol’p,(X) = {1 € LV (X) | suppyp C X, Vi) €
L7 (X,C")} where p' ' 4 p~! = 1. Estimate (6.167) proves (6.164). O

6.4.2. Estimates for Single Scattering.

Proof of Theorem 6.2.4. Let (z,2') € X x 90X. Set v’ = z—a and let v'*
S~ be such that v’ - v/~ = 0. Let ) = |z — 2’|, then = = 2/ + tjv’. First assume
n = 2. Using the equality ay = T';y — 'y, and using (6.21), (6.48), we obtain

|a1 — 5&1|(£E + EvlLv xlv U/)
(@) - v (1 Tl (\(tg—f+<m’,v)')>v’+ew|+(T+<m',v'>—ta>))
(Fg—fg)(z,z’,w’)

[thv' +ev’ +|—t)
(6<I L\ (F1 f‘l)(z,z’,w’) } vz w| ‘Oo
T 14 /|w2(Z, 2;17 ’LU’) 1+ In (‘(t677+(wlxv,))v,+€U’L|+(T+(a:’,v’)7t6))

[thv' +ev’ H|—t)

for e > 0. Therefore using (6.168) as ¢ — 01 and (6.22), we obtain (6.24).
Assume n > 3. Using the equality oy = I';y — I's, and using (6.21), (6.50) (for
m = 17), we obtain
(I = T1)(z, 2, w)
|V(ZI) : w’|wn(z, Zlv U)/)

ez lar — dil(x +ev' L2l v')

V(@) -]

|z — 2 — ((z = 2') - w)w'|*3(Ty — Tg)(z, 2/, w')
lv(2') - w'|

for € > 0. Therefore using (6.169) as € — 0 and (6.22), we obtain (6.25). O

Lo(XxT_)

(6.16%9-¢

Lo(XxT_)
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Proof of Lemma 6.2.9. First consider the case n = 2. The statement in Lemma
6.2.9 is a straightforward consequence of (6.35) and we have the following inversion
formula:

(6.170) g= (%)2, gelo,1).

Let now n = 3. Using (6.36) and the identity cos(d) = 1 — 2sin*(§), 6 € R, we

obtain
_ A4 [T dg 5 00\
2mh(g) = (1_9)2/0 2<1+ e sin (2) de,

for g € [0,1). Performing the change of variables 6§ = 2 arcsin( ) (df = -24%)

1+t2 /1

t
. Vi1t+t2
we obtain

_3
2

21h(g) = (11:ng)2 /0+m(1+t2)%<1+<1+g> ) dt.

Performing the change of variables v = }J_r—gt, we obtain

2mh(g) = /Jroo (ﬁ)Q - (?19)202 dv
0

(1+02)°

(6.171) =

for g € [0,1). Note that from the above, it follows that 27h(g) = 2= + o(1=) as

g — 17 (where we used the integral value f0+°° (H_dﬁ)% = [\/7
Differentiating (6.171) with respect to g, we obtain

1 +o00 dv
2mh(g) = ﬁ/o (14 v2)2 /w2(g) + w2(g)v?

1
6.172 Y )
(6.172) T halo)
for g € [0,1), where h = fl—}gL, wi(g) :== Tlg, wa(g) = ﬁ, and
oo v2dv
(6.173) ha(g) := / —— —
o (I+0?)2y/wi(g) +wy(g)v

Integrating by parts, we obtain

(6.174) o = [ ( w%<g>dv |

for g € [0,1), where we use that a primitive of the function 7(v) := v(1 + v2)~% is
given by the function R(v) := —(1+v2)~2 and where we used that the derivative of

the function s(v) := (wi(g) + w3 (g)vQ)fé is given by 5(v) = wi(g) (wi(g) + w3(g)v?) 2.

3
2
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Performing the change of variables “v”= %gv on the right hand side of (6.174),

we obtain
_1
+o00 1 2 2
(6.175) ha(g) = wg(g)/ (1+ UQ)_% <1 + (%) v? dv,
o —
for g € [0,1). Combining (6.172) and (6.175), we obtain

2mi(g) — ﬁ{/o+oo(l+v2)_%(l+<i+;g>2v2)édv
(6.176) - (%)2[@ (1 +v2)—%(1 + (%3)2112)%},

2 2
for g € [0,1). Using the estimate 1 + (%g) v2 > 1+ (};—g) v? for v € (0, +00)
and g € (0,1), we obtain that the second integral on the right hand side of (6.176) is
less than the first integral on the right-hand side of (6.176) for g € (0,1). Therefore

T+g
for g € (0,1), which proves that h is strictly increasing on (0, 1). O
Proof of Theorem 6.2.10. We prove (6.37). From (6.24), (6.25), (6.30) and
(6.31), it follows that

for (z,2’) € X x I'_. Using (6.177) and the estimate min(E(x,z’), E(z,x’)) >
e~ Pmax(llollc.ll7ll) (see (6.18)) where D is the diameter of X, we obtain

using also that the second integral is multiplied by (179) (< 1), we obtain A(g) > 0

() —Ty)(x,2/,0)
lv(@) - v |wp (z, 2", 0")

(6.177) |E(z,2")og(z) — E(z,2')og(z)] <

|og = Ggl() <

(6,178)8Dmax(||a||oo,||ﬁ||m>(

(Il I~1)(Z‘,$/,U/) - ’
+ |EF — El(x,x )
|1/(:E/) '/U/|wn(x,x/,/l}/) | |( ’ ) ’

for (z,2') € X xT'_ (we used the identity ab—ab = (a—a)b+ (b—b)a for a := o,(z)
and b := E(x,2’)). Let (2/,v") € T'_. Integrating (6.178) over the line which passes
through z’ with direction v" and using the stability estimate (6.163) and (6.18), we
obtain
T4 (2’ v")
log — gl(x'+ tv")dt <
0
(I —T1)(z, 2’ 0)

(') - v'fwn (2,27, v")

(6.179) C

+CllA - A”L(Ll(l“_,d&),Ll(X))a

where C' = ePmax(lolloo:l17ll) max (D, C') and C' is the constant on the right-hand
side of (6.163). Integrating (6.179) over X_(v') := {2’ € 0X | v - v(z') < 0}
with measure |v(z') - v'|dp(x’), we obtain (6.37). We now prove (6.38). Assume
1h(g) |lw.ee(x) < [|R(G)|lwr.0(x)- Using (6.34) and min(cs,5s) > 05,0, we obtain

