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Chapter 1

Introduction to Inverse Problems

1.1 What constitutes and Inverse Problem (IP)

Let us first schematically describe the components of what constitutes an Inverse Prob-
lem in these notes.

1. The Measurement Operator (MO).

This the operator that maps objects of interest, which we shall call parameters,
to the available information we have about them, which we shall call data or
measurements.

2. Injectivity, regularizing properties of MO and related stability estimates.

Injectivity addresses the question of the uniqueness of the reconstruction of the
parameters from knowledge of the MO. Regularization theory and related stabil-
ity estimates describe the functional setting in which the reconstruction of the
parameters is well-behaved, in the sense that differences in the reconstruction are
controlled a priori by a function of the differences in the measurements.

3. "Noise” and Modeling.

Knowledge of the MO may not be sufficient to solve an IP satisfactorily (which
is, as I'm sure you noticed, a very subjective notion). Often, various "noisy”
contributions need to be added to realistically model the IP of interest. They
need to be added because they may have undesirable effects on the reconstructions
(which makes the reconstruction not satisfactory, again, a very subjective notion).

(a) Errors in Modeling

The MO may be an approximation of the "real” map between objects of in-
terest and "real” measurements. Sometimes, such approximations constitute
the main "noise” contribution.

(b) Errors in measurements

This is because detectors are not perfect. It is important to model such
"noise” contributions to estimate their effect on reconstructions.
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Prior Assumptions on IP Solution and Noise

This item is probably the most important one from a practical standpoint.
The very reason "noise” is modeled is because it has an undesirable effect. In
order to avoid this effect, the whole IP needs to be modified: since available
data are not sufficiently rich to allow for desirable reconstructions, we need
to be more restrictive on what we aim to reconstruct. It is necessary to make
prior assumptions on the object of interest. There are two main, related,
methods to do so.

i. Penalization theory is a deterministic methodology that restricts the do-
main of definition of the parameters. It includes two subcategories, one
being regularization theory, which assumes that the parameters of inter-
est are "sufficiently smooth”, and the other one being sparsity theory,
which assumes that the parameters are sparsely represented in a given,
specific, basis.

ii. The Bayesian framework is an alternative, very versatile, methodology to
incorporate prior assumptions in a statistical fashion. A prior probability
density describes the potential values that the parameters can take. A
posterior probability density describes how these potential values are
affected by the measurements.

4. Numerical implementation.

(a)
(b)

Linear Algebra to solve Linear systems of equations. Cheapest computation-
ally. Should be tried first.

Optimization methods to solve minimization problems such as, e.g., linear
and quadratic programming problems. More expensive computationally but
still relatively inexpensive and provide extremely accurate results when hy-
potheses of penalization theory are met.

Monte Carlo methods such as Markov Chain Monte Carlo methods (MCMC)
to solve IPs in Bayesian framework. By far the most expensive methodology,
which should be used when the other two fail.

Less standard numerical implementations necessary when IP solution pa-
rameterized in very specific ways, such as, e.g., small inclusions or point
scatterers.

1.2 Some Applications of Inverse Problems

Inverse Problems are ubiquitous in Science and Engineering. This course will focus
on some important examples that find applications, e.g., in medical and geophysical
imaging. With a few exceptions, we shall be primarily concerned with injective inverse
problems, which means inverse problems in which the MO is injective: in the absence
of any "noise”, a unique set of parameters corresponds to the available measurements.

Such inverse problems may be broadly classified into three different categories. The
first category concerns the well-posed inverse problems, in which "noise” has a very



limited effect on the reconstruction proportional to its size. The second category is
referred to as the mildly ill-posed inverse problems. There, the effect of noise is more
important so that prior assumptions on the parameters we wish to reconstruct become
necessary. The third category of inverse problems is called the severely ill-posed inverse
problems. They encompass the class of inverse problems in which even limited amounts
of noise generate very large undesirable effects. These are the problems in which prior
information becomes paramount. Bayesian-based reconstructions are typically useful
for such severely ill-posed problems as well as for inverse problems where injectivity no
longer holds.

Well-posed inverse problems are relatively rare in practical applications. Examples
include Magnetic Resonance Imaging, one dimensional inverse scattering problems in
the time domain, and some hybrid inverse problems with internal measurements.

Mildly ill-posed inverse problems form the vast majority of practical inverse prob-
lems in geophysical and medical imaging. An incomplete list of examples include X-ray
computerized tomography, positron emission tomography, Single photon emission com-
puterized tomography, Ultrasound tomography, inverse kinematic problems, as well as
many more recent hybrid imaging modalities such as photo-acoustic tomography, ultra-
sound modulated tomography, transient elastography.

Finally, severely ill-posed problems involve all the measurement operators involving
a diffusion equation that prevents any singularities to propagate.

In the rest of this lecture, we present a simplified modeling of Magnetic Resonance
Imaging that gives rise to several possible inverse problems. The last of these inverse
problems is nothing but inverting a Fourier transform, which is a well-posed problem.
The notion of well-posed versus ill-posed problems is also relatively subjective. As we
mentioned, an IP is ill-posed because "noise” generates ”unsatisfactory” reconstructions.
This notion is quite subjective. A possible definition of what it is for an IP to be ill-
posed uses the notion of Fourier transforms and Hilbert scale of functional spaces. We
first review the necessary material in section 1.5 and then define possible notions of well-
posed and ill-posed problems in section 1.6. We insists once more that these notions
are

1.3 Some examples of Measurement Operators

The Measurement Operator will be denoted by 9. It is an operator mapping parameters
in ®(M) C X, where D(IM) is the domain of definition of M and is a subset of a
functional space X, typically a Banach space or a Hilbert space. We assume that 9
takes values in %), the space of data. So we shall be writing

y=Mx) forxeDM)CXandye.

Solving the inverse problem therefore amounts to finding the point x € X from knowledge
of the data y € 9.

For most measurement operators throughout these lectures, we assume that 91 is
injective. This means that

m(X1> = m(Xg) — X1 = Xo. (11)



In other words, data y, if given in the range of 91, uniquely characterize parameter x.
However, we shall see that injectivity is not sufficient to make an inverse problem ”well-
posed”. It remains to understand how noise added to the measurement operator are
handled by a reconstruction. This is what stability estimates will allow us to quantify
in a precise manner.

Example 1. Let X = C([0, 1]), the space of continuous functions. Let 2 = X and
define

M(f)(x) = / " f(y)dy.

Here, the point x in X is the function f, a function traditionally denoted by f(z). So
the two ”x” appearing in the same line do not have the same meaning. The first x is a
point in X, i.e., a function, while the second x is simply a point in the interval [0, 1].

At any rate, 9 is certainly injective since the equality of data M(f) = M(g) implies
that f = LM(f) = LM(g) = g, i.e., the equality of parameters.

However, the operator 91 is ”smoothing” since 9M(f) is one derivative more regular
than f. So inverting the operator, as indicated above, involves differentiating the data.
If “noise” is added to the data and “noise” is high frequency, the the derivative of
“noise” will be large and may overwhelm the reconstruction of f(z). The objective of
penalization theory will precisely to make sure this undesirable fact does not happen.

Example 2. On X = 9 = (([0,1]) and with ©(9) = C}([0,1]), the space of

continuously differentiable functions with value 0 at = 0, we can define
M(f)(x) = f(x), the derivative of f.

Note that the derivative of a continuous function is not continuous (and may not exist as
a function although it can be defined as a distribution). So here, we found it convenient
to define the domain of definition of 91 as a subset of the space of continuous functions.
We could obviously have defined X directly as the space of continuously differentiable
functions vanishing at 0, but then X would be different from 2). For "unbounded”
operators such as 2, it is often convenient to keep X = ) and restrict the domain of
definition D (N).

So why do we also insist on f(0) = 0 in ©(9)? It is because otherwise, M would
not be injective. Indeed, antiderivatives are defined up to a constant. By enforcing
f(0) = 0, the constant is fixed. In (M), we have from the fundamental theory of
calculus that

f(x) = £(0) + / " gy = / "y = / ") () dy.

Now obviously, 9(f) = 9M(g) implies f = g. From the point of view of inverse problems,
this operator is very nice. If “noise” is added to M(f), it will be integrated during the
reconstruction, which is a much more stable process than differentiating.

Example 3. With the same setting as in Example 1, consider 9(f)(z) = fol f(y)dy.
This operator is well defined and very nice. But it is clearly not injective. All we learn
about f is its mean on (0,1). This operator corresponds to data that are not very
informative.



Example 4. Let X = C.(R?) the space of continuous functions with compact support
(functions supported in a bounded domain in R?, i.e., vanishing outside of that domain).
Let 9 = C(R x (0,27)). We define I(s,6) for s € R and 6§ € (0,27) as the line with
direction perpendicular to € = (cosf,sin#) and at a distance +s from the origin (0, 0).
More precisely, let 8 = (—sin#, cos6) the rotation of @ by 5. Then

I(s,0) = {x € R? such that x = s0 +t8*- fort € R}.

We define
M()s.0) = [ s = [ 750+ 16" )
1(s,0) R
where dl is the line measure along [(s,6). In other words, 9t maps a function to the
value of its integrals along any line. The operator 9 is the two-dimensional Radon
Transform. We shall see that 20 is injective.

Example 5. Let us conclude with a more involved, though practically very relevant,
example. We first introduce the following elliptic partial differential equation

-V - o(x)Vu(z) =0, reX

u(z) = g(x) x € 0X, (12)

where X is a smooth domain in R", 90X its boundary, o(x) a smooth coefficient in X
bounded above and below by positive constants, and g(x) is a prescribed Dirichlet data
for the elliptic problem. This equation is a standard forward problem and it is known
that it admits a unique solution. Moreover, the outgoing current

jlx) = U(ZE)?(ZL‘), with v(x) the outward unit normal to X at z € 0.X,
v

is a well defined function. This allows us to define the Dirichlet-to-Neumann (aka
Poincaré-Steklov) operator

\ H:(0X) — H~3(0X) -
@) e A[Q](x):j(f)za(x)%(x), (13)

Here, H*(0X) are standard Hilbert spaces of distributions defined at the domain’s
boundary.

Let now X = C%(X) and Q) = L(Hz2(0X), H 2(0X)), where the space £(X;,X>)
means the space of linear bounded (continuous) operators from X; to X,. We now
define the measurement operator

M: X530 Mo)=Ao] €9. (1.4)

So the measurement operator maps the unknown conductivity ¢ to the Dirichlet-to-
Neumann operator A, which is by construction an functional of ¢ since the solution
u of (1.2) is a functional of ¢. The measurement operator therefore lives in a ”huge”
(admittedly, this is again subjective) space. Acquiring data means acquiring A, which
means for each and every possible function ¢ € H é(@X ) at the domain’s boundary,
perform an experiment that measures j(z).
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One of the great milestones of inverse problem theory was to prove that 9t above
was an injective operator. The proof belongs to John Sylvester and Gunther Uhlmann
and was published in 1987. Another more recent milestone was to prove that we can
choose X = L*°(X) in the two-dimensional setting. The proof belongs to Kari Astala
and Lassi Paivarinta and was publised in 2006. What is the "best” (i.e., largest) X that
can be considered in dimension n > 3 is an important theoretical open problem.

1.4 Magnetic Resonance Imaging (MRI)

This section presents an extremely simplified version of MRI. By doing so, we will
observe that MRI reconstructions may be modeled by (at least) three different inverse
problems.

MRI exploits the precession of the spin of protons in a magnetic field H(x), which
is a vector in R3 for each position x = (z,y,z) € R3. The axis of the precession is
that of the magnetic field and the frequency of the precession is w(x) = vH (x), where
v = e/(2m) is called the gyromagnetic ratio, e is the electric charge of the proton and
m its mass.

In a nutshell, MRI works as follows. Assume first that we impose a strong static
magnetic field Hy = Hye, along the z axis. All protons end up with their spin parallel to
H, and slightly more so in the direction Hy than in —H,. This difference is responsible
for a macroscopic magnetization M pointing in the same direction as Hy.

In a second step, we generate radio frequency magnetic waves at the Larmor fre-
quency wo = y|Hp|. In clinical MRI, the frequency is typically between 15 and 80 MHz
(for hydrogen imaging), which corresponds to wavelengths between 20 and 120 m (since
w = ck = 2me/) and ¢ ~ 310%). So the wavelength is not what governs spatial reso-
lution in MRI. For instance the pulse (assumed to be independent of x to start with)
may be of the form H;(t) = 2H; cos(wot)e, and turned on for a duration t,. Because
the field oscillates at the Larmor frequency, the spins of the protons are affected. The
resulting effect on the macroscopic magnetization is that it precesses around the axis
e. at frequency wy. The spins make an angle with respect to the direction e, given at
time ¢, by

0= ’}/Hltp.

Generally, t, is chosen such that § = 7/2 or # = m. The corresponding pulses are called
90° and 180° pulses, respectively. Thus, after a 90° pulse, the magnetization oscillates
in the xy plane and after a 180" pulse, the magnetization is pointing in the direction
—Ho.

Once the radio frequency is turned off (but not the static field Hy), protons tend to
realign with the static field Hy. By doing so, they emit radio frequency waves at the
Larmor frequency wy that can be measured. This wave is called the free induction decay
(FID) signal. The FID signal after a 90° pulse will have the form

S(t) = petote /T2, (1.5)

Here p is the density of the magnetic moments and 75 is the spin-spin relaxation time.
(There is also a spin-lattice relaxation time T} < Ty, which cannot be imaged with 90°
pulses and which we ignore.) The main reason for doing all this is that the density
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p and the relaxation time 7, depend on the tissue sample. We restrict ourselves to
the reconstruction of p here, knowing that similar experiments can be devised to image
Ty (and T3) as well. To simplify, we assume that measurements are performed over a
period of time that is small compared to T, so that the exponential term e~*/”2 can be
neglected.