. 1 . .
(6180)  [1n(9) ~ h(@llr0) < — (Il = F)h() s cx) + ll7g = Follua )
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(we used the identity ab — ab = (a — a)b+ (b — b)a for a = o, and b= h(g)). Using
the identity o5 = 0 — 04, we have

(o5 = s)h(@llL1(x) < lloa = FallLrx)1A(9) | L= (x) + [[(0 = G)h(9) ] 1 (x)
6181) < llow = Fallzs o) (@) =) + 17 = G100 VAl 2= (x)

(we used the fact that 0 = & at the vicinity of the boundary 0.X). Finally combining
(6.180), (6.181), (6.37) and (6.28), we obtain (6.38). O

Appendix

For m > 2, let (3,, denotes the distributional kernel of the operator K™ where
K is defined by (6.41). We first give the explicit expression of 32, 83. Then by
induction we give the explicit expression of the kernel 3,,. Finally we prove Lemma
6.3.1.
From (6.41) it follows that

7_(z,v) T_(z—tv,v1)
K%)(z,v) / / k(z — tv,vy,v )/ E(x,x —tv,x — tv — t1v7)
Sn—1

(6.182) X / k(x —tv — tyv1,v",v1)Y(x — tv — tyvg, v')dv' dt1dvy dt,
S’n 1

for a.e. (z,v) € X x S"~! and for ¢ € L}(X x S"71). Performing the change of
variables 2/ =  — tv — tyv; (da’ =t} 'dt1dv;y) on the right hand side of (6.182),
we obtain

(z,v)
K2%)(z,v) / / (z — tv,z — tv — 2/, 0)E(z, z — tv, ')
(6.183) / k(a v, @ — tv — o/ )ib(a!, v )dv'da'dt,
Sn— 1

for a.e. (z,v) € X x S"~! and for ¢ € L}(X x S"~1). Therefore
(6.184)
7 (z,v) k(x — tv, vy, v)k(x', v, v1)

Bo(z,v,2',0") :/ E(z,z —tv,2')
0

for a.e. (z,v,2/,v") € X x "1 x X x S"7L. From (6.184) and (6.41) it follows
that

vy :x—/tv\—x’
| dt

)

| — to — /[Pt

K3 (z,v) = f(o,r,(m,v))xSnﬂ E(z,z — tv)k(z — tv, vy, v)
X [y yan—1 B2(x — tv, o1, 2’0" )h(2! ;0" )da' dv' dvy di
T_(z,v) T_(z—tv,v1) E —t ity —t ’
W v / / k(s — to, 01,0 )/ (x,x —tv,z —tv — tyvy, ")
X xSn—1 gn—1 |z — tv — tyv; — a'|n L
(6.185) xk(z — tv — t1v1, v, v1)k(z, 0", va)

/ /
Vo=E—tv—t1 01 — ,dt1dvydtdx’ dv ,

for a.e. (x,v) € X x S~ ! and for ¢ € L'(X x S"~!). Therefore performing the
change of variables z = x — tv — t1v1 (dz = t;"_ldtldvl) on the right hand side of
(6.184) we obtain

By, 0,2 0) / “’)/E tvzx)k(x’v’z/—?’)
3 (

|a:—tv—z|" Hz — /"1

(6.186) xk(x — tv, T tv—z ,0)k(z, P x—/t\v—z)dtdz,
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for a.e. (x,v,2",v") € X x S"7! x X x S"~1. Then by induction we have

T_(z,v) E(a: r—tv. 2 . )

6.187) B (2, 0, 2, v :/ / &= t0, 2, 2
( )Bm (T, v, 2m, Um) o xm-2 | —tv — 22|n_1H?;51|Z7; — zip P!
xk(x — tv, vy, )y k(2 vs, 'Uifl)|v1:w,/tv?22’ vimz i, i=2..mo1AtdZ2 . dzm 1,

for a.e. (z,v,2",0") € X x S~ x X x S*~1L.
We prove (6.46) for m = 2. From (6.184), (6.45) and (6.42) it follows that

- - (@v) k(z —tv,v1,0)k(y, v, v1),, _ ==
K2Jp(x) = /aa(x,v)/ /E(x,x —tv,y) n_l‘vlfm 7Y gt
sn—1 xxsn—1Jo |z —tv —y|™

(6.188) XE(y,y — 7 (y, 0" )0 )P(y — 7—(y,v")v', v )dydv' dv,

for a.e. * € X and for ¢ € LY(I'_,d¢). Then performing the change of variable
z=x—tv (t=|r—2z,v=a—2and dz = t" 'dtdv) on the right hand side of
(6.188), we obtain

k(z,v1,0)k(y,v',v1)

—

K2J(z) = / ou(z, T — 2)E(x, 2,9)

X x X x§n—1 |z — 2"~z — y|n !
(6.189) xE(y,y — 7—(y,v")0")P(y — 7—(y,v")v', v")dzdydv’,

lvi=2—y

for a.e. * € X and for ¢ € LY(I'_,d¢). Performing the change of variables y =
o+t (¢ € 90X, t' > 0, dz = |v(2') - v'|du(z")dt’) on the right hand side of
(6.189), we obtain K2Ji(x) = Jr_ oz, 2’ )Y v )du(a)dv' for ae. x € X
and for ¢ € LY(T'—,d¢), which proves (6.46) for m = 2.

Then we prove (6.47) before proving (6.46) for m > 3. Let m > 3. From

(6.187) and the definition of the operator K™ (6.45), it follows that

Km¢(30) = / O'(L(ZO,'UO)/ ﬁm(207v0;Zmavm)w(zmavm)dzmdvmdvo
Sn—1 X xSn—1

7—(20,v0)
z/ Ua(Zo,Uo)/ / / E(z0,20 — tvo, 225 -+ » Zm)
Snfl XXS”71 0 X'mfZ

k‘(Z() tU(), U1, UO)H%IQ}C(Z“ Ui, Ul_l)h)l:zo—tvo—zQ, Vi=2i—2Zit+1, 1=2..m—1

|20 — tvg — 29" IS 2 — 2iq Pt
Xdtdzs . . . dzm—1U(Zm, Vm )dzmdvgdug,

for a.e. zg € X and for 1) € L*(X xS"~1). Therefore performing the change of vari-
ables 21 = zo—tvg (dz; = t"tdtdvg, t = |20—2z1| and vy = zo/—\zl) on the right hand
side of the above equation we obtain K™ (zy) = fXXS"—l Ym (205 Zms Vm )0 (Zm, Um,)
dzmdvp,, for a.e. 29 € X and for ¢ € L}(X x S*~1), which proves (6.47).