Now human tissues are not spatially homogeneous, which makes imaging a lot more
useful. The density of magnetic moments p = p(x) depends on type of tissue at x € R?.
This is the parameter we wish to reconstruct.

The physical mechanism that allows for the good spatial resolution of MRI (sub-
millimeter resolution for brain imaging) is that only tissue samples under a static
magnetic field H such that |H| = ~ywy will be affected by the radio frequency pulse
H,(t) = 2H, cos(wpt)e,. We thus need to make sure that the static field has the correct
amplitude in as small a spatial area as possible. To do so, we impose the static field

H(z) = Hy + G.ze..

Only those protons in the slice with z is close to 0 will be affected by the pulse H; since
we have assumed that [Hy| = ywy. As a consequence, the measured signal takes the
form

S(t)_ei“’ot/ p(z,y,0)dzdy  so that e‘intS(t)—/ p(z,y,0)dzdy. (1.6)
R2 R2

The above right-hand-side thus obtain the average density in the plane z = 0. MRI is
thus a tomographic technique (tomos meaning slice in Greek).

By changing Hj or wy, we can obtain the average density in the plane z = z, for all
values of zg € R. Moreover, by rotating the generated magnetic field H(z), we are ideally
able to obtain the average density in any plane in R3?. Planes may be parameterized
by their normal vector ¢ € S?, with S? the unit sphere in R?, and their distance s to
the origin (0,0,0) € R3. Let P(s,¢) be the corresponding plane. Then what we have
obtained is that MRI experiments allowed us to obtain the plane integrals of the density

R(s, ) = / L PO0do(), (L.7)

where do(x) is the surface (Euclidean) measure on the plane P(s,¢). Here, R(s, @) is
the three-dimensional Radon transform of p(x). This is the first inverse problem
we encounter. The measurement operator maps functions defined on R? (for instance
compactly supported continuous functions) to the Radon transform, which is a function
(for instance compactly supported continuous function) of (s,¢) € R x S%.. We thus
have the Inverse Problem:

3D Radon Transform: Reconstruct density p(x) from knowledge of R(s, )
Equivalently: Reconstruct a function from its plane integrals.

There are several issues with the above inverse problem. First of all, the Radon
transform is a mildly ill-posed problem as we shall see, whereas in the ideal setting
described below, MRI can be modeled as a well-posed inverse problem. More funda-
mentally from a practical point of view, rotating the whole magnetic field from the

9



direction e, to an arbitrary direction ¢ is very challenging technologically. One could
also rotate the object of interest rather than the heavy magnet. However, for imaging
of human patients, this is not feasible either for rather obvious reasons. Additional
modeling is therefore necessary.

So far, we have a vertical discrimination of the proton density. The transversal
discrimination is obtained by imposing a static field linearly varying in the x and y
directions. Remember that after the 90° pulse, the magnetization M(z,y,0) rotates
with frequency wy in the xy plane (i.e., is orthogonal to e,), and is actually independent
of z and y. Let us now impose a static field H(y) = Hy + Gyye, for a duration 7'
Since the frequency of precession is related to the magnetic field, the magnetization at
position y will rotate with frequency w(y) = wy + vG,y. Therefore, compared to the
magnetization at z = 0, the magnetization at z will accumulate a phase during the time
T the field G ye, is turned on given by T'(w(y) — wo) = T7G,y. Once the field G ye, is
turned off, the magnetization will again rotate everywhere with frequency wy. However,
the phase depends on position y. This part of the process is call phase encoding. A
measurement of the FID would then give us a radio frequency signal of the form

S(t;T) = e’wot/ e (2, y, 0)dady. (1.8)
R2

By varying the time 7' or the gradient GG, we see that we can obtain the frequency

content in y of the density p(x,y,0). More precisely,

1 ) k
0)dr = — [ e *vS(t; —2)dk,. 1.9
/Rp<'r7y7 ) x 27T ]Re (77Gy) Yy ( )

This provides us with the line integrals of p(x,y,0) at z = 0 for all the lines that are
parallel to the z-axis. Note that the phase encoding was performed by using a field that
is linear in the y variable. We can use a field that is linear in the variable cos #x + sin 6y
instead. Denoting by 8 = (cosf,sinf) € S' a unit vector in R?, by 8+ = (—sin 6, cos )
its rotation by 7, and by I(s,f) the line of normal € at a distance s from the origin
(0,0) € R?, we are thus able to measure all line integrals of the function p(z,y,0):

R(s,0) :/l( ) p(x,y,0)dl(z,y) = /Rp(SHthOL)dt, (1.10)

where di(z,y) is the line (Euclidean) measure on [(s,6). This is the second inverse
problem we encounter: we wish to reconstruct p(x,y) from knowledge of its line in-
tegrals R(s,#). This is the two-dimensional Radon transform of p(x,y,0). The
measurement operator maps functions defined on R? (for instance compactly supported
continuous functions) to the Radon transform, which is a function (for instance com-
pactly supported continuous function) of (s,¢) € R x S!. We thus have the Inverse
Problem:

2D Radon Transform: Reconstruct density p(z,y) from knowledge of R(s, )
Equivalently: Reconstruct a function from its line integrals.

This inverse problem is still mildly ill-posed, as is the three-dimensional Radon
transform. Although it is used in practical MRI, the missing information in the z

10



variable in measurements of the form (1.8) can be obtained by additional modeling.
Indeed, nothing prevents us from adding an x—dependent static field during the FID
measurements. Let us assume that after time 7' (where we reset time to be ¢ = 0),
we impose a static field of the form H(x) = Hy + G,re,. The magnetization will now
precess around the z axis with x—dependent frequency w(z) = wp +yG,z. This implies
that the measured signal will be of the form

S(t;T) = /2 ey ilwotrGa)l (0 0y 0)dady. (1.11)
R
We have thus access to the measured data
d(ky, ky) = e i0he/ 0G5 Cering) = / Mt p(z, y, 0)dwdy. (1.12)
T Y R2

By varying T' (or G) and t and G, we can obtain the above information for essentially
all values of k, and k,. This is our third Inverse Problem:

2D Fourier Transform: Reconstruct density p(z,y,0) from knowledge of d(k, k)
Equivalently: Reconstruct a function from its plane wave decomposition.

This is a well-known problem whose solution involves applying the Inverse Fourier

Transform
1 —i(kzx
p(z,y,0) = 2 /R e (ka2 ky¥) (ke ke, deey. (1.13)

Several approximations have been made to obtain this reconstruction formula. Within
this framework, we see however that density reconstructions are relatively simple: all
we have to do is to invert a Fourier transform. The above procedure can be repeated
for all values of z providing the density p(x everywhere.

The inverse problems derived above all involve reconstructions in R for d = 2 or
d = 3 that are geometries that invariant by translation. The Fourier transform is
therefore an ideal candidate to simplify the reconstructions. We shall see in Chapter 2
that the Radon transforms can indeed be inverted by using the Fourier transform.

1.5 Fourier transforms and well-posedness

We recall in this section some important facts about the Fourier transform and in the
next section about some functional (Hilbert) spaces that we will use throughout this
course.

Let f(x) be a complex-valued function in L?*(R™) for some n € N*, which means a
(measurable) function on R™ that is square integrable in the sense that

117 = [ 17GoPdx < . (1.14)

Here || f]| is the L?*(R™)-norm of f and dx the Lebesgue (volume) measure on R™. We
define the Fourier transform of f as

F00) = [Fne 1K) = / ¢ % f(x)dx, (1.15)

n

11



Then we obtain that f(k) € L%(R") and the Fourier transform admits an inverse on
L*(R™) given by

A 1 LA
109 = 1Bt f100) = s [ 0k (116
More precisely we have the Parseval relation
(£,9) = @m)"(f,9), (1.17)

where the Hermitian product is given by

(f,9)= [ [(x)g(x)dx. (1.18)
Rn
Here g is the complex conjugate to g. This implies that
£l = m) 2111l (1.19)

So up to the factor (27)"/2, the Fourier transform and its inverse are isometries.

Important properties of the Fourier transform are how they interact with differ-
entiation and convolutions. Let a = (ay, -+ ,a,) be a multi-index of non-negative
components ; > 0, 1 < j <n and let |a| = > | a; be the length of the multi-index.
We then define the differentiation D* of degree |a| as

o _TT.9"
D :Hax%" (1.20)

=1 ¢

We then deduce from the definition (1.15) that

FendDf10) = (TTk)™) [Feoncfl(R0). (1:21)

j=1

n

Let us now define the convolution as
frogx)= [ flx—y)g(y)dy. (1.22)
R’ﬂ
We then verify that

«Fxﬁk(f*g) = er—)kf«/fx%kga Le. m = fg7

Fox(fxg) = (@m)"fg ie.  fxg = (2m)fg.
So the Fourier transform diagonalizes differential operators (replaces them by multiplica-
tion in the Fourier domain). However Fourier transforms replace products by non-local
convolutions.

The Fourier transform is a well-posed operator from L*(R") to L?(R") since the
inverse Fourier transform is also defined from L?(R") to L?*(R") and is bounded as
shown in (1.19). The resulting important effect in practice is that the reconstructions
encountered in the two preceding sections are stable. Stability is meant with respect to
some noise in the data. Let us assume that we measure

(1.23)

~ A A

d(k) = f(k) + N(k),
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where we know that d = || N|| is relatively small. Then the error in the reconstruction
will also be of order § in the L?(R™) norm. Indeed let d(x) be the reconstructed function
from the data d(k) and f(x) be the real function we are after. Then we have

ld = fIl = A xd = Rl = 1AL d = fll = (2m) 4. (1.24)
In other words, measurements errors can still be seen in the reconstruction. The resulting

image is not perfect. However the error due to the noise has not been amplified too
drastically.

1.6 Hilbert scale and degrees of ill-posedness

Well-posed Problems and Lipschitz Stability. Let X and 2) be Banach spaces
(nice functional spaces with a norm) and let A be a linear operator from X to ). For
every y € ), we would like to solve the linear problem

Find x such that Az =y. (1.25)

What we mean by a well posed problem is a problem such that A is invertible (A™'y is
defined for all y € 9)) and of bounded inverse (i.e., |[A™'y[|x < C|ly|ly for a constant C
that depends on A but not on y € 9)).

Another way of stating this from the point of view of an inverse problem is to say
that the error between two solutions z; and x5 corresponding to two sets of data y; and
1o satisfies that

lz1 = 222 < Cllyr = wally- (1.26)

Let us stress that the choice of the spaces X and ) and the norms || - ||x and || - ||y
matters. The definition and the boundedness operator A~! depends upon these choices.

An estimate of the form (1.26) is a stability estimate with Lipschitz constant C'. We
then say that the problem (1.25) is Lipschitz-stable. To a certain extent, the constant
C' in front of (1.26) is not so important conceptually because we can always define an
equivalent norm on ¥) equal to C' times the existing norm. In other words, the constant
is just a reflection of how we measure noise level. What is more fundamental with (1.26)
from a practical point of view is this: When noise levels are reduced by a factor two,
which sometimes may be performed by adding detectors or obtaining higher quality
measurements, then (1.26) states that the in the worst possible case (since (1.26) for all
possible 7 — x5, and hence C' reflects the amplification of noise in the worst scenario),
the error in the reconstruction will also be improved by a factor two.

Ill-posed problems and unbounded operators. The inverse Fourier transform is
one of the few well-posed inversion problems we will encounter in this course. Most
inverse problems are actually considered to be ill-posed. Being ill-posed does not
mean that a problem cannot be solved. And it should be realized that the notion of
ill-posedness is subjective.

In the case of the linear problem (1.25), ill-posedness means that either A is not
invertible on the whole space 2 (i.e., the range of A defined by Range(A4) = A(X) is a
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proper subset of 9); that is to say, is not equal to ), or that A~! is not bounded from
2 to X. In other words, an Lipschitz equality such as (1.26) does not hold.

However, this notion very much depends on our choice of functional space, and hence
the subjective aspect of ”ill-posedness”. The operator A~! could very well be bounded
from the other space )’ to the other space X', in which case A is ill posed from X to Q)
but well-posed from X’ to 2)’.

The main reason an inverse problem is ill-posed is that the forward operator is
smoothing from X to ) so that the image of X is in fact a small subset of ). Recall that
the forward (or direct) operator is the operator that maps what we wish to reconstruct
to the noise-free measured data. The operator A in (1.25) is an example of a forward
operator. What we mean by smoothing is that Az is “more regular” than x, in the sense
that details (small scale structures) are attenuated by the forward mapping. This does
not mean that the details cannot be reconstructed. In many cases they can. It means
however that the reconstruction has to undo this smoothing, i.e. has to deregularize.
This works as long as no noise is present in the data. However, as soon as the data are
noisy (i.e., always in practice), the deregularization process has the effect of amplifying
the noise in a way that can potentially be very harmful.

The answer to ill-posedness requires to impose some prior assumptions on the func-
tion we wish to reconstruct. The simplest example of an assumption is to assume that
the function is sufficiently smooth. The smoothness assumptions are not too drastic for
mildly ill-posed. They are very drastic for severely ill-posed problems.

In order to define what we mean by ill-posedness and quantify the degree of ill-
posedness, we need a scale of spaces in which the ”smoothing” of A can be measured.
Many different scales can be used. We will use what is probably the simplest scale of
function spaces, namely the scale of Hilbert spaces.

The scale of Hilbert spaces. Let s > 0 be a non-negative real-number. We define
the scale of Hilbert spaces H*(IR") as the space of measurable functions f(x) such that

/]

Hs (&) :/ (1 + [k|?)*| Feoif)? (k)dk < oo. (1.27)

We verify that H(R") = L*(R") since the Fourier transform is an isometry. We also
verify that
0
{fe H'(R")} <= {f € L*(R") and a—f € L*R"), 1<i< n} (1.28)
i

This results from (1.21). More generally the space H™(R™) for m € N is the space of
functions such that all partial derivatives of f of order up to m are square integrable.
The advantage of the definition (1.27) is that it holds for real values of s. So Hz (R") is
roughly the space of functions such that “half-derivatives” are square integrable. Notice
also that s characterizes the degree of smoothness of a function f(x). The larger s, the

smoother the function f € H*(R"), and the faster the decay of its Fourier transform
f(k) as can be seen from the definition (1.27).

It is also useful to define the Hilbert scale for functions supported on subdomains of
R". Let X be a sufficiently smooth subdomain of R™. We define two scales. The first
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scale is H3(X), defined as the closure of C§°(X), the space of functions of class C* with
support in X (so these functions and all their derivatives vanish at the boundary of X),
for the norm in H*(R"). Thus, f € H§(X) can be described as the limit of functions
fn € C§°(R) uniformly bounded in H*(R™). We also define H*(X) as the space of
functions f on X that can be extended to functions f* in H*(R") (i.e., f = f*xx, where
Xx is the characteristic function of X) and || f||gs(x) is the lower bound of || f|| s mn)
over all possible extensions. The are several (sometimes not exactly equivalent) ways to

define the scale of Hilbert spaces H*(X).

Finally, it is also convenient to define H*® for negative values of s. We define H~*(R")
for s > 0 as the subspace of §'(R"), the space of tempered distributions, such that (1.27)
holds. For bounded domains we define H*(X) as the dual to H§(X) equipped with

the norm
/ fgdx
X (1.29)

[ fllz-sx) = sup :
H(X)

gEHS(X) 9]

We can verify that the two definitions agree when X = R”, in which case H{(R") =
H*(R™).

Let us demonstrate on a simple example how the Hilbert scale can be used to un-
derstand the ill-posedness of inverse problems. Let f(x) be a function in L?(R) and let
u be the solution in L?(R) of the following ODE

—u"+u=f, r €R. (1.30)

There is a unique solution in L?(R) to the above equation given by

1 1

wa) =5 [ = g D) o) = 5o

as can be verified by inspection. Everything simplifies in the Fourier domain as
(14 K)a(k) = f(k).

This implies that « is not only in L*(R) but also in H?(R) as is easily verified.

The problem is ill-posed... Let us define the operator A as follows

I[2R) — L*R)

A Af=u

(1.31)

where u is the solution to (1.30). As such the operator A is not invertible on L*(R).
Indeed the inverse of the operator A is formally defined by A~'u = —u” + u. However
for u € L*(R), —u” is not a function in L*(R) but a distribution in H2?(R). The inverse
problem consisting of reconstructing f(x) € L*(R) from u(x) € L*(R) is therefore
ill-posed. The reason is that the operator A is regularizing.
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. or is it? However let us define the “same” operator

[2(R) — H*(R)

A - 1.32
f = Af=u. (1.32)
Now A is invertible from H?(R) to L?(R) and its inverse is indeed given by A~'u =

—u" +u. So A is well-posed (from L*(R) to H?(R)) as can be easily verified.

So why do we bother defining ill-posed problems? If we assume that our noise (the
error between measurement u; and measurement uy) is small in the H?-norm, so that
|u1 — ug|| g2r) < 9, then there is no problem. The reconstruction will also be accurate
in the sense that || fy — fo 2@y < C4, where f; = A~ uy, j = 1,2.

However in general noise is not small in the strong norm H?(R), but rather in the
weaker norm L?(R). At least this is our perception. We have an image, collect data that
come with a fair amount of “noise” , invert the forward operator, and are not satisfied
with the answer. Sometimes the reconstructed image looks noisy; in some instances,
the image is completely dominated by noise. We conclude that noise was not small in
the appropriate norm, here H*(R). So we have to come up with another model. Let us
pretend that noise is still ”small”, but now in the L?(R) sense. Let us also pretend that
an image ”looks good” when the error is small in the L?*(R) sense. So now we have a
noise in L?(R) and a metric to estimate the quality of the image which is also L*(R).
The situation is then much more complicated from a mathematical point of view as
noise can be arbitrarily amplified by what has become an unbounded operator “A~1"
from L?(R) to L%(R). The inverse operator A~! cannot be applied directly to the data.

A reasonable definition of mild and severe ill-posednesses. Let us conclude
this section by a definition of mildly ill-posed problems. Throughout the session, we
assume that A is injective, which means that one data set in the range of the operator
A uniquely characterize the coefficients. So A can be inverted from its range back to
X. It is not that the inverse of A does not exist that causes problems (although when
it does not exist, we do have a difficult problem to solve). It is because A is smoothing
(is a compact operator) that we need to do something.

The problem (1.25) with X =) = L*(R") is said to be mildly ill-posed provided
that there exists a positive constant C' and o > 0 such that

[AS W[y = Cl fll2@m). (1.33)

We define ||Af||gem@ny = 400 if f does not belong to H*(R"). We say that A is mildly
ill-posed of order o if « is the smallest real number such that (1.33) holds for some
C' = C(«). Notice that we can choose any « > 2 for A so the operator that maps f to
u solution of (1.30) is a mildly ill-posed problem of order 2. The operator A in (1.32)
essentially integrates twice the function f. Any operator that corresponds to a finite
number of integrations is therefore mildly ill-posed (if it is injective: the operator that
maps a function to its integral on (0, 1) is certainly smoothing but is not injective).
We call the inversion a severely ill-posed problems when no such « exists. Un-
fortunately, there are many practical instances of such inverse problems. We will see
examples of such problems in later Lectures. A typical example is the following operator

Bf(z) = Fl [e™" Feonf] (). (1.34)
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Physically this corresponds to solving the heat equation forward in time: a very smooth-
ing operation. We easily verify that the operator B maps L*(R) to L?(R). Hoverer it
destroys high frequencies exponentially fast. This is faster than any integration would
do (m integrations essentially multiply high frequencies by |k|™™) so no @ > 0 in (1.33)
exists for B. Notice that it does not mean that B is never invertible. Indeed for suffi-
ciently smooth functions ¢g(z) in the range of B (for instance such that g(k) has compact
support), we can easily define the inverse operator

B™'g(x) = Rl Feof)(@).

Physically, this corresponds to solving the heat equation backwards in time. It is clear
that on a space of sufficiently smooth functions, we have BB~! = B™!B = Id. Yet, if a
little bit of noise is added to the data, it will be amplified by €*” in the Fourier domain.
This has devastating effects on the reconstruction. You should take your favorite version
of matlab and try to add the inverse Fourier transform of eii(k)e*” to an image f(z) for
n(k) = (1+ k?)~1, say, so that noise is square integrable. Even for € machine precision,
the image will be quickly lost in the noise even if a relatively small number of Fourier
modes is used to perform the Fourier transform.

The following lectures will focus on inverse problems in medical imaging and earth
science that will have a structure close to the operator A (for the nice ones) or close
to the operator B (for the nasty ones). We will come back later to techniques to solve

ill-posed problems numerically.

1.7 Omne dimensional inverse scattering problem

To conclude this section, here is another example of a "naturally well-posed” problem,
i.e., a problem that involves a forward operator that is invertible in fairly ”"natural”
spaces. Inverse problems related to the wave equation are often of this nature. In-
deed, the wave equation ”transports” the information without regularizing it. Here, we
consider a simple one dimensional wave equation. We observe that the inversion again
involves the inverse Fourier transform.

Let us consider the one dimensional wave equation

1 0°U U
v2(x) Ot Ox?

with delta source term at time ¢ = 0 and position = = zy. We assume causality so that
U(z,t;zs) = 0 for t < 0 and assume that U is bounded. We measure U(xs,t; x5) and
want to infer some properties about v(x). Our set-up is such that the geophone is at
the same position as the source term.

We want to analyze the problem in the frequency domain. Let us define u(z,w;x;)
the causal Fourier transform of U(x,t;x,) in the time variable

=0(t)0(x — ), teR, z€eR, (1.35)

u(r,w;xs) = / Uz, t;x,)e™'dt. (1.36)
0
This transform can be inverted as follows:
1 > .
Uz, t;zg) = 2—/ u(z, w;xy)e “dw. (1.37)
™ —00
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The equation for u(x,w;zs) is the well-known Helmholtz equation

d*u w?

it e —w). weR, weR (1.38)

augmented with the following radiation conditions

du iw
— ¥ —u — 0, as z — =£o0. 1.39
dr v(x) (1.39)
Since U(xs, t; xs) is measured, u(zs,w; z5) is known by Fourier transform.
Let us make a few assumptions. We assume that v(x) is known on (—oo, z;) (in Earth
profile reconstructions, one is interested in positive depths only) and that we have a good
constant approximation ¢ of v(x) on (x,00). We recast the latter assumption as

1 1
W = g(l + a(x)), (1.40)

where «(z) is small compared to v(z). In effect we linearize the problem of the recon-
struction of v(x) from the scattering measurements u(xg,w;z). Moreover our lineariza-
tion is about a spatially independent velocity profile c.

The advantage is that the resulting problem is easy to invert and admits an explicit

solution in the asymptotic regime of smallness of a(x). Let us define by w; (i for incident)
the solution of the unperturbed problem

d2 7 2 d 7 J
d;? %ui:_é(;p—xs)7 d?; qi%ui — 0, as =z — =£oo. (1.41)

The solution to the above problem is nothing but the Green function of the Helmholtz
equation with constant coefficients. It is given explicitly by

Ceiw\x—mSVc

wi(z,wyzs) = g — x5, w) = — (1.42)

2iw
This can be verified by inspection. Notice that the radiation conditions are also satisfied.

Let us now decompose the Helmholtz solution as the superposition of the incident
field and the scattered field:

u(z,w; xs) = wi(r,w; xs) + us(z, w; xy).

From the equations for v and u;, we easily verify that u, satisfies the following equation

2

dPu,  w? w
T3+ gus = ——galz) (i +u), (1.43)

with appropriate radiation conditions. By the principle of superposition, this implies
that

ug(7, w; 14) = w? /OO Oz;y) (us + ;) (y, w; z5)g(x — y,w)dy. (1.44)

We have not used so far the assumption that «(z) is small. This approximation is
called the Born approximation and allows us to obtain from the above equation that wu is
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also small and of order ov. This implies that cu, is of order o, hence much smaller than
the other contributions in (1.44). So neglecting us on the right hand side of (1.44) and
replacing u; and g by their expression in (1.42), we deduce that a good approximation
of ug is

2 4
This implies that the scattering data us(xs,w;zs) uniquely determine the fluctuation «

and that the reconstruction is stable: all we have to do is to take the inverse Fourier
transform of u, to obtain a(x). Namely, we have

k .
us (s, c—'xs) = —/ @e’kxdm‘, k € R. (1.45)
R

2 , k
a(r) = —;/Re_”“us(xs,%;xs)dk. (1.46)

Several assumptions have been made to arrive at this result. However as was the case
with the MRI problem, we obtain in the end a very simple reconstruction procedure:
all we have to do is to compute an inverse Fourier transform.
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Chapter 2

Radon transform, X-Ray
tomography, SPECT

In this chapter we consider the simplest example of integral geometry: the integration of
a two-dimensional function along all possible lines in the plane (the Radon transform)
and its inversion. This is the mathematical framework for one of the most successful
medical imaging techniques: computed (or computerized) tomography (CT).

Later in the chapter, we consider the three dimensional Radon transform and a
specific example of a weighted two dimensional Radon transform, the attenuated Radon
transform and its application in Single Photon Emission Computerized Tomography
(SPECT).

2.1 Transmission Tomography

In transmission tomography, objects to be imaged are probed with non-radiating sources
such as X-rays in medical imaging. X-rays are composed of high energy photons that
propagate in the object along straight lines unless they interact with the underlying
medium and get absorbed. Let x denote spatial position and @ orientation. We denote
by u(x,0) the density of X-rays with position x and orientation 6, and by a(x) the
linear attenuation coefficient. Velocity is normalized to 1 so that locally the density
u(x, ) satisfies the following equation

0 Viu(x,0) +ax)u(x,0) =0, xecX, @cs. (2.1)

Here X is the physical domain (assumed to be convex) of the object and S* is the unit
circle. We identify any point 8 € S' with the angle 6 € [0, 27) such that 8 = (cos 6, sin 6).
The advection operator is given by

0 -V :c089%+sin0§y

and models free convection of X-rays and a(x)u(x, ) models the number of absorbed
photons per unit distance at x.
The probing source is emitted at the boundary of the domain and takes the form

u(x,0) = d(x —x0)5(0 — 6y), (2.2)
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where xo € R?, say xo € X and 6y is entering the domain X, i.e., Oy - n(xg) < 0
where n is the outward normal to X at zg € 0X,. Above the "delta” functions mean

that a unit amount of photons is created at (xg,8p) in the sense that for any domain
(x0,00) €Y C R? x S, we have

/ u(x, 0)dxdf = 1.
Y

The solution to (2.1)-(2.2), which is a first-order ODE in the appropriate variables,
is given by

t
u(x+10,0) = u(x,0)exp ( - / a(x + sO)ds), xcR? 6¢eS. (2.3)
0

Indeed, write v(t) = u(x +t0,0) and b(t) = a(x + t0) so that v + av = 0 and integrate
to obtain the above result. For our specific choice at (xq, 8p), we thus obtain that

u(x,0) = d(x — t0 — x¢)d(0 — ) exp ( - /Ota(x - sH)ds).

In other words, on the half line xy + 16, for ¢ > 0, there is a positive density of photons.
Away from that line, the density of photons vanishes.