We prove (6.46). Let m > 3. From (6.47), (6.45) and (6.42), it follows that

Kme(ZO) = / ’)/m(Zo,Zm,'Um)

X xSn—1
X E(zm, 2m — T (Zms V)V )Y (Zm — T (Zm), Um )V, Um ) dzm dvm,
E(z0,- .-, 2m, 2m — T—(Zm, Um)Um)
= V4 — T_\Z U v v
Axgn—l xm—1 H;€11|Zi_2i71|n71 w( " ( m m) m m)

X [0a (20, vo) T2 k (24, v4, Ui_l)]vizzi:;:rh o m_1 @21 .. dzm_1dzmdvg,
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for a.e. zgp € X and for ¢ € L}(I'_,d¢). Then performing the change of variables
Zm = “zm” At (“2n"€ 0X, 1 > 0, dzm = [V(“2m") - vmldp(“zn")dt’), we
obtain K™J(20) = [1 m (20, Zms Um )V (Zm, Um)dp(zm )dv, for ae. zp € X and
for ¢ € LY(T'_, d¢), which proves (6.46). O






CHAPTER 7

Stability and Resolution Analysis for a Topological
Derivative Based Imaging Functional

7.1. Problem Formulation

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

(7.1)
V. (19\5()() + p—11D(x)) Vu+w?(1g5(x) + K '1p(x))u=0 in Q,
ou
= g on 0%,

while the background solution U satisfies

AU +w2U =0 in €,

g—g =g on 0N
Here, v is the outward normal to €2 and 1p is the characteristic function of D.

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

Recently, the concept of topological derivative has been applied in the imaging
of small anomalies. See, for instance, [64, 65, 68, 38, 105, 84, 83]. The concept
first appeared in shape optimization [66, 121, 48]. However, the use of the topo-
logical based imaging functional has been heuristic. As far as we know, it lacks
mathematical justification. A stability and resolution investigation is also missing
in the literature.

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

(7.2)

145
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The chapter is organized as follows. In Section 7.2, we recall an asymptotic
expansion of the boundary pressure perturbations. In Section 7.3, we introduce
the topological derivative based imaging functional and prove that it attains its
maximum at the location of the anomaly. Sections 7.4 and 7.5 are devoted to a
stability and resolution analysis of the topological derivative based functional in the
presence of medium and measurement noise, respectively. In Section 7.6, we review
MUSIC, backpropagation, and Kirchhoff migration imaging approaches. In Section
7.7, we perform a variety of numerical tests to compare the topological derivative
based imaging functional with MUSIC and backpropagation. The chapter ends
with a short discussion.

7.2. Asymptotic Analysis of the Boundary Pressure Perturbations

Suppose that the anomaly is D = z, + 6 B, where z, is the “center” of D, B is
a smooth reference domain which contains the origin, and §, the characteristic size
of D, is a small parameter.

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

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

Av=0 inR%\B,

Av =0 in B,

(7.3) V|- —V|+ =0 ondB,
k@ _a_v =0 on 0B,
ovl|_ oOv n

W€ —€—0 as|g) — +oc.

Here we denote
v|1 (&) := lirél+ v(€ tve), €£€0B,
t—

and

v
5 i(5) = lim vgVo(§ +£1ve), €€ 0B,
if the limits exist, where v¢ is the outward unit normal to 0B at £ and T" stands for
the transpose (so that a”b is the scalar product of the two vectors a and b). Recall
that v plays the role of the first-order corrector in the theory of homogenization
[107].

Define the polarization tensor M(k, B) = (Mpq)2 ,—1 by

B 0%

where v = (1, ...,94)T is the solution to (7.3).
The formula of the polarization tensor for ellipses will be useful. Let B be
an ellipse whose semi-axes along the x7— and zo—axes and of length a and b,

(7.4) Mpq(k, B) := (k= 1) (£) d€,
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respectively. Then, M(k, B) takes the form

a+b
a+ kb 0
(7.5) M(k, B) = (k — 1)|B] e
b+ ka
For w > 0, let for x #£ 0,
6iu}|x|
i -3
4r|x|’ ’

(7.6) ru()=q
“HV(Wlx)), d=2,

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

in R%. Here, Hél) is the Hankel function of the first kind of order zero.
Let 83 be the single-layer potential for A + w?, that is,

(.7) Sal60 = [ Tulx-y)ely)doly). xR
for p € L?(09). Let the integral operator K& be defined by
Il (x —y)
Kglel(x) = / _— do(y), =xe€ 0.
aldl) = | oGy W)

It is well-known that the normal derivative of Sg obeys the following jump relation:

(7.8) O(Sslel) (x) = (:l: lI—i— (/Cﬁ“’)*) [¢](x) a.e. x€09Q,
o |, 2
for p € L?(09), where (K5“)* is the L?-adjoint of Kg*; that is,

(i) = [ P pty)doty)

For z € Q, let us now introduce the Neumann function for —(A + w?) in Q
corresponding to a Dirac mass at z. That is, N, is the solution to
—(Ay +w?)N,(x,2) =6, inQ,
ON,,
v

We will need the following lemma from [19, Proposition 2.8].

(7.9)
=0 on 9f.

LEMMA 7.1. The following identity relating the fundamental solution T, to the
Neumann function N, holds:

(7.10) (— %I—i— ICE) [No(,2)](x) =T,(x—2), x€dN, zell

In (7.10), Z denotes the identity. Assuming that w? is not an eigenvalue for
the operator —A in L?(Q) with homogeneous Neumann boundary conditions, we
can prove, using the theory of relatively compact operators, the existence and
uniqueness of a solution to (7.1) at least for § small enough [128]. Moreover, the
following asymptotic formula for boundary pressure perturbations that are due to
the presence of a small acoustic anomaly holds [128, 17].
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THEOREM 7.2. Let u be the solution of (7.1) and let U be the background
solution. Suppose that D = z, + dB, with 0 < (K, p) # (1,1) < +oo. Suppose that
wd < 1.