For x; = x¢+760, € 0X different from X, if a detector collect the amount of photons
reaching that point, it will measure

exp ( - /O a(x; — se)ds) — exp ( - /O a(xo + se)ds)

which is the amount of photons that reached x without being absorbed. The travel time
(for a particle with rescaled speed equal to 1, so it is really a ”distance”) from one side
of X to the other side depends on (xg, 8y) and is denoted by 7(xg,8y) > 0. By taking
the logarithm of the measurements, we have thus access to

7(x0,600)
/ G(Xo —|—t00)dt
0

This is the integral of a over the line segment (x,x;). By varying the point x¢ and the
direction of the incidence 8, we can have access to integrals of a(x) over all possible seg-
ments (and since a can be extended by 0 outside X without changing the measurements,
in fact over all possible lines) crossing the domain X.

The question in transmission tomography is thus how one can recover a function
a(x) from its integration over all possible lines in the plane R2. This will be the object
of subsequent sections. Of course in practice one needs to consider integration over
a finite number of lines. How these lines are chosen is crucial to obtain a rapid and
practical inversion algorithm. We do not consider the problems of discretization in this
course and refer the reader to the following excellent works in the literature [27, 28].
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2.2 Two dimensional Radon transform

We have seen that the problem of transmission tomography consisted of reconstructing
a function from its integration along lines. We have considered the two-dimensional
problem so far. Since X-rays do not scatter, the three dimensional problem can be
treated by using the two-dimensional theory: it suffices to image the object slice by slice
using the two dimensional reconstruction, as we did in MRI (Transmission Tomography
is indeed a tomographic method, tomos being slice in Greek).

We need to represent (parameterize) lines in the plane in a more convenient way than
by describing them as the line joining xy and x;. This is done by defining an origin
0 = (0,0), a direction (cos®,sinf) = 6 € S', and a scalar s indicating the (signed)
distance of the line to 0. The line is defined by the set of points x such that x - 8+ = s,
where @+ is the rotation of 8 by /2, i.e., the vector given by 8 = (—sin#, cos #). More
precisely, for a smooth function f(x) on R?, we define the Radon transform Rf(s, §) for
(s,0) € Z =R x (0,27) as

Rf(s,e):/Rf(seiﬂe)dt: RQf(x)a(x-oi—s)dx. (2.4)

Notice that the cylinder Z is a double covering of the space of lines in the real plane

Figure 2.1: Geometry of the Radon transform.

R2. Indeed one easily verifies that
Rf(S,e) :Rf(—8,9+7T>, as {X'GL:S} = {X(_OL) = (_8)}

Thus there is a redundancy of order two in the parameterization of lines in the Radon
transform.

Radon transform versus X-ray transform. We pause here to make a remark
regarding notation. The astute reader may have noticed that the notation introduced
here for the Radon transform is not the same as the notation introduced from the Radon
transform in Chapter 1! Let us explain the reason for this change of heart. A line in
a two dimensional space is a hyperplane, as is a plane in a three dimensional space, a
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notion that is used in the definition of the three dimensional Radon transform that we
consider below. So it is natural to parameterize hyperplanes by their uniquely defined
(up to a sign) normal vector.

Now, we have just seen that the reason why line integrals appear in Computerized
Tomography is because particles propagate along straight lines. This is true independent
of dimension (although for practical purposes in geophysical and medical imaging, all
lines really are lines in the three dimensional Euclidean space). And it is clearly natural
to parameterize lines by their main direction @. This is the point of view of the X-ray
transform (since X-rays roughly follow straight lines in medical imaging applications).

In three dimensions, hyperplanes and lines are not the same object. So the three
dimensional Radon transform and the three dimensional X-ray transform are not the
same object either (and there are many more lines than hyperplanes). In two dimensions,
however, the X-ray and Radon transforms are the same object as they both correspond
to integrals along all possible lines. In Chapter 1, we emphasized the parameterization
of hyperplanes and thus modeled lines by their normal vector 6. In this chapter, we
emphasize the X-ray transform, which is closer to physics, and parameterize lines by
their main direction 8. One can go from one notation to the other by replacing @ by its
90 degree rotation 8+. But this is clearly a source of confusion.

Since the confusion profusely appears in the literature, we want to stress it here, and
we shall use the same notation R for both, knowing that R in this chapter is the X-ray
transform parameterization and not the Radon transform parameterization although we
shall still continue calling it the Radon transform... But again, the Radon transform and
the X-ray transforms are the same geometrical object in two dimensions: it is the integral
of functions along lines. There are (at least) two possible parameterizations of lines, the
Radon parameterization with 8 orthogonal to the lines and the X-ray parameterization
with 0 parallel to the lines. Once we prove a property in one parameterization, we prove
the property for the geometric object, which we shall call the Radon transform.

Some properties of the Radon transform. Let us derive some important proper-
ties of the Radon transform. We first define the operator

Ryf(s) = Rf(s,0). (2.5)

This notation will often be useful in the sequel. The first important result on the Radon
transform is the Fourier slice theorem:

Theorem 2.2.1 Let f(x) be a smooth function. Then for all @ € S, we have
\FosoRef)(0) = Rof(0) = f(08Y), o€R (2.6)
Proof. We have that
E;f(a) = / e 0 [ f(x)0(x - 0+ — s)dxds = / e*"x'el"f(x)dx.
R R2 R2
This concludes the proof. 0O
This result should not be surprising. For a given value of 8, the Radon transform gives

us the integration of f over all lines parallel to 8. So obviously the oscillations in the
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direction @ are lost, but not the oscillations in the orthogonal direction 8*. Yet the
oscillations of f in the direction 8 are precisely of the form f(a@t) for a € R. It is
therefore not surprising that the latter can be retrieved from the Radon transform Ryf.

Notice that this result also gives us a reconstruction procedure. Indeed, all we have to
do is to take the Fourier transform of Ry f in the variable s to get the Fourier transform
f(061). Tt remains then to obtain the latter Fourier transform for all directions 8+ to
end up with the full f (k) for all k € R?. Then the object is simply reconstructed by using
the fact that f(x) = (Fil, f)(x). We will consider other (equivalent) reconstruction
methods and explicit formulas later on.

Before doing so, we derive additional properties satisfied by Rf. From the Fourier

slice theorem, we deduce that

1(5) = 65 5 (Rof)(5) (2.7

Exercise 2.2.1 Verify (2.7).

This is the equivalent for Radon transforms of the property (1.21) for the Fourier trans-
form.

Smoothing properties of the Radon and X-ray transforms. Let us now look
at regularizing properties of the Radon transform. To do so we need to introduce a
function x(x) of class C5°(R?) (i.e., x is infinitely many times differentiable) and with
compact support (i.e. there is a radius R such that x(x) = 0 for |x| > R. When we are
interested in an object defined on a domain X, we can choose y(x) =1 for x € X.

As we did for R" in the previous chapter, let us now define the Hilbert scale for the
cylinder Z as follows. We say that g(s, ) belongs to H*(Z) provided that

2
|m%m=/‘/u+¥mawwwwww<m. (2.8)
0 R

This is a constraint stipulating that the Fourier transform in the s variable decays
sufficiently fast at infinity. No constraint is imposed on the directional variable other
than being a square-integrable function. We have then the following result:

Theorem 2.2.2 Let f(x) be a distribution in H*(R?) for some s € R. Then we have
the following bounds

V2| £l | RS gresrrz(z)
[ R(xf)] Cylixf

The constant C\ depends on the function x(x), and in particular on the size of its
support.

Hs(R?)

i (2.9)

Hs+1/2(z) HS(R2)'

—

Proof. From the Fourier slice theorem Ryw(o) = @w(c0F), we deduce that

/|§t\0(0,9)|2(1+02)s+1/2d0d@ = /|@(00L)|2(1+02)s+1/2d0d8
Z Z

R 1+ k2 s+1/2
- 9 ]w(k)|2< | |)

dk,
R2 |



using the change of variables from polar to Cartesian coordinates so that dk = ododf
and recalling that f(00) = f((—o)(—0)). The first inequality in (2.9) then follows from
the fact that |k|=! > (1+ |k|?)~'/2 using w(x) = f(x). The second inequality is slightly
more difficult because of the presence of |k|™'. We now choose w(x) = f(x)x(x). Let
us split the integral into I + I, where I; accounts for the integration over |k| > 1 and
I, for the integration over |k| < 1. Since (1 + |k|?)"/? < v/2|k| for |k| > 1, we have that

h<2v2 [ 00RO+ [KP)'dk < 2v2l
It remains to deal with ;. We deduce from (1.22) that

I < ClIxf 700 2

v = 1 on the support of x so that ¢¥xf = xf and let us define 1y (x) = e ™>Ki)(x).
Upon using the definition (1.15), the Parseval relation (1.17) and the Cauchy Schwarz
inequality (f,g) < || f[/llgll, we deduce that

7106) = Wuk) - ) [ itoenax] = a7 [ ende

‘ R2

5/2 d ’ < .
07| [ e 1+ €T @] < ol xSl
Since 1(x) is smooth, then so is ¥y uniformly in |k| < 1 so that iy belongs to H*(R?)
for all s € R uniformly |k| < 1. This implies that

I < Olxfll e mey < CullxfIlrs m2ys

where the function depends on v, which depends on the support of . This concludes
the proof. 0O

The theorem should be interpreted as follows. Assume that the function (or more
generally a distribution) f(x) has compact support. Then we can find a function y
which is of class C*°, with compact support, and which is equal to 1 on the support of
f. In that case, we can use the above theorem with x f = f. The constant C, depends
then implicitly on the size of the support of f(x).

The above inequalities show that R is a smoothing operator. This is not really sur-
prising as an integration over lines is involved in the definition of the Radon transform.
However, the result tells us that the Radon transform is smoothing by exactly one half
of a derivative. The second inequality in (2.9) tells us that the factor % is optimal, in the
sense that the Radon transform does not regularize more than one half of a derivative.
Moreover this corresponds to (1.33) with o = %, which shows that the inversion of the
Radon transform in two dimensions is a mildly ill-posed problem of order a@ = %: when
we reconstruct f from Rf, a differentiation of order one half is involved.

Filtered-backprojection inversions. Let us now consider such explicit reconstruc-
tion formulas. In order to do so, we need to introduce two new operators, the adjoint
operator R* and the Hilbert transform H. The adjoint operator R* to R (with respect
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to the usual inner products (-, -)g2 and (-,-), on L*(R) and L?*(Z), respectively) is given
for every smooth function g(s,#) on Z by

(R*g)(x) = /0 7rg(x -0+,0)d6, x € R% (2.10)

That R* is indeed the adjoint operator to R is verified as follows

(R*g, f)re :/ )/%g(x 0, 0)dodx

27r
/ / /5s—x 0")g(s,0)dsdfdx

/ /R (5,6) |, Jx)ols —x- 0" )dxdsdf
/ / 5,0)( Rf)(s 0)dsdd = (g, Rf)z.

We also introduce the Hilbert transform defined for smooth functions f(¢) on R by

1) = tp. [ L)

s ]

ds. (2.11)

Here p.v. means that the integral is understood in the principal value sense, which in
this context is equivalent to

Hf(t) = lim J(8) 4.

e—0 R\ (t—e,t+¢) t—s

Both operators turn out to be local in the Fourier domain in the sense that they are
multiplications in the Fourier domain. More precisely we have the following lemma.

Lemma 2.2.3 We have in the Fourier domain the following relations:

. 27 l
Foel0)(©) = 5 ((Fret) (1616 + (Froo)(€]. &) (2.12)
(FisocHf) (o) = —isign(o)F.f(o).

We have used the notation &€ = £/|€|. For 6 = (cos0,sin0) with 6 € S* and 6 € (0, 27),
we also identify the functions g(0) = g(0). Assuming that g(s,0) = g(—s,0 + ), which
is the case in the image of the Radon transform (i.e., when there exists f such that
g = Rf), and which implies that §(o,0) = §g(—o, —0) we have using shorter notation
the equivalent statement:

~

Rog(e) = |€| a(lel. &) (2.13)

ﬁ?(a) = —i sign(o)f(o).
Proof. Let us begin with R*g. We compute
Rrg(€) = / e *Eg(x - O, 0)d0dx = [ e g(s, 0)dsdhe™ "€ 0 dt
- [ 2ot orate- 0 0)an = [ o onite -0 0)as
2 Al
= g7 (9(-1el. &) +allel. -€)),
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In the proof we have used that d(ax) = a~'d(x) and the fact that there are two direc-
R R AL
tions, namely & and —& on the unit circle, which are orthogonal to & . When ¢ is in the

form ¢ = Rf, we have g(-|§|,§L) = g(|&l, —EL), which explains the shorter notation
(2.13).
The computation of the second operator goes as follows. We verify that

) =~ (o £(@)) ()

T
So in the Fourier domain we have
— 11, ., N .
7(0) = =~ (0)](0) = ~isign(0) (o).
The latter is a result of the following calculation

1 1 [ e
581gn(:v) = %/R i dg.

This concludes the proof of the lemma. 0O

The above calculations also show that H> = H o H = —Id, where Id is the identity
operator, as can easily be seen in from its expression in the Fourier domain. This
property is referred to as saying that the Hilbert transform is an anti-involution. We
are now ready to introduce some reconstruction formulas.

Theorem 2.2.4 Let f(x) be a smooth function and let g(s,0) = Rf(s,0) be its Radon
transform. Then, f can explicitly be reconstructed from its Radon transform as follows:

f(x) = %R*(%Hg(s,&))(x). (2.14)

In the above formula, the Hilbert transform H acts on the s variable.

Proof. The simplest way to verify the inversion formula is to do it in the Fourier
domain. Let us denote by

0
w(s,0) = gHg(s7 0).

Since g(—s,0 + m) = g(s,0), we verify that the same property holds for w in the sense
that w(—s,0 + ) = w(s, ). Therefore (2.14) is equivalent to the statement:

f(e) = éwua, &Y, (2.15)

according to (2.13). Notice that @ is the Fourier transform of w in the first variable
only.

Since in the Fourier domain, the derivation with respect to s is given by multiplication
by io and the Hilbert transform H is given by multiplication by —isign(o), we obtain
that

0

.F_l _H‘Fs—)g - ’0_|

U—)Sas
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In other words, we have
w(o,0) = |olg(o,0).
Thus (2.15) is equivalent to
7(&) =gl -&).
This, however, is nothing but the Fourier slice theorem stated in Theorem 2.2.1 since

~l ~ N
(=€)t = ¢ and & = |€]€. This concludes the proof of the reconstruction. 0
The theorem can equivalently be stated as

L0 L0
Id = —R 5 HR = —R Ho R (2.16)

The latter equality comes from the fact that H and d; commute as can easily be observed
in the Fourier domain (where they are both multiplications). Here, Id is the identity
operator, which maps a function f(x) to itself Id(f) = f.

Here is some additional useful notation in the manipulation of the Radon transform.

Recall that Ryf(s) is defined as in (2.5) by
Ryf(s) = Rf(s,0).
The adjoint Ry (with respect to the inner products in L?(R) and L2(R?)) is given by
(Rpg)(x) = g(x - 0%). (2.17)

Indeed (since 0 is frozen here) we have

[ (Rar(s)atsyds = /R [ 70065 = x- 04 )a(yixds = | gl 6 fxix

R2
showing that (Ryf, 9) 2y = (f, Ry9)r2®2). We can then recast the inversion formula as
1 2
Id = ) 6" - VR;HRydf. (2.18)

The only thing to prove here compared to previous formulas is that R and the derivation
commute, i.e., for any function g(s) for s € R, we have

0 V(Rig)(x) = (Ry = g)(x).

This results from the fact that both terms are equal to ¢'(x - ).

One remark on the smoothing properties of the Radon transform. We have seen that
the Radon transform is a smoothing operator in the sense that the Radon transform is
half of a derivative smoother than the original function. The adjoint operator R* enjoys
exactly the same property: it regularizes by half of a derivative. It is not surprising that
these two half derivatives are exactly canceled by the appearance of a full derivation
in the reconstruction formula. Notice that the Hilbert transform (which corresponds
to multiplication by the smooth function isign(c) in the Fourier domain) is a bounded
operator with bounded inverse in L?(R) (since H! = —H).
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Exercise 2.2.2 (easy). Show that

1
47

() / "(Hg)(x-6*.6)db.

Here ¢’ means first derivative of ¢ with respect to the s variable only.

Exercise 2.2.3 (easy). Show that

1 [ [ 4Lg(s,0)
= — S d d .
f(X) A2 /0 /RX . OJ_ — s sdf

This is Radon’s original inversion formula [30].

Exercise 2.2.4 (moderately difficult). Starting from the definition

1 ikx £
109 = oz [ "0k

and writing it in polar coordinates (with change of measure dk = |k|d|k|dk), deduce
the above reconstruction formulas by using the Fourier slice theorem.

2.3 Three dimensional Radon transform

Let us briefly mention the case of the Radon transform in three dimensions (generaliza-
tions to higher dimensions being also possible). The Radon transform in three dimen-
sions consists of integrating a function f(x) over all possible planes. As we mentioned
earlier, the Radon transform is therefore a distinct object from the X-ray transform,
which integrates a function along all possible lines.

A plane P(s,0) in R3 is characterized by its direction 8 € S?, where S? is the unit
sphere, and by its signed distance to the origin s. Notice again the double covering in
the sense that P(s,0) = P(—s, —0). The Radon transform is then defined as

RI(5.0) = [ 10)3(x-0 = s)dx - /P( Je (2.19)

Notice the change of notation compared to the two-dimensional case. The Fourier slice
theorem still holds . R
Rf(0,0) = f(00), (2.20)

as can be easily verified. We check that Rf(s,0) = Rf(—s,—8). The reconstruction
formula is then given by

Flx) = /5 J'(x - 0,0)d0. (2.21)

"~ 8m?

Here d@ is the usual (Lebesgue) surface measure on the unit sphere.
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The result can be obtained as follows. We denote by S5?/2 half of the unit sphere
(for instance the vectors @ such that 6 - e, > 0).

— L ; ir0-x|,.|2 — L D7 irf-x|,.|12
f(x) = ok /SQ/Rf(TH)e |r|*drd@ ok /S;/RRf(r,O)e |r|drd@
1 1 -1

_ —)"(0-x.0)d = - —— "(0-x,0)do.
s [ 00 %000 =50 [ 0 x.0)
Here we have used the fact that the inverse Fourier transform of r2f is — f”.

Exercise 2.3.1 Generalize Theorem 2.2.2 and prove the following result:

Theorem 2.3.1 There exists a constant C,, independent of f(x) such that

V2| f|
1RO

where Z =R x S? and H*(Z) is defined in the spirit of (2.8).

HS(]R3) S HRf| H5+1(Z) (222)
asrizy < Oyllxf s sy,

The above result shows that the Radon transform is more smoothing in three dimensions
than it is in two dimensions. In three dimensions, the Radon transform smoothes by a
full derivative rather than a half derivative.

Notice however that the inversion of the three dimensional Radon transform (2.21)
is local, whereas this is not the case in two dimensions. What is meant by local is the
following: the reconstruction of f(x) depends on g(s, ) only for the planes P(s, @) that
pass through x (and an infinitely small neighborhood so that the second derivative can
be calculated). Indeed, we verify that x € P(x-6,0) and that all the planes passing by x
are of the form P(x-0,0). The two dimensional transform involves the Hilbert transform,
which unlike differentiations, is a non-local operation. Thus the reconstruction of f at
a point x requires knowledge of all line integrals ¢(s, ), and not only for those lines
passing through x.

Exercise 2.3.2 Calculate R*, the adjoint operator to R (with respect to the usual L?
inner products). Generalize the formula (2.16) to the three dimensional case.

2.4 Attenuated Radon Transform

In the previous sections, the integration over lines for the Radon transform was not
weighted. We could more generally ask whether integrals of the form

/ f(s0* +t0)a(s0* +t0,0)de,
R

over all possible lines parameterized by s € R and @ € S! and assuming that the weight
a(x,0) is known, uniquely determine f(x). This is a much more delicate question for
which only partial answers are known. We concentrate here on one example of weighted
Radon transform, namely the attenuated Radon transform, for which an inversion for-
mula was obtained only fairly recently.
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2.4.1 Single Photon Emission Computed Tomography

An important application for the attenuated Radon transform is SPECT, single photon
emission computed tomography. The principle is the following: radioactive particles
are injected in a domain. These particles emit then some radiation. The radiation
propagates through the tissues and gets partially absorbed. The amount of radiation
reaching the boundary of the domain can be measured. The imaging technique con-
sists then of reconstructing the location of the radioactive particles from the boundary
measurements.

We model the density of radiated photons by u(x,6) and the source of radiated
photons by f(x). The absorption of photons (by the human tissues in the medical
imaging application) is modeled by a(x). We assume that a(x) is known here. The
absorption can be obtained, for instance, by transmission tomography as we saw in
earlier sections. The density u(x,6) satisfies then the following transport equation

0 -Vu(x,0) + a(x)u(x,0) = f(x), xcR*0cS. (2.23)

We assume that f(x) is compactly supported and impose that no radiation comes from
infinity:
lim u(x — s6,0) = 0. (2.24)

§—00

The transport equation (2.23) with conditions (2.24) admits a unique solution that
can be obtained by the method of characteristics. Let us define the following sym-
metrized beam transform

Dya(x) = %/Ooo[a(x —t0) —a(x +1t0)|dt = %/}Rsign(t)a(x — t0)dt. (2.25)

We verify that 6 - VDya(x) = a(x) so that eP#¢®) is an integrating factor for (2.23) in
the sense that
0 - V(e ®u(x,0)) = (7 f)(x,0).

Therefore the solution u(x,#) is given by
£Doa)y(x 9 — / (P £)(x — 16, 0)dt. (2.26)
0

We recall that @ = (cos#,sinf) and that 8- = (—sinf, cosf) and decompose x =
s6* +t0. We deduce from (2.26) that

lim eD"a(SOLthg)u(seL +10,0) = /(eD"af)(SOL + 10, 0)dt.
R

t—+o0
In the above expression the left hand side is know from the measurements. Indeed
u(s0* 410, 0) is the radiation outside of the domain to image and is thus measured and
¢Poa(s67+18) involves the attenuation coefficient a(x) which we have assumed is known.
The objective is thus to reconstruct f(x) from the right hand side of the above relation,
which we recast as

(Raf)(5.0) = (Rapf)(s) = (Ro(e”* f))(s), (2.27)
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where Ry is the Radon transform defined for a function of f(x, ) as

Rof(s) = /Rf(s@l +10,0)dt = | f(x,60)0(x- 0" — s)dx.

]RQ

When a = 0, we recover that the measurements involve the Radon transform of
f(x) as defined in (2.4). Thus in the absence of absorption, SPECT can be handled
by inverting the Radon transform as we saw in earlier sections. When absorption is
constant, an inversion formula has been known for quite some time [35]. The inversion
formula for non-constant absorption is more recent and was obtained independently by
two different techniques [6, 29]. We do not consider here the method of A—analytic
functions developed in [6]. We will present the method developed in [29] based on the
extension of the transport equation in the complex domain and on the solution of a
Riemann Hilbert problem.

2.4.2 Riemann Hilbert problem

Riemann Hilbert problems find many applications in complex analysis. We consider
here the simplest of Riemann Hilbert problems and refer the reader to [1] for much
more general cases and applications.

Let T' be a smooth closed curve in the complex plane, which in our application will
be the unit circle, i.e., the complex numbers A such that |A\| = 1. The reason why we
choose the notation A to represent complex numbers will appear more clearly in the
next section. We denote by DT the open bounded domain inside the curve T, i.e., in
our application the unit disk {\ € C,|\| < 1}, and by D~ the open unbounded domain
outside of the curve T, i.e., in our application {A € C,|A| > 1}. The orientation of the
curve T' is chosen so that D7 is on the “left” of the curve T.

For a smooth function ¢(\) defined on DT U D~ we denote by ¢ (t) and ¢~ (¢) the
traces of ¢ on T from D and D, respectively. So in the case where T is the unit circle,
we have

oH(1) = lim (1 —e)t), o (1) = Tim o((1+e)t).

0<e—

We define ¢(t) on T" as the jump of ¢, i.e.,

p(t) = o7 (t) — o7 (1) (2.28)

Let ¢(t) be a smooth function defined on 7". The Riemann Hilbert problem is stated
as follows. Find a function ¢(\) on DT U D~ such that

1. ¢()) is analytic on D' and analytic on D~
2. Ap(N) is bounded as |\ = 0o on D™
3. the jump of ¢ is given by p(t) = ¢T(t) — ¢~ (¢).

The solution to the above Riemann Hilbert problem is unique and is given by the Cauchy
formula

T 2wl Jpt— A
This is the form of the Riemann Hilbert problem we will use in the sequel. We refer the
reader to [1] for the theory.

60\ = / 0y xeo\r=DpruDp-. (2.29)
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2.4.3 Inversion of the Attenuated Radon Transform

We now want to apply the theory of Riemann Hilbert problems to invert the attenuated
Radon transform (AtRT). The first step is to extend the transport equation to the
complex domain as follows. We parameterize the unit circle in the complex plane as

A=¢? 0e(0,2n). (2.30)

The new parameter takes values on the unit circle T for § € (0,27). It can also be seen
more generally as an arbitrary complex number A € C. With the notation x = (z,y),
the transport equation (2.23) can be recast as

<)\+/\_18 A=A19

e ta())ux ) = f(x),  x€R, AeT.  (231)

We can simplify the above equation by identifying x with z = x + iy and by defining
o 1,0 0 o 170 0
— == ;= — = =4i—). 2.32
0z 2(8x Z@y)’ 0z 2(8x+28y> (2.32)
The transport equation (2.31) is then equivalent to
0 , 0
— = = T. 2.
()\az AT a(z)>u(z, N =f(z), 2€C, e (2.33)

The same boundary conditions (2.24) that no information comes from infinity need to
be added in the new variables as well.

The above equation can also be generalized to A € C instead of T. It is in this
framework that the Riemann Hilbert problem theory is used to invert the attenuated
Radon transform. This will be done in three steps

(i) We show that u(z, A) is analytic in D* U D~ = C\T and that Au(z, A) is bounded
as A — oo.

(i) We verify that o(x,0) = uT(x,0) — u=(x,6), the jump of u at A\ = € can be
written as a function of the measured data R, f(s,6).

(iii) We solve the Riemann Hilbert problem using (2.29) and evaluate (2.33) at A =0
to obtain a reconstruction formula for f(z) = f(x).

2.4.4 Step (i): The 0 problem, an elliptic equation
Let us now analyze (2.33). In the absence of absorption the fundamental solution of

(2.33) solves the following equation

o 0
(o A 2)GEN = 6(), (G N = 0as |l oo, (234

for A € C\(T'U{0}).
Lemma 2.4.1 The unique solution to (2.34) is given by

Gz 2) = sign(|A| — 1)

~ o ME@U{. (2.35)
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Proof. The formula can be verified by inspection. A more constructive derivation is
the following. Let us define the change of variables

C=X12-)z, C=\1z— )z (2.36)

Let us assume that |A\| > 1. The Jacobian of the transformation is |A[* — |[A|72. We

verify that

0 0 0
A— + A7t
9: 7" oz ac
The change of variables (2.36) has been precisely tailored so that the above holds.

Denoting G(¢) = G(z), we thus obtain

9 a0 = m&z(o) — 5(0).