(i): For any x € 09,

u(x) = U(x)—5d(VU(za)TM(1/p,B)VzNw(x,za)

(7.11) I 1)|B|U(Z)Nw(x,za)) + o(89),

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

ow

(7.12) TulU, ] = /8 (= U)o G ) dr(x)

satisfies
(7.13) Io[U,w] ~ —o¢ (VU(ZQ)TM(UP,B)Vw(za)w?(f(*l—1)|B|U(za)w(za)).

Combining (7.11) and Lemma 7.1, the following corollary immediately holds.

COROLLARY 7.3. For any x € 01,

(—%I +K8)u—Ul(x) = —d¢ (VU(ZG)TM(I/p, B)V, Iy (x —2,)

(7.14) (K~ 1)|B|U(2)Tw (x — za)) + o(5%).

7.3. Topological Derivative Based Imaging Functional

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

15 EUE) = 5 [ 5T+ Kl — el (O do(x)

over the search points z°, where u,s is the solution of (7.1) with D’ = z° + §'B’,
K’ > 1, p’ > 1, B’ being chosen a priori, and ¢’ being small. If K < 1 and p < 1,
then we choose K’ < 1 and p’ < 1. According to Theorem 7.2, the synthetic field
u,s can be expanded with respect to &’ as

Ugs (x) = U(x)—(5’)d(VU(zS)TM(1/p',B')VzNw(x,zS)

(KT = 1)|BU(25) N (x, ZS)) +o((8)%).
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Therefore, in view of Corollary 7.3, the quadratic misfit function can be expanded
as powers of §’ as

W) = 5 [ |57+ Ki)ltas = U+ U — a0 dor ()
_ % /m |(_%z 4 KE)U — timens) ()| dor(x)

() Re{ VU (2*)"M(1/p, B) | V,Tu(x - Zs)((_%z + KU — thmeas] (x)) dor()}

[219]

@) AR = DB R{UE) [ Tl 29 (5T + KB ~ el ()) dor)}

o9 2
+0((65/)d + (5/)2d) .

Let w be defined in terms of umeas — U as

(7.16) w(x) = Sﬁ(—%f—i— KE)U — tmeas)(x)  for x € Q,

where 8§ is defined by (7.7). From (7.8), it follows that w is the solution of the
Helmholtz equation

Aw+w?w=0 in Q,

ow 1 | "
% = (_§I+ (]CQ ) )(—§I+ ’CQ)[U — umeas] on 0N).
The function w is obtained by backpropagating the Neumann data
1 W * 1 w
(5T + (K8))(= 5T + KR ~ tead]
inside the background medium (without any anomaly). Note that (ICg)* = (Kq*)*.
Therefore, we can rewrite the expansion of the quadratic misfit function as

eI = 5 [ 15T + KRV = el O do(x)

(7.17)

2
—(5')dRe{VU(zS)TM(1/p', B)Vw(z%) + (K" — 1)|B'|U(zs)w(zs)}

+o((86") + (8")%).
By computing the topological derivative for z° € Q,

0E[U]
ITD[U](ZS) = oy y
(") (5740
i.e., minus the derivative of £[U] with respect to the volume (§') at zero, we obtain
the values of the topological derivative imaging functional:
(7.18)

TIrp|U)(2%) = Re{VU(zS)TM(l/p’, B)Vw(z®) + (K™ - 1)|B’|U(zs)w(zs)}.

The functional Ztp[U](z°) gives, at every search point z° € Q, the sensitivity
of the misfit function relative to the insertion of an anomaly D’ = z% + §'B’ at
the point z°. The maximum of Ztp[U](z%) corresponds to the point at which
the insertion of an anomaly centered at that point maximally decreases the misfit
function. The location of the maximum of Zrp[U](z°) is, therefore, a good estimate
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of the location z, of the anomaly that determines the measured field umeas. In fact,
as we show below the functional Zrp attains its maximum at z° = z,.
Substituting (7.11) into (7.16), we find that

w(z®) = 54 (VU(ZG)TM(l/p, B)/ Valo(x —24) VI, (x — zs)do(x)
o0

+w (K1 = 1)U(za) / T (x — 24)To(x — 2°%) da(x)) + 0(8%),

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

w(z® — _ J(x— 25
aa(zjs ) _ 54 (VU(ZQ)TM(I//), B) /39 V,To(x — ZQ)% do(x)
x — 277
+w? (K™ = 1)U(z4) /{m To(x— za)iarw(azs ) do(x)) + 0(09).

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

If p =1 then
Io[U](z%) = §W(K' ' —1)(K ! - 1)|B'|Re{U(zS)rw(zS,za)U(za)}
(7.19) +o(6%),
(7.20)r,(z%,2) := / Iu(x — 29T, (x — z) do(x).
a0
If K =1 then
Irp|U](z°) = 6dRe{VU(zS)TM(1/p',B’)Rw(zs,za)M(l/p,B)TVU(za)}
+o(0%),
R, (z%,2z) = Volu(x — 29V, T, (x — 2)T do(x).
o0

Recall that Helmholtz-Kirchhoff theorem (see, e.g., [4]) states that, for z and
z¥ away from the boundary 09, the quantities r,(z°,z) and R, (z°,z) are (ap-

proximately) proportional to the imaginary part of T',:

/ To(x —2)T,(x —2°%) do(x) ~ élm{I‘w(zS —1z)},
o9

Volu(x — 2%)V, T, (x — 2)7 do(x) ~ wIm{T,(z° — 2)} ( 22 ) ( 22 )T.

o9 |Z—ZS| |Z—ZS|

Here, A ~ B means A ~ CB for some constant C.
Let, for simplicity, (01,...,0,) be n equi-distributed directions on the unit
sphere and denote by U; the plane wave

(7.21) Uj(x) =% > xeQ, j=1,...n
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For sufficiently large n we have

1~ ors T s sinc(w|x|) for d = 3,
(7.22) - D e~ 4(=) Im{T,(x)} =
=1 Jo(w|x|) ford=2,

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

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

1 - S 5dw4 - iw07 (2% —z,) S
EZZTD[Uj](Z ) ~ - ZRe{e 3 T (2”,2q)}
j=1 j=1
(7.23) ~ wS*d(Im{Fw(zS —24)})°.