= (A" = AP) 5=

So —G(¢) is the fundamental solution of the & operator (% We verify that
o1
9¢ ¢

Indeed let 1(z) be a smooth test function in C5°(R?) and let du(¢) be the Lebesgue
measure drdy in C ~ R?. Then

— 75(C). (2.37)

__ [op1 - o1
/ (¢ acc )a_c L [ e zan(o - ;gg) /C\{M e @)
1
— i [ Zauo,
i [ a0 =5, /|< o)

by the Green formula with complex variables:

ou Ou ou
udz:/ udx + tud :/ 1— — —)dxd :22'/—_d z).
[ vtz [ 0= [ (5~ Godady =21 | Shauce)

Sending € to 0, we find in the limit

1
= —2mi = 3(C)du(Q).
[ 900 gz zn(@) = gmiv == [ w050
This implies that G(¢) = (=7¢)~", hence G(z) = (—n¢)~" = (7(AZ — A\~'2))~! This is
(2.35) for |A| > 1. Now for |A| < 1, we verify that the Jacobian of the transformation
2z — ((2) now becomes |A\|72 — |A|* so that

0 ~ 1
52010 = = () = 50
This yields (2.35) for |A| < 1. O )
The above proof shows that (72)~! is the fundamental solution of the ¢ operator.

This implies that the solution to the following ¢ problem

% (2) = g(2), z€C, (2.38)
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such that f(z) vanishes at infinity is given by convolution by the fundamental solution,

o=+ O g = = [C LOWIvT (2.39)

T Jcz—C( 2w Jez—C
Here we have used that dz Adz = (dx +idy) A (dz —idy) = 2idx A dy = 2idu(z), whence
the change of 2-form in the above integrations.
Notice that the Green function G(z, \) tends to 0 as z — oo for A ¢ T'. This is clearly
not true when A € T, where G(z, \) = d(lp(z)), where ly(z) is the segment {t0,t > 0}.
The reason is that for A € (T"U{0}),

0 0 0
A+ A= d —

o= e M
are elliptic operators, in the sense that in the Fourier domain, their symbol given by
Mk, 4+ A"k, and k., respectively, are positive provided that k. is not 0. Indeed we verify
that o

Mo, + A7k, =0 implies |[A*=1,
when k, # 0 since |k.| = |k.| # 0.
Let us now define h(z, \) as the solution to

o 40 B
</\& A £>h(z, N =a(z),  |h(z,A)] = 0 as |z] — oo, (2.40)

for A & (T"U{0}). The solution is given by

b0 = [ 6= 6 Na(Odulc) (2.41)
We now verify that

0 —1 0 h(z,\) — oh(z:N)
(Agﬂ £>(€ u(z,A)) = "=V f(2),

so that for A & (T"U {0}), the solution of (2.33) is given by

(e, 2) = N [ Gl = ¢ NN () (242)
R2
We verify that G(z,A), h(z,A) and u(z, \) are defined by continuity at z = 0 since
G(z,\) = 0 by continuity. We now verify that G(z,\) is analytic in DT (including at
z = 0) and in D~. Assuming that a(z) and f(z) are smooth functions, this is also
therefore the case for h(z, A\) and u(z, \). Moreover we easily deduce from (2.42) that
Au(z, A) is bounded on D~. The solution u(z, A) of the transport equation extended to
the complex plane is therefore a good candidate to apply the Riemann Hilbert theorem.

2.4.5 Step (ii): jump conditions

We now want to find the limit of u(z,\) as A approaches T' from above (in D~) and
below (in DT). Let us write A = re? and let us send 7 — 1 to F0 on D*. The Green
function behaves according to the following result
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Lemma 2.4.2 Asr — 1 — F0, the Green function G(x,\) tends to

+1
Gi(x,0) = . 9.43
=(%,6) 2mi(0" - x F i0sign(0 - x)) (2:43)

Proof. Let us assume that |A| > 1, i.e., r = 1 + ¢ with ¢ > 0. We then find

Gloure) — 1 1 1 1

zre) = —— = — i :

’ Trefz — <2y m(l+e)e?z—e (1 —¢e)z+ofe)
1 1 1 -1

" or —1Z(e7?z) + eR (e "*2) + o(e) T 2metx+ ie(0-x) +o(e)

Passing to the limit ¢ — 0, we obtain
1 -1
2im @+ - x + i0sign (0 - x)

G_(x,0) =

Here by convention £0 is the limit of +¢ as 0 < & — 0. The limit on D% is treated
similarly. O

We have chosen to define G4(x,0) as functions of 6 € (0,27) instead of functions of
e, We have also identified x = (z,y) with z = = + iy. The above lemma gives us a
convergence in the sense of distributions. We can equivalently say that for all smooth
function ¢ (x), we have

Gi(x —y, 0)¢(y)dy = £5 (HRew)(X ") + (Do) (x). (2.44)

R2

We recall that the Hilbert transform H is defined in (2.11) and the Radon transform in
(2.4)-(2.5).

Proof. The derivation is based on the following result. For any f(z) € C3°(R), we
have

lim ,f(—@dx = —ip.v./ %dw + sign(e)m £(0). (2.45)

e=0 Jptx + €

Exercise 2.4.1 Prove the above limit called Plemelj’s formula.

Let us denote x = 00+ + 70 and y = 58+ + t0. We have

/ (y)(x —y)dy = Yllo ;SS—)i—OOSlgn((Tt)_ 1) yar

27r / p.v. / Pllo =) 0 (T — t)e)dsdt + ; /R&gn( t)(00 + (1 —1)0)dt
- _p V. / / v(lo = s) 9 + (= zf)e)dtds + %/RSlgIl(t)i/J(X —t0)dt

HRN/J x-6%) (DW)( ).

T2

A similar derivation yields the limit on D~. [
We deduce that the function h(z,\) defined in (2.40) admits the limits

ha(x,0) = i%(HRga)(x .0%) + (Dya) (x). (2.46)
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Notice that Ry and Dy involve integrations in the direction 8 only so that
Rylu(x)v(x - 07)](s) = v(s)Ry[ul(s), Dylu(x)v(x - 07))(x) = v(x - 0) Dy[u](x).

Using this result and (2.44), we deduce that the limits of the solution u(z, A) to (2.31)
are given by

u®(x,0) = e‘DeaeQLf(HRW)(X"’l)EH(@E(HRGQ)(S)Re(eDG“f)> (x-6%4)

21

(2.47)
+6_D9“D9(6D9“f)(x).

We recall that Rp(e???f) = R,qf(s) are our measurements. So whereas u™ and u~
do not depend only on the measurements (they depend on Dg(eP?®f)(x) which is not
measured), the difference u™ — u~ depends only on the measurements. This is the
property that allows us to invert the attenuated Radon transform. More precisely, let
us define

p(x,0) = (u” —u”)(x,0). (2.48)
Using (2.47) we deduce that
ip(x,0) = RZ, yHaRa o f (%), (2.49)
where we have defined the following operators
R;pg(x) =" ¥g(x-0"),  H,=C.HC.+CHC,

HIRa(3)) 6 g(5,0) = g(s, 0) sin(

Coa(s.0) = g(s. ) cos(T0?) HRya(s),  (2:50)

2 )
Here R , is the formal adjoint operator to R, .

The above derivation shows that ip(x, 6) is real-valued and of the form e=P¢#a() M/ (x -
0, 0) for some function M. We deduce therefore that

0 - Vo(x,0) + ap(x,0) = 0. (2.51)

2.4.6 Step (iii): reconstruction formulas

We have seen that u(z, \) is analytic in A on DY U D™ and is of order O(271) at infinity.
Moreover the jump of u(z, A) across T is given by ¢(x,0) for 0 < 6 < 27. We thus
deduce from the Cauchy formula (2.29) that

1 o(x, 1) _
)= — L dt ANe DTuUD. 2.52
u(x, \) 2m’/Tt—/\ . AeD'u (2.52)

where we identify ¢(x,t) with ¢(x,6) for t = ¢?. We now deduce from (2.33) in the
vicinity of A = 0 that
0
i -1
f(x) = }\%A 8Zu(x, A). (2.53)
Indeed we verify that u(z, A\) = O(\) on D7 so that a(x)u(x,\) — 0 as A — 0. Since

u(x, A) is known thanks to (2.52) in terms of the boundary measurements R, f(s), this
is our reconstruction formula. Let us be more specific. We verify that

L[ o(x,1) 1 [ p(x,t) 9
A) = — dt + A\— dt + O(\2). 2.54
u(x, A) 2m'/T p A | et O (2:54)
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We thus deduce from (2.53) and the fact that u(x,\) = O(X) on DT that

1 o(x,t)

T i L (2.55)
f(X) = 2_7TZ i g(x, t)t—z t.

The second equality is the reconstruction formula we were looking for since ¢ defined
in (2.49) in terms of the measurements R,f(s). The first equality is a compatibil-
ity conditions that 7w must satisfy in order for the data to be the attenuated Radon
transform of a function f(x). This compatibility condition is similar to the condition
g(s,0) = g(—s,0 + ) satisfied by the Radon transform in the absence of absorption.
These compatibility conditions are much more difficult to visualize when absorption
does not vanish because the integral along the line {50L +t0;t € R} differs depending
on the direction of integration.

Let us recast the reconstruction formula so that it only involves real-valued quanti-
ties.

Exercise 2.4.2 Using t = ¢ and dt = ie?, deduce that

27
L T Y
2m Jr 0t 2w Jo
L% nta — 1 (ot i) 00+ /279 Voo(x, 0)d0
2mi Jp 0z 2 4w ), R 47 P ’
Use (2.51) and (2.55) to show that
1 2
fx)=— [ 6+ V(ip)(x,0)do. (2.56)
A7 J,

Let us denote by g4(s,0) = R,f(s,0) the SPECT measurements. From the above results
we recast (2.56) as

1

£ = Wl = - [0 V(R Hag)x.0)d (2.57)

Exercise 2.4.3 Show that (2.57) simplifies to (2.14) when a = 0.

Exercise 2.4.4 (Reconstruction with constant absorption.) We assume that f(x) =
0 for |x| > 1 and that a(x) = p for |x| < 1. This corresponds thus to the case of a
constant absorption coefficient on the support of the source term f(x).
(i) Show that

ePoax) — onx0, Ix| < 1.

Deduce that

0+ - V(P ™g(x-0%,0)) = e“x'e%(:x - 07).
s

(ii) Verify that the operator H, defined by H, = H, for a constant is diagonal in the
Fourier domain and that

—_

H,u(o) = —isign,(o)i(o),  sign,(o) = { sign(o) lo| > p,

0 lo| < p.
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(iii) Show that

gu(s,0) = Re(e"™f)(s),

fx) = - %e‘“*"’(Hu%gu)(x-0L,0>d9. (2.58)

ar Jo

Verify that in the limit y — 0, we recover the inversion for the Radon transform.
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Chapter 3

Diffraction tomography

In this chapter we consider the probing of an object by waves rather than particles. The
waves are typically acoustic waves and micro waves. Such waves are characterized by
a wavelength small enough so that the features of the object one is interested in can
indeed be imaged, but large enough that the high frequency geometrical optics limit
(whereby waves are replaced by particles) does not hold. As the frequency increases,
the geometrical optics assumption becomes more and more accurate. We will see that
the reconstruction in that limit gets closer to the particle reconstruction, i.e., involves
inverting a Radon transform.

3.1 Scattering problem

Let us consider the wave equation in dimension n = 2,3 given by

1 0°U
———— — AU =0, xeR", t>0, 3.1
v2(x) Ot? (3:1)
with appropriate initial conditions. The velocity v(x) is unknown. Let us assume that
v(x) = c outside of the object we want to image, where ¢ is a constant. We assume that
U =0 for t < 0 and pass to the frequency domain by introducing

u(x,w) = /000 U (x, t)dt, U(x,t) = i/}Re_i‘*”tu(x,(,u)clcu. (3.2)

21

The equation for u is then the following Helmholtz equation

2
w

A+ ——)u(x,w) =0, x €R”, weR,

S e w | (3.3)

)A( . VU/(X, UJ) — ZEU/(X’ (.U) = 0(‘){’_(”_1)/2)'

As usual x = x/|x| and the second equation is the radiation condition, ensuring that
no energy comes from infinity (only waves radiating out are allowed at infinity). The
notation o(x) means a quantity such that o(z)/x — 0as 0 < 2 — 0. So the decay should
be faster than |x|~'/2 in two dimensions and faster than |x|~! in three dimensions.
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Let us now introduce the following expression for the velocity and the frequency:

L _lijaw), k=Y (3.4)

v3(x) 2 c
We recast the Helmholtz equation as

(A + BHu(x,w) = —a(x)k?u(x,w),

X - Vu(x,w) — iku(x,w) = o(|x|~("~1/2). (8:5)
Let 8 € S™ be a unit vector. We verify that
(A + E*)u;(x,w; 0) = 0, where  u(x,w; 0) = ™0, (3.6)

Thus plane waves with the right wavenumber k = |k@)| are solutions of the homogeneous
Helmholtz equation. Notice however that they do not satisfy the radiation conditions
(they do radiate out in the direction @ but certainly not in the direction —8).