Similarly, when K = 1, by computing the topological derivatives for the n plane
waves, Uj,j =1,...,n, given by (7.21), we obtain

I I ,

-2 TrolUj)(2%) = WP~ 3 T Re{e? ) [07M(1L/4f, B)Ru (2%, 20)M(1/p, B) 0] }.

n n
j=1 j=1

Using p’ = 0 and B’ the unit disk, the polarization tensor M(1/p’, B") = C4I, where

Cy is a constant, is proportional to the identity. If, additionally, we assume that

M(1/p, B) is approximately proportional to the identity, which occurs in particular

when B is a disk or a ball, then

1 n
7.24 = ZIrp[U](2°%) ~ 0PN (Im{T,(2° — 2z,) })2.
(720) 3 L TwlU](e%) ~ o ({6 )
Therefore, the topological derivative based imaging functional
1 n
7.25 Irp(z°) = =) ZIrp|U;](z°
(7.25) p(2”) n;ﬂ [Uj](27)

attains its maximum at z,. Moreover, the resolution for the location estimation is
given by the diffraction limit. It is of the order of half the wavelength A = 27 /w.
We conclude this section by making a few remarks:
- In (7.15), we postprocess u, — Umeas by applying the integral operator
( —%I +K¢). This postprocessing is essential in order to derive an efficient
topological based imaging functional. See Section 7.7.
- The topological derivative based imaging functional cannot detect anom-
alies close to the boundary.
- The results of this section apply to the Dirichlet problem as well as to the
case of a hard anomaly.

7.4. Stability with Respect to Medium Noise

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

Au+w?n?(x)u =0 in Q,

0

a—:j =g on Jf.

The index of refraction is of the form

R3(x) = 1+ (K~ = D1p(x) + p(x),

where 1 stands for the constant background, (K ~*—1)1p(x) stands for the localized
perturbation of the index of refraction due to the anomaly, and u(x) stands for the
fluctuations of the index of refraction due to clutter. We assume that 4 is a random
process with Gaussian statistics and mean zero, and that it is compactly supported
within Q. The background solution U, i.e., the field that would be observed without
the anomaly, satisfies

(7.26)

AU +w?(14+p)U =0 in

ou

i g on 0N).

Note that U is not known because it depends on p, only the background reference
solution U can be computed:

(7.27)

AUO® +2U©® =0 in Q,

oU 0
ov
If the anomaly is of the form D = z, + JB, then one can show that the field

measured at the surface of 2 can be expanded as

(7.29) Umeas(X) = U(x) — 69w (K~ — 1)|B|U(24)No (%, 24) + 0(6%),

where N, is the unknown Neumann function for —(A + w?(1 + p)) (it is unknown
because it depends on p). It is worth mentioning that we changed the notation in
this section: N, is the Neumann function for —(A + w?(1 + p)), not for —(A + w?)
as in the previous section. The Neumann function for —(A + w?) will be denoted

(7.28)

=g on Q.

by N (the superscript (0) indicates the ‘zero noise’).
We want to compare the measured data with the synthetic field u,s, which is
the solution of

Augs +w?(1+ (K" — D1p(x))u,s =0 in Q,

OUy,s

v

with D’ = z° + §B’, K’ and B’ being chosen a priori, and & being a small

parameter. We can expand the synthetic field u,s in powers of ¢’ and we find that
s (x) = U (x) = (0") (K"~ = 1)|B'[UO (%) N (x,2%) + o((5)7).

The quadratic misfit functional

E[UO(25) = % /8 ) |(—%I+ K2 O g5 — ttmeas) (x)]? dor(x)

=g on 09,
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uses the background reference solution U(?) and the known integral operator IC?;’(O)
defined in terms of the Green function I',, of the reference background medium. It
can be expanded as powers of §’ as

WO = 5 [ T+ KGN ~ ) dolx)

()R (K - 1)|B'|Re{U<0>(zS)/

o0
+0((55/)d + (5/)2(1),
This shows that the computation of the topological derivative gives the imaging
functional

(7.30)  Zrp[U](2%) = (K" — )|B'[Re{U) (2% (2%)},

Fw (X - ZS) ((—%Z + IC?JZ’(O))[U(O) - umeas](x)) dU(X)}

where w(©) is given by

(7.31) w0 (5%) = 550 (- 57+ K ONUO — tmead) (2°),
which is the known solution of
Aw® + 2w =0 in Q,
ow®
v

Here, S;‘;’(O) is the single-layer potential associated with the Green function T, of
the reference background medium. The function w(?) is known because it depends
only on U () that can be computed and on umyeas that is measured at the boundary.

= (574 (" OV )T+ KNI ~ e o 902

7.4.2. Stability and Resolution Analysis. Let A(®) = (—%I—HCE’(O))*(—%I—i—

ICS’(O)). We want now to carry out a resolution and stability analysis. Using (7.29)
we have

w9 (z%) = NO(x,2%)AO[U©) — U](x) do(x)
o0
+0%%WAH (K~ = 1)|BlU(zq) | ADINO(-,2%)](x)N,, (x,2q) do(x)
o0
(7.32) +o(5%).

This expression shows that clutter noise has two effects:

- First the background field U is not known, so that the backpropagation
step transports not only the field due to the anomaly but also the field U —
U©) due to clutter, which generates a contribution (the first term of the
right-hand side of (7.32)) which is spatially distributed for z° throughout
the domain €.

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

In the sequel we study the imaging functional in the weak fluctuation regime
(when the standard deviation of y is small). For this we need to characterize the
statistical distribution of the function w(®) defined by (7.32):
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- The first term of the right-hand side of (7.32) requires to model the dif-
ference U — U, If we assume that the random process p has small
amplitude, then we can expand U as U = U© + UM where UM is the
solution of

AUD + 02U = 02U in Q,

U0
ov

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

UM (x /N(O (x,y)u(y) U@ (y) dy.

- The second term of the right-hand side of (7.32) requires to model the term
N,,. In the weak fluctuation regime, the error in this term is essentially de-
termined by the phase mismatch between N, (x, z,) and A(®) [NU(JO) (-,2%)](x)
when z° is close to z, (which is the position of the peak). This phase mis-
match comes from the random fluctuations of the travel time between x
and z, which is approximately equal to the integral of u/2 along the ray
from x to zq:

N (6, 2a) A IND (4, 29)](x) = NE (¢, 20)AO [N (-, 2%)] ()~ 700,

with
T(x) |X—Za|/ Za X—Za )ds.
_Za|

Therefore w(®) can be expanded as

w0(a%) = [y TI) [ [ VO NN ()] do<x>] dy

(7.33)
=0 on 0.

+0%w (K1 = 1) BlUO) (z,) / AONO (-, 29 ()N (x, 20 )e T do ().
o0

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

w0(e%) = [T [ N0 2NN ) o) ay

w2 Var (T (x))

+5%w (K~ = 1)|BlUO)(z,) / AOINO (2 x) N (x,20)e™ " 2 do(x).
N

Let us introduce the kernel
Q(2°,2,) = Re{U(O)(zS)U(O)(za)
and the function
)\3 d

(7:34) Qo(2°) = ==

As shown in Section 7.3, we have

Q(z°,2,) = Re{U(O)(ZS)U(O) (Za)/

o0

AONO (25 (x)N (x, 74) do(x) |,
o0

U© (252 for d =2 or 3.

Lo(x — 29T, (x — z4) dO’(X)}.
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Moreover, the function z° — Q(z°,z,) is maximal for z° = z,, its maximal value
is Qo(z,) and the width of the peak of z° — Q(z°,z,) centered at z° = z, is of the
order of half the wavelength A\. We can express the topological derivative imaging
functional in terms of the kernel Q:

(7.35)

Top[U®)(@5) ~ W'~ 1)|B /Q H¥)Q(, y) dy

w2var(T)

FOlAE T - 1)K - 1)|B'|BIQ(2% za)e ™ 2,

where we have assumed that Var(7T'(x)) is constant for x € 92 in order to simplify
the analysis.

The topological derivative has the form of a peak centered at the location z, of
the anomaly (second term of the right-hand side of (7.35)) buried in a zero-mean
Gaussian field or speckle pattern (first term of the right-hand side of (7.35)) that
we can characterize statistically.

On the one hand clutter noise reduces the height of the main peak by the
damping factor e~«*Var(T)/2 4nd on the other hand it induces random fluctuations
of the image in the form of a speckle field. The covariance function of the speckle
field is

Cov(Zrp(2%),Trp (%)) = WwS(K'™' —1)%B'?
x /Q /Q Q25 3)Culy, y)Q(y') dydy’,

where C), is the covariance function of the process p: Cy,(y,y’) = Elu(y)u(y’)]-

If we assume that the process p is supported and stationary in €, C €2, that
the correlation radius [, of i is smaller than the wavelength, and if we denote by
o, the standard deviation of u, then we have

1
Var(T) ~ goidiam(Qﬂ)lu,
and

Cov(Tro (%), Tro (%)) =~ W™ (K"~ —1)°|B' ol / Q#,y)Q" ) dy.

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

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

Var(Zrp (2°)) =~ w®(K'™" — 1)2|B' 20212 Q3 (2,) A" diam(2,,).

Therefore, a large heterogeneous domain implies large fluctuations in the topo-
logical derivative, and the peak centered at the anomaly location z, can be buried
in these fluctuations. More quantitatively, the Signal-to-Noise Ratio (SNR) defined
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by
EZrp(2a)]
NR= ———F——
SNR Var(Zrp(z4))'/2
is equal to
—1_ 1\ 5d 1/2 a2 a5,
(7.36) sNp = = DBl A A T

o A? diam(§,,)1/2 lﬁ/Q ¢

As shown by (7.36), the SNR is proportional to the contrast (K ~!—1) and the
volume of the anomaly, 6| B| over the standard deviation the noise, o,,. Moreover,
it depends on the dimensionless parameters [,,/\, diam(,)/X, and §/A.

7.5. Stability with Respect to Measurement Noise

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

If we assume that the surface of the domain €2 is covered with sensors half the
wavelength apart from each other and that the additive noises have variance 0% and
are independent from one sensor to the other one, then we can model the additive
noise process poise by a Gaussian white noise with covariance function

E[Vnoise(x)’/noise(xl)} = Jgoise‘s(x - XI)’ Ugoise = J%)‘d71217d~
The topological derivative imaging functional is

Trp[UD)(25) = w?(K' ™' — 1)[B'[Re{U© (2°) (w(2%) + wnoise (2°)) },

where
W ]- w
(7.37) noine(7°) = =S5 (=57 + K i (@),
and
103 1 103
(7.38) w®(2%) = 8557+ K5 )V — (tmeas — vioise))(2%).

7.5.2. Stability and Resolution Analysis. We find from (7.37) and (7.38)
that

Irp[U©)(z%) = §9 (K™ — 1) (K~ — 1)|B'||B|Q(2°,2,) — w(K' ™" —1)|B'|

(7.39) xRe{ /8 ) U (2%, (25 — y)(—%I + K5 [Wnoise) () da(y)}.

Therefore, the imaging functional Ztp has the form of a peak centered at the loca-
tion z, of the anomaly. Moreover, (7.39) shows that the peak is buried in a speckle
field, as in the case of clutter noise. However, on contrary to the clutter noise, the
value of the main peak itself is not reduced by the additive noise, which means that
the imaging functional is much more robust with respect to additive measurement
noise than with respect to clutter noise. Let us compute the covariance function of
the speckle field. We first introduce the auxiliary field defined on 9%:

1 w
Vnoise,l (y) - (_ 51 + ]CQ7(O))[Vnoise] (y)
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It is a zero-mean with Gaussian statistics and covariance

2

2 / ’
. . / _ Tnoise o Onoise arw (y - y) 8Fw (y B Y)
E [Vnc)lse, 1 (y)Vnolse,l (y )] - _4 5()’ y ) 2 ( O (y) 81/(}”) )
Ol (y —x) oL, (y' — x)
2
+Jnoise ,/69 v (X) v (X) do (X) .

We next introduce the auxiliary field defined on :

Vnoise,?(z) = / Pw (Z - y)Vnoise,l(y) dO’(y)
o0
It is a zero-mean with Gaussian statistics with covariance:

E[Vnoise,Q(Z)Vnoise,Q(Z/)] = AQ AQ Pw(Z—Y)Pw(Z/ - yI)E[Vnoise,l(Z)Vnoise,l(zl)] dU(Y) da(yl)

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

E[Vnoise,Q(Z)Vnoise,Q(Z,)] = %Im{rw(z - Z/)}

o2 om{l',(z —y)}

e [ e = ety
Jgoise /7_811’11{1—“” (Z — Y)}
e [ TR g oty
02 ice Olm{T,(z —y)} Olm{T,(z —y)}
o y)

When z and z’ are far from the boundary, using %(z;)y) ~ jwl,(z —y) and

Helmholtz-Kirchhoff theorem, we get

do(y).