The forward problem we are interested in is the following: we have a plane wave
coming from infinity and want to find a solution u4(x,w) modeling the response of the
system. Therefore we ask that us does not radiate at infinity (i.e., satisfies the radiation
condition) and that the whole field v = wu; + u, satisfies the Helmholtz equation as
required by physics. We thus end up with solving the following scattering problem

(A + B uy(x, w) = —a(x)k*(us + u;) (x, w),

% - Vu,(x,w) — iku,(x,w) = of|x|~("=1/2), (3.7)

In the above equation we have used (3.6). Under some assumptions on a(x), the above
equation admits a unique solution [19]. The inverse scattering problem consists then
of reconstructing «(x) from measurements of ug at infinity in all possible directions
x for all possible plane waves 8 € S™. We will not be concerned with this general
problem, which is fairly well-understood for n = 3 and much less so for n = 2. We
refer the reader to [19] for details on this difficult theory. What we will do instead is
to concentrate on the linearization of the problem about the constant velocity profile
v(x) = ¢. Namely, we will assume that « is small (in some appropriate sense (norm) that
we do not describe here). As a consequence, ug is also small as can be seen from (3.7).
We can therefore neglect the term awu,, which is second-order, as a first approximation.
This approximation is called the Born approximation. It also has the advantage of
linearizing the problem of reconstructing «(x) from scattering measurements. We are
thus now concerned with

(A + E?)us(x, w) = —a(x)k?u (x, w),

% - Vg (x,w) — ikug(x, w) = of|x|~(=1/2). (3:8)
This equation can be solved explicitly as

wxw) = K [ alyuly.lonix - y)iy, 3.9)
where g, is the Green function solving the following equation

(A + K2)gu(x) = 6(x -

% Vg (x,) — ihus(x,w) = of|x| -0 72),

41



and is given for n = 2,3 by

61k\x|

02(%) = LHy(k|x]),  ga(x) =

: (3.11)

4r|x|

Here, Hy is the Oth order Hankel function of the first kind, given by

Hy(k|x|) = !PTtV E =P gy (3.12)

e

where we have decomposed x = (z,y) in Cartesian coordinates.

3.2 Far field data and reconstruction

The measurements we consider are the far field scattering data. They correspond to
the waves propagating outwards at infinity. This simplification amounts to saying that
the other component of the radiating field composed of the evanescent waves, does not
make it to infinity, and thus cannot be measured. Mathematically, this means that we
consider the asymptotic limit of u, as x — oo. Let us consider the three dimensional
case first. Since x goes to infinity, |x —y| is equal to |x| plus a smaller order correction.
So we have

k’2

47T’X‘ R3

us(X,w) = aly)e*0Yetx=ylgy 1 1ot .

Upon using the following approximation

yI? X ¥
=yl = ik = S = x4+ Sy - 2502 = x|~ %y + Lo,
] x|
we obtain
k?eilﬂx\ (05
us(x,w) = 47T|X‘ a(y)elk( 7X)'ydy + lo.t. .
We thus see that
k2 ik|x|
u(x,w) = AR +o( ).
Ax) = ak(x-0)) = [ aly)e*@®vay.
R3
Recall that w = ck. So for a plane wave at a given frequency w, i.e., at a given

wavenumber k, and direction 6, the far field measurement is A(x) = A(X;k, @) in the
direction % (obtained by multiplying the measured signal by 4 |x|e~™*l /E2).

In two space dimensions (n = 2), the final result is similar in the sense that u, is
proportional to |x|~'/? at infinity with a coefficient of proportionality A(x) taking the
same expression as given in (3.13).

We observe that each measurement gives us new information about the Fourier trans-
form of the velocity fluctuation a(x). We can distinguish two types of measurements.
The first ones correspond to directions of measurements x such that x -6 > 0. These
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measurements are called transmission measurements since they correspond to the radi-
ated wave that have passed through the object to image. The second ones correspond
to the directions such that x -6 < 0 and are called reflection measurements. In many
settings, we have access to only one type of measurements.

Let us consider transmission measurements first. This means that we have access to
a(k(x—0)) for x-0 > 0. In particular we obtain for X = @ the value &(0), which is the
average of the fluctuation a(x) over the whole domain. More generally as X varies in S*
such that x -0 > 0, we obtain &(k) over a half-circle passing through 0, of radius & and
symmetric about the axis 6. As 6 varies on the unit circle, we observe that &(k(x —0))
fills in the disk of radius v/2k. At a fixed value of k, this is therefore all we can get:
&(k) for k such that |k| < v/2k.

The picture in three dimensions is very similar: for a given 8 € S?, we have access to
&(k) for k on a half-sphere of radius v/2k passing through 0 and invariant by rotation
about 0. As 0 varies over the sphere S?, we thus get & (k) for all k such that |[k| < v/2k,
as in the two-dimensional case.

The diffraction inverse problem is therefore not unique. All we can reconstruct from
the measured data is a low-pass filter of the object a(x). The high frequencies are not
measured. The high frequencies of a are encoded in the radiation field u,. However
they are the evanescent part of the waves. They decay therefore much more rapidly than
|x|~! (when n = 3), actually exponentially, and thus cannot be measured accurately in
practice.

Let us now consider reconstruction formulas. Since frequencies above v/2k cannot
be reconstructed, we assume that

(%) = (FisX 2 (k) Frowar) (%), (3.14)

where x5, (k) = 1 when [k| < V2k and 0 otherwise,i.e. a does not have high wavenum-
bers. Then the reconstruction is obviously unique according to what we just saw. Let
us consider the two-dimensional case. We want to reconstruct «(x) from &(k(x — 0)),
where x and @ run over the unit circle S'. Notice that we want to reconstruct a two-
dimensional function and we have two dimensions of data (one in x and one in 8). The
inverse Fourier transform tells us that

1 ok k2 2m V2 —_—
= —-— =X A k k: —_— v px. A .
a(x) e /R26 a(k)d (27r)2/0 /0 e a(kpB)pdpdd

Observe that as @ covers the unit circle, all points of the disk |k| < v/2k are covered
twice as X varies, once for a point such that k-6 > 0 and once for a point such that
k - 0% < 0. Therefore the information corresponding to k-0 > 0 is sufficient. This
information is parameterized as follows: for a given 6 we write X as

%(¢,0) = sin ¢0 + cos pOT, 0<¢<

b | 3

. (3.15)

We thus obtain that

sin ¢ — 10+ cos ¢

0%)) = a(kp(0)R(9)8),
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with p(¢) = v2+/1 — cos¢ and R(¢) an explicitly defined rotation depending on ¢.
Here is the rest of the reconstruction:

k2 2 pmw/2 (e dp(¢)
= 202 OO 6 (kp(0)0)p(d) = dodl
O‘(X)kg (2n)? /07r i /0 € a(kp(¢) )p(cb)l dd q;((ﬁ;b
= ikp()xR($) 1dp
- (2n)? /0 /0 e alkp(0)R(9)8)5 =5~ dodf,

so that finally

2 2r pm/2
a(x) = 2k / / kPO RO G, (k| % (¢, @) — 6]) sin pdods. (3.16)
@m)2 Jo  Jo

This is the reconstruction formula we were after.

Let us conclude the section with a few words about reflection tomography. In that
case, we only measure data in directions z such that z -8 < 0. Following the same
techniques as above, we see that we can reconstruct wavenumbers of «(x) in the corona
of wavenumbers k such that v/2k < |k| < 2k. The reconstruction from reflection data
is therefore by no means unique. We do not get low-frequency components of o and do
not get very-high frequencies either. Assuming that the wavenumber content of a(x) is
in the above corona, then the reconstruction is unique. A reconstruction formula similar
to what we just obtained can also be derived. Notice that when both the transmission
and reflection data can be measured, we can reconstruct all wavenumbers k of a(x) such
that |k| < 2k.

All these result are in sharp contrast to the one-dimensional example we saw earlier.
There, a given wavenumber £ allows us to reconstruct one wavenumber of a(z). All
wavenumbers are thus required (i.e. measurements for all frequencies w) to reconstruct
a(z). Here a(x) is also uniquely determined by reconstruction for all values of k (since
each value of k allows us to reconstruct all wavenumbers |k| < 2k). However because
of the multidimensional nature of the measurements (the variable & is discrete in one-
dimension instead of living on the unit sphere S™), measurements for all values of k
is very redundant: once we have obtained measurements at a given value of k, all
measurements at values less than k are redundant.

3.3 Comparison to X-ray tomography

Let us consider the case of transmission data in two space dimensions. We have seen
that wavenumbers of a(x) up to v/2k could be reconstructed. However as k tends to
00, this essentially means that all wavenumbers of «(x) can be reconstructed.

Indeed in that limit we observe that the half circle of radius & becomes the full line
orthogonal to @. That is, as k — 0o, the measurements tend to

&(00%) = Rafo,0 4 7/2).

Exercise 3.3.1 Show that the reconstruction formula (3.16) indeed converges to the
inverse Radon transform as & — oo.

44



In the limit of infinite frequency, we therefore obtain that the transmission measurements
tend to the Radon transform of a. We know that the knowledge of R,(c,0 + 7/2) for
all values of o and @ is sufficient to uniquely reconstruct the fluctuation a(x).

So how should we consider the inverse diffraction problem? How ill-posed is it? As
we already mentioned, the first problem with diffraction tomography is that for a fixed
frequency w, the function «(x) cannot uniquely be reconstructed. Only the wavenum-
bers below v/2k (below 2k) in the case of transmission (transmission and reflection)
measurements can be reconstructed. However in the class of functions a(x) € L*(R?)
such that (3.14) holds, we have uniqueness of the reconstruction. In this class we can
perform a similar analysis to what we obtained in Theorem 2.2.2.

Let us consider the measurements d(¢,0) = a(k(x—0)) for @ € ST and 0 < ¢ < 7/2
using (3.15). We verify that 1 < p/(¢) < v/2 for 0 < ¢ < 7/2.

Let us assume that the error we make is of the same order for every angle ¢ and
every angle 8. An estimate of the total error will thus involve

/S | / 4(6,6)dod6 — / / G (kp(B)R(0)8)|2dd0
/S 1 / a(kp@)*(p) tdpdl ~ /S 1 / a(kp@)>dpdo
N_/Sl/ u0|dud0~—//2k‘o‘ [P du df

||a||H 1/2(R2)"

In some sense, the above formula also shows that the data d(¢, @) are more regular than
the function «(x) by half of a derivative. This is consistent with the Radon transform
in the limit as k — oo. To be more consistent with the Radon transform, notice in the
limit & — oo that kcos¢ ~ o so that ksin¢d¢ ~ do as the half circle converges to
the real line. Since sin¢ ~ 1 for most of the wavenumbers o as k& — oo, this implies
that kd¢ ~ do. Therefore a total error in the angular measurements in diffraction
tomography consistent with the measurement errors for the Radon transform is given

by
/. / 0)[2kdd® > (|0 1oz

We recover in this limit that the measurements in diffraction tomography smooth the
function « by half of a derivative.

We see here again that the ill-posedness of a problem very much depends on the
norm in which the error on the data is measured.
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Chapter 4

Inverse kinematic problem

This chapter concerns the reconstruction of velocity fields from travel time measure-
ments. The problem can also be recast as the reconstruction of a Riemannian metric
from the integration of arc length along its geodesics. We start with a problem with
spherical symmetry in which explicit reconstruction formulas are available.

4.1 Spherical symmetry

We want to reconstruct the velocity field ¢(r) inside the Earth assuming spherical sym-
metry from travel time measurements. To simplify we assume that the Earth radius is
normalized to 1. We assume that ¢(1) is known. We want to reconstruct ¢(r) from the
time it takes to travel along all possible geodesics. Because the geodesics depend on
c¢(r), the travel time is a nonlinear functional of the velocity profile ¢(r). We thus have
to solve a nonlinear inverse problem.

Let us consider the classical mechanics approximation to wave propagation through
the Earth. Unlike what we did in Chapter 1, we treat waves here in their geometri-
cal optics limit. This means that we assume that the wavelength is sufficiently large
compared to other length scales in the system that the waves can be approximated
by particles. The particles satisfy then dynamics given by classical dynamics. They
are represented by position x and wavenumber k and their dynamics are governed by
Hamilton’s equations:

dx )
gi = x = ViH(x(),k(), x(0)=x (1)
a-:k::—memMm,Mm:M

In wave propagation the Hamiltonian is given by
H(x, k) = c(x)[k| = c(|x])[K]. (4.2)

The latter relation holds because of the assumption of spherical symmetry. Let us denote
x = rx and k = |k|k. The Hamiltonian dynamics take the form

x=c(rk, k=-d(r)klx (4.3)
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We are interested in calculating the travel times between points at the boundary of the
domain r = |x| < 1. This implies integrating dt along particle trajectories. Since we
want to reconstruct ¢(r), we perform a change of variables from dt to dr. This will allow
us to obtain integrals of the velocity ¢(r) along curves. The objective will then be to
obtain a reconstruction formula for ¢(r).

In order to perform the change of variables from dt to dr, we need to know where
the particles are. Indeed the change of variables should only involve position r and no
longer time t. This implies to solve the problem ¢ +— r(t). As usual it is useful to find
invariants of the dynamical system. The first invariant is the Hamiltonian itself:

dH (x(t), k(1))
dt

=0,

as can be deduced from (4.1). The second invariant is angular momentum and is obtained
as follows. Let us first introduce the basis (%, %*) for two dimensional vectors (this is
the usual basis (e,,ep) in polar coordinates). We decompose k = k. x + kox* and
k = k% + koxt. We verify that

~ ~

7= c(r)k, since X = % + rx = ¢(r)k. (4.4)
We also verify that

1
-k . .
d(;/tfe) _ dxdt — otk x ek = ()t k- () kx - % = 0. (4.5)

This is conservation of angular momentum and implies that
T(t)]{?g(t) = k@(O),

since r(0) = 1.