[ 2
E[Vnoise,Q(Z)Vnoise,Q(Zl)} = JZL(:)SEIm{P(Z - Z/)},

and therefore

Cov(Zrp (2°), Tro (2%) = 2w (K™ — 1)%|B' 20?10, Q(a%, 25),

] noise
for the search points z°,2z5 € Q. This shows that the typical shape of a hot spot
of the speckle field is exactly the form of the main peak. Moreover, the variance of
the speckle field is

Var(Zrp (%) = g0t (K7 = 1?18 P02 Q0 (%),
with Qo given by (7.34), which shows that the SNR is equal to
(7.40)
oNR — 2V2Qo(2a) AE T = OB _ g5 U (@)K 1) 8918

Onoise g1 Ad

From (7.40), the SNR is proportional to the contrast (K ~!—1) and the volume
of the anomaly, 5d|B |, over the standard deviation of the noise, opoise-
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7.6. Other Imaging Algorithms

Consider P well-separated anomalies D), = z, + 0B,, p = 1,..., P. The volu-
metric mass density and bulk modulus of D,, are denoted by p, and K, respectively.
Suppose that all the domains B, are disks.

7.6.1. MUSIC-type Algorithm. Let (61,...,6,) be n unit vectors in R
For 6 € {64,...,0,}, we assume that we are in possession of the boundary data u

when the domain  is illuminated with the plane wave U(x) = w8 x  Therefore,
taking the harmonic function w(x) = e=iw0" % for ' € {64,...,0,} and using (7.5)
shows that the Weighted boundary measurement is approximately equal to

w U w Z |D | 2( B 0T0 + K— 1)eiw(e_g’)sz.

Define the response matrix A = (All’)uf:l € C"*" by
(7.41) Ay = Ly, (U, w.
It is approximately given by

All’ ~ — Z |Dp|w (

for 1,I' = 1,...,n. Introduce the n-dimensional vector fields g/, defined for j =
.,d+1, by

(7.42) g(j)(x) — (ejrgleiwe?x7 o 76?0n6iw05x)T7 i=1.....d
and
(7.43) gt (x) = (ewelTx’ o 7eiwa,’;fx)T7

where (eq,...,eq) is an orthonormal basis of R<. Let Ppoise = I—P, where P is the
orthogonal projection onto the range of A. The MUSIC-type imaging functional is
defined by

0T01/+K_ ) m(el—el,)sz7

d+1 _1/2
(7.44) Tnu(z (Z Proiseg" ( )IIQ)
This functional has large peaks only at the locations of the anomalies; see, e.g., [4].

7.6.2. Backpropagation-type Algorithms. Let (01,...,8,) be n unit vec-
tors in R?. A backpropagation-type imaging functional at a single frequency w is
given by

Iy ;
(745) IBP — Z szﬂszS Iw;, [Ul7 W],

3

where U;j(x) = wi(x) = ewol ¥ 1=1,...,n. Suppose that (61,...,0,) are equidis-
tant points on the unit sphere S9!, For sufficiently large n, we have (7.22) and it
follows that

1 sinc(2w|z® — z,|) for d =3,

Top (2 Z|D| 2( 71;1 (Kp_l—l))x

Jo(2w|z® — z,|) for d = 2.
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These formulae show that the resolution of the imaging functional is the standard
diffraction limit. Note that the above backpropagation-type algorithm is a simpli-
fied version of the algorithm studied in [12, 13]. In fact, instead of using only the
diagonal terms of the response matrix A, defined by (7.41), we can use the whole
matrix to define the Kirchhoff migration functional:

(7.46) Ticni(25) = di > (a9 (ZS)Tul) (99 (zS)Tv_l) ,
j=1 1

where u; and v; are respectively the left and right singular vectors of A and g(?)
are defined by (7.42) and (7.43).

7.7. Numerical Illustrations

In this section we present results of numerical experiments that give quali-
tative illustrations of some of the main findings in this chapter. We consider the
two-dimensional case (d = 2). The domain {2 is the unit disk. We simulate the mea-
surements using a finite-element method to solve the Helmholtz equation. We use a
piecewise linear representation of the solution v and piecewise constant representa-
tions of the parameter distributions 1, 7(x) +p M p(x) and 1o\ p(x) +K M p(x).
We consider a small anomaly D = z, + B with z, = (—0.3,0.5), § = 0.05, and B
being the unit disk. We fix the working frequency w to be equal to 6, which cor-
responds to a wavelength A ~ 1. We assume tilat the measurements corresponding
iw@; x

to the plane wave illuminations, U;(x) = e , at the equi-distributed directions

0, forl=1,...,n=50.

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

7.7.1.1. Resolution in the Absence of Noise. Within the above setting, we first
present results of the described algorithms in the absence of noise. In Figure 7.1,
plots of Ztp(z°), defined by (7.25), with respectively n = 50 and n = 2 illustrate
the efficiency of the proposed topological derivative based imaging procedure. The
imaging functional Zrp (z°) reaches its maximum at the location z, of the anomaly
and behaves, accordingly to (7.23), like Jo(w|z° — z,|)? if the number n of incident
waves is large while for small n, it behaves, as expected, like Jo(w|z° — z,4|).

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

In Figure 7.5, we present two MUSIC-type reconstructions. Given the structure
of the response matrix A with p = 1 (contrast only on the K distribution), it is
known that its SVD yields only one significant singular value. See, e.g., [16, 4].
Thus, the illumination vectors g(!) and g(® do not belong to the signal subspace
of A. Using these vectors in the projection step generates a blurred MUSIC image
(figure on the left). To get a sharp peak, we should project only the illumination
vector g (figure on the right), which assumes a priori knowledge of the physical
nature of the contrast.
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FIGURE 7.1. Plots of Ztp(z°) defined by (7.25) with n = 50 (left)
and n = 2 (right).

FI1GURE 7.2. Comparison for n = 50 between topological deriva-
tive based images with (left) and without (right) postprocessing
the data.

As shown in Figure 7.6, the backpropagation image of the anomaly has the
expected behavior of the Bessel function and reaches its maximum at the location
of the anomaly.
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F1cURrE 7.3. Comparison for n = 2 between topological derivative

based images with (left) and without (right) postprocessing the
data.
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FIGURE 7.4. Comparison between topological derivative based im-
ages of multiple anomalies with (second line) and without (first
line) postprocessing the data. The first column corresponds to
n = 1, the second to n = 2, and the third to n = 50.

7.7.1.2. Stability with Respect to Measurement and Medium Noises. We now
consider imaging from noisy data. We first add electronic (measurement) noise
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FIGURE 7.5. Left: MUSIC image using the projection of g!), g(®),
and g® on the signal subspace of A. Right: MUSIC image using
the projection of g® on the signal subspace of A.
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FIGURE 7.6. Plot of Zpp(z”) defined by (7.45) with n = 50.

Vnoise t0 the previous measurements u; meas; ¢ = 1,...,n. Here, vygise is a white
Gaussian noise with standard deviation 0% of the L? norm of Umeas and o ranges
from 0 to 30. We compute N, = 250 realizations of such noise and apply different
imaging algorithms. Figure 7.7 presents the results of computational experiments.
It clearly shows that the topological derivative based functional performs as good
as Kirchhoff migration and much better than MUSIC and backpropagation, spe-
cially at high levels of electronic noise. Figure 7.8 shows the dramatic effect of the
postprocessing step in the topological derivative based imaging when the number
of plane wave illuminations n is small.

We now suppose that the medium bulk modulus is randomly heterogeneous
around a constant background: K ~1(x) =1+ (K1 —1)1p(x) + u(x). To simulate
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FIGURE 7.7. Standard deviations of localization error with respect
to electronic noise level for Zyu, Zgp, Zxkm, and Zrp with n = 50.
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Ficure 7.8. Effect of the data postprocessing on the standard
deviation of localization error with respect to electronic noise level.

1, we compute a white Gaussian noise in the medium and then apply a low-pass
Gaussian filter. The parameters of this filter can be linked to the correlation length
I, of pu.

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

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

7.7.2.1. Resolution in the Absence of Noise. As shown in Figure 7.11, the topo-
logical derivative based imaging functional Zrp(z°) reaches its maximum at the
location of the anomaly.
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FIGURE 7.9. Standard deviations of localization error with respect
to clutter noise for Zyu, Zep, ZxMm, and Ztp with n = 50.
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FiGURE 7.10. Effect of the data postprocessing on the standard
deviation of localization error with respect to clutter noise.

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

Figure 7.15 shows MUSIC images. As expected from the structure of the re-
sponse matrix with K = 1 (p contrast only), its SVD yields two significant singular
values [44, 16, 4]. Thus, the illumination vector g(*) does not belong to the signal
subspace of the response matrix A. As before, using this vector in the projection
step generates a blurred MUSIC peak (figure on the left). To get a sharp peak, we
should only project the illumination vectors g(!) and g(®) (figure on the right).

As shown in Figure 7.16, the backpropagation image has the expected behavior
and reaches its maximum at the location of the anomaly. In the case of multiple
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FIGURE 7.11. Plots of Zrp(z®) with (left) n = 50 and (right)
n=2.

F1GURE 7.12. Comparison for n = 50 between topological deriv-
ative based images with (left) and without (right) postprocessing
the data.

anomalies, the oscillatory pattern of the backpropagation imaging functional can
be troublesome.

7.7.2.2. Stability with Respect to Measurement and Medium Noises. We carry
out the same analysis as in the case of only a bulk modulus contrast. Figure 7.17
gives the standard deviation of the localization error as function of the noise level
o for each algorithm.
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F1GURE 7.13. Comparison for n = 2 between topological deriv-
ative based images with (left) and without (right) postprocessing
the data.

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

Again, the topological derivative algorithm with postprocessing seems to be
the most robust. However, the effect of the data postprocessing step seems less
dramatic here than in the case of bulk modulus contrast.

Finally, we suppose that the medium density is randomly heterogeneous around
a constant background: p~1(x) = 14+(p~ ' —1)1p(x)+pu(x), with 4 a random process
of mean zero and tunable standard deviation o. As before, we compute N, = 250
realizations of such clutter and the corresponding measurements. We then apply
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FIGURE 7.15. Left: MUSIC image using projection of
g, g® ¢g® on the signal subspace of A. Right: image using
projection of gt and g(® on the signal subspace of A.

FIiGURE 7.16. Backpropagation image.

the localization algorithms. Stability results are given in Figure 7.19. They clearly
indicate the robustness of the topological derivative based imaging functional.

7.8. Conclusion

In this chapter we have explained why the concept of topological derivative
works for imaging small acoustic anomalies and carried out a stability and resolu-
tion analysis in the presence of medium and measurement noises. We have shown
that in order to design an efficient topological derivative based imaging functional,
we have first to postprocess the data. We have proved that the functional be-
haves like the square of the imaginary part of the Green function and then attains
its maximum at the location of the anomaly with a resolution limit of the order
of half-a-wavelength. We have also shown that the topological derivative based
imaging functional, compared to other more classical imaging functionals, is more
robust in both cases of measurement and medium noise. Another advantage of
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FIGURE 7.17. Standard deviations of localization error with re-
spect to electronic noise level for Zyy,Zpp, Zxm, and Zrp with

n = 50.
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FIGURE 7.18. Standard deviations of localization error with re-
spect to electronic noise level for the topological derivative based
functionals with and without postprocessing the data.

the proposed functional is that it works with a very small number of plane wave
illuminations. However, its complexity is roughly speaking O(nm?) while the com-
plexities of MUSIC and backpropagation are respectively O(n3 +n?m) and O(nm),
where n is the number of plane wave illuminations and m is the number of space
discretization points in the domain 2. Note that in general n < m.

Our results in this chapter apply to the electrical impedance tomography prob-
lem. In fact, let I' be the fundamental solution of the Laplacian in R and denote
by Kq the integral operator given by

Kol = [ EE M oanty). x e on
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FIGURE 7.19. Standard deviations of the localization error with
respect to clutter noise for Zyy, Zgp, Zxm, and Ztp with n = 50.

Let Ztp be the topological derivative of the misfit

1

EU)(z%) = 3 /89 |(—%I+ Ka)[tgs — tUmeas) (X)|? do(x),

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

1 (x =297 (x —2z,)

s s

Irp(z”) . VI(x —z°)VIT(x — z,4) do(x) /aQ E =25 [x—za| do(x)
provided that dist(z*, 9€), dist(z4, 9Q) > 1. A similar result holds in three dimen-
sions. Therefore, Ztp(z°) yields an image similar to the one proposed in [98].

Our results extend to elastic and electromagnetic waves as well as to the tran-
sient regime [103]. They can also be generalized to imaging functionals based on
high-order topological derivatives [37, 114, 84], which are based on high-order
asymptotic expansions for the boundary pressure perturbations derived in [17].
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