By symmetry, we observe that the travel time is decomposed into two identical
components: the time it takes to go down the Earth until £, = 0, and the time it takes
to go back up. On the way up to the surface, k, is non-negative. Let us denote p = 1%9(0)
with 0 < p < 1. The lowest point is reached when ko = 1. This means at a point 7,
such that

I

c(rp) (1)
To make sure that such a point is uniquely defined, we impose that the function r¢=*(r)
be increasing on (0, 1) since it cannot be decreasing. This is equivalent to the constraint:

d(r) < —=, 0<r<l. (4.6)

This assumption ensures the uniqueness of a point r, such that pc(r,) = c¢(1)r,.
Since the Hamiltonian ¢(r)|k| is conserved, we deduce that
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so that p
dt = L . (4.7)

k 2
c(r)y]1— (M)
re(l)
Notice that the right-hand side depends only on r and no longer on functions such as ki,

that depend on time. The travel time as a function of p = 1279(0) is now given by twice
the time it takes to go back to the surface:

1 1 d’f’
T(p) = 2/“%) dt = 2/% C(r)\/l - <]%9(0>C(T)>2. (4.8)
re(1)

Our measurements are T'(p) for 0 < p < 1 and our objective is to reconstruct ¢(r) on
(0,1). We need a theory to invert this integral transform. Let us define

2 1 2 2 2 1 /
_ ¢ (L)r so that du = L()<1—m>0l7“.
2(r) 2(r) c(r)
Upon using this change of variables we deduce that
Y dru du
T(p) =2 —— _— 4.
Q /pz (du r) () u—p? (4.9)

It turns out that the function in parenthesis in the above expression can be reconstructed
from T'(p). This is an Abel integral. Before inverting the integral, we need to ensure
that the change of variables r — u(r) is a diffeomorphism (a continuous function with
continuous inverse). This implies that du/dr is positive, which in turn is equivalent to
(4.6). The constraint (4.6) is therefore useful both to obtain the existence of a minimal
point 7, and to ensure that the above change of variables is admissible. The constraint
essentially ensures that no rays are trapped in the dynamics so that energy entering
the system will eventually exit it. We can certainly consider velocity profiles such that
the energy is attracted at the origin. In such situation the velocity profile cannot be
reconstructed.

Let us denote by f = <% We will show in the following section that f(u) can be

dur’
reconstructed from 7'(p) and is given by

2d ' T(/D)

=——— dp. 4.1
sy == | S (110
Now we reconstruct r(u) from the relations
1
_f(u) du = ﬂ, u(l)=1, sothat r(u)=exp (/ —f(v)dv)‘
u r w U

Upon inverting this diffeomorphism, we obtain u(r) and g(r) = f(u(r)). Since
1 1
90) =51y

we now know ¢’ /c, hence (logc)’. It suffices to integrate log ¢ from 1 to 0 to obtain ¢(r)
everywhere. This concludes the proof of the reconstruction.
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4.2 Abel integral and Abel transform

For a smooth function f(z) (continuous will do) defined on the interval (0, 1), we define
the Abel transform as

g(a:):/z %dy. (4.11)

This transform can be inverted as follows:

Lemma 4.2.1 The Abel transform (4.11) admits the following inversion

fly) = —%d%/y %dm (4.12)

Proof. Let us calculate

/: %dw B /: /: (2 — 2)1];2(:(2 — oyt = /Zl IR

The kernel k(z,y) is given by

= [ o= [ = Lo

The latter equality comes from differentiating arccos. Thus we have

/Zl %dw - 7r/Z1 f(y)dy.

Upon differentiating both sides with respect to z, we obtain the desired result. 0O

We can also ask ourselves how well-posed the inversion of the Abel transform is. Since
the transforms are defined on bounded intervals, using the Hilbert scale introduced in
Chapter 1 would require a few modifications. Instead we will count the number of
differentiations. The reconstruction formula shows that the Abel transform is applied
once more to g before the result is differentiated. We can thus conclude that the Abel
transform regularizes as one half of an integration (since it takes one differentiation to
compensate for two Abel transforms). We therefore deduce that the Abel transform is
a smoothing operator of order & = 1/2 using the terminology introduced in Chapter 1.
Inverting the Abel transform is a mildly ill-posed problem.

.

4.3 Kinematic Inverse Source Problem

We have seen that arbitrary spherically symmetric velocity profiles satisfying the condi-
tion (4.6) could be reconstructed from travel time measurements. Moreover an explicit
reconstruction formula based on the (ill-posed) Abel inverse transform is available.

We now generalize the result to more general velocity profiles that do not satisfy
the assumption of spherical symmetry. We start with a somewhat simpler (and linear)
problem. Assuming that we have an approximation of the velocity profile and want
to obtain a better solution based on travel time measurements. We can linearize the
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problem about the known velocity. Once the linearization is carried out we end up with
averaging the velocity fluctuations over the integral curves of the known approxima-
tion. This is a problem therefore very similar to the Radon transform except that the
integration is performed over curves instead than lines.

More generally we give ourselves a set of curves in two space dimensions and assume
that the integrals of a function f(x) over all curves are known. The question is whether
the function f(x) can uniquely be reconstructed. The answer will be yes, except that
no explicit formula can be obtained in general. Therefore our result will be a uniqueness
result.

Let X be a simply connected domain (i.e., R*\ X is a connected domain) with smooth
boundary ¥ = 9X. We denote X = X UX. We parameterize ¥ by arc length

x = o(t), 0<t<T.

Here T is the total length of the boundary ¥. Obviously, o(0) = o (T).
We give ourselves a regular family of curves T, i.e., satisfying the following hypothe-
ses:

1. Two points of X are joined by a unique curve in T

2. The endpoints of v € I' belong to I, the inner points to X, and the length of v is
uniformly bounded.

3. For every point xq € X and direction 8 € S*, there is a unique curve passing
through x, with tangent vector given by 6. The curve between xy and X is
parameterized by

x(s) = v(x0, 0, s), 0 <s<S(x0,0), (4.13)

where s indicates arc length on v and S is the distance along v from x, to X in
direction 6.

4. The function v(xo, 8, s) is of class C® of its domain of definition and
1
—OJ'VQ’)/ >C >0.
s
These assumptions mean that the curves behave similarly to the set of straight lines in
the plane, which satisfy these hypotheses.

Exercise 4.3.1 Show that the lines in the plane satisfy the above hypotheses.

Assuming that we now have the integral of a function f(x) over all curves in T’
joining two points o (t1) and o (ty). Let (¢, t3) be this curve and x(s; ¢y, ty) the points
on the curve. The integral is thus given by

g(ty,ty) = /( )f(x(s;tl,tg))ds, (4.14)
Y(t1,t2

where ds = \/dx? + dy? is the usual Lebesgue measure. Our objective is to show
that g(t1,ts) characterizes f(x). In other words the reconstruction of f(x) is uniquely
determined by g(t1, t2):
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Theorem 4.3.1 Under the above hypotheses for the family of curves ', a function
f € C*(X) is uniquely determined by its integrals g(ty,t2) given by (4.14) along the
curves of I'. Moreover we have the stability estimate

dg(ty,t
200 < B oy (4.1

Proof. We first introduce the function
u(x,t) :/ fds, (4.16)
F(x,1)

for x € X and 0 <t < T, where 9(x,t) is the unique segment of curve in I' joining
x € X and o(t) € ¥. We denote by (x,t) the tangent vector to J(x,t) at x. We verify
that

0 - Viu(x,t) = f(x). (4.17)

This is obtained by differentiating (4.16) with respect to arc length. Notice that
u(o(ty),t1) = g(t1,t2). We now differentiate (4.17) with respect to ¢ and obtain

0

As usual we identify 8 = (cos#,sin#). This implies

%) : ) :
—0 =00+ — 0+ = —66.
o =09 ot f

Here 6 means partial derivative of 6 with respect to t. We calculate

0 .
0" Vuz0-Vu = 0(6* - Vu)? + 6+ -Vul - V(u,)
Here u; stands for partial derivative of u with respect to ¢t. The same equality with 0
replaced by 8% yields

-0 VU%OL Vu=0(0-Vu)? -6 -Vud* - V(u)

Upon adding these two equalities, we obtain

0 0
L — . — — L . .
20~ -Vu 8250 Vu BT (0 Vu0 Vu)

= 0|Vu|> + 0 - V(8" - Vuu,) — 0+ - V(0 - Vuu,).

Why is this relation useful? The answer is the following: one term vanishes thanks to
(4.18), one term is positive as soon as u is not the trivial function, and all the other
contributions are in divergence form, i.e. are written as derivatives of certain quantities,
and can thus be estimated in terms of functions defined at the boundary of the domain
(in space x and arc length t) by applying the Gauss-Ostrogradsky theorem.
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More precisely we obtain that

/ / 0V dxdt — / / n(0 - Vu) — 0 - n(0* - V)] (0)us(o)dodt.

Here do is the surface (Lebesgue) measure on ¥ and n the outward unit normal vector.
Since ¥ is a closed curve the term in 0; vanishes. The above formula substantially
simplifies. Let us assume that Y has “counterclockwise” orientation. The tangent
vector along the contour is & (t) so that n = —a (t)*, or equivalently & (t) = nt. Let us
decompose 0 = 6,n + 0, n' so that 0~ = —0, n + 6,n". We then verify that

6 -n(@-Vu) -0 -n(0" -Vu) = —n'-Vu=—c(t) - Vu.

However &(t) - Vudo = u(o, s)ds on ¥ so that

T o T T
/ / 0|Vu|*dxdt = —/ / u(s)ug(t)dsdt.
o Jx o Jo

This is equivalent to the relation

T
/ / 6|V u|2dxdt — / / %9 “’tQ ag(tl’tQ)dtldtQ. (4.19)
0 X a2

This implies uniqueness of the reconstruction. Indeed, the problem is linear, so unique-
ness amounts to showing that f(x) = 0 when g(¢,%2) = 0. However the above relation
implies that Vu = 0 because 6 > 0 by assumption on the family of curves. Upon using
the transport equation (4.17), we observe that f(x) = 0 as well.

The same reasoning gives us the stability estimate. Indeed we deduce from (4.17)
that |f(x)| < |Vu(x,t)| so that

[ [ oeoras=2x [ iopix< [ [ owupi

Upon using (4.19) and the Cauchy-Schwarz inequality (f,g) < || f|l|lg|, we deduce the
result with C' = (27)~Y/2. O

4.4 Kinematic velocity Inverse Problem

Let us return to the construction of the Earth velocity from boundary measurements.

Here we consider a “two-dimensional” Earth. Local travel time and distance are related
by

dr? = (daz2 + dy2) = nz(x)(d;z:2 + dyz).

1
c*(x)
which defines a Riemannian metric with tensor proportional to the 2 x 2 identity matrix.
We are interested in reconstructing n(x) from the knowledge of

G(tl,t2):/ dT:/ n(x)\/de? + dy?. (4.20)
y(t1,t2) y(t1,t2)
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for every possible boundary points ¢; and 5, where ~y(t1,%2) is an extremal for the
above functional, i.e., a geodesic of the Riemannian metric d72. Notice that since the
extremals (the geodesics) of the Riemannian metric depend on n(x), the above problem
is non-linear.

Let I'y for k = 1,2 correspond to measurements for two slownesses ng, k = 1,2. We
then have the following result

Theorem 4.4.1 Let ny be smooth positive functions on X such that the family of ex-
tremals are sufficiently regular. Then ny can uniquely be reconstructed from Gy(t1,ts)
and we have the stability estimate

0
[ n2||L2(X) < Ona_tl(Gl - G2)||L2((0,T)x(0,T))- (4.21)

Proof. The proof is similar to that of Theorem 4.3.1. The regular family of curves I"
is defined as the geodesics of the Riemannian metric d72. Indeed let us define

T(x,t) = / nds, (4.22)
F(x,t)

so that as before 7(a (t1),t2) = G(t1,t2). We deduce as before that
0 - Vi1 =n(x). (4.23)
Because T is an integration along an extremal curve, we deduce that
0" V=0, sothat Vet =n(x)0 and |V,7]*(x,t) = n*(x).

Upon differentiating the latter equality we obtain
0
—| V7] = 0.
5 Vx7|

Let us now define u = 7 — 73 so that Vu = n;0; — ny0>. We deduce from the above
expression that

0 N9

—(Vu-(6,+—65)) =0.

57 (V- (01+ 20,))
We multiply the above expression by 201l - Vu and express the product in divergence
form. We obtain as in the preceding section that

20+ . w%el V- %(ef  Vu, - Vu)

= 0,Vul® + 0, - V(0] - Vuu,) — 07 - V(8 - Vuu,).

We now show that the second contribution can also be put in divergence form. More
precisely, we obtain, since n; and ns are independent of ¢, that

8 n a n2
20 - wa(n—?eg V) = 20+ - (16, — 2232)%@291 0, n_z;)
= 20367 - 02(8: - 62) = —2n5(6; - 92)2(1—_2) -

ot
8(01 — 02) 8 2 sin(2(91 — 92))
o e ).

—277,3 sin2(6’1 — 82)
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The integration of the above term over X x (0,7) yields thus a vanishing contribution.
Following the same derivation as in the preceding section, we deduce that

/ /ael\Vu\d dt = / / IG(h, 1) aG(tl’tQ)dtldtz, (4.24)
oty Bt

where we have defined G = G; — GG5. To conclude the proof, notice that

Vu-Vu= |n101 - n202|2 = TL% + TL% - 271171201 : 02
>n?+n3 —2niny = (ny — no9)?,
since both n; and ny are non-negative. With (4.24), this implies that n; = ny when

G; = G4 and using again the Cauchy-Schwarz inequality yields the stability estimate
(4.21). O
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Chapter 5

Inverse transport theory

All the inverse problems seen so far were either “well-posed” or “mildly ill-posed” in
the sense that they involved a stable inversion operator from a Hilbert space to another
Hilbert space. Wave propagation (as in diffraction tomography) or particle propagation
along straight lines (as in computerized tomography) thus generate well-posed inverse
problems.

What causes an inverse problem to be ill-posed? As we mentioned in the intro-
duction, an inverse problem is ill-posed when the measurement operator is a smooth-
ing /regularizing operator. What are therefore regularizing mechanisms? We have seen
that solving the heat equation forward is regularizing. The main reason it is regular-
izing is “scattering”: inherently to the diffusion equation, we assume that “particles”
scatterer infinitely often and are represented by some Brownian motion.

Scattering is thus a very powerful mechanism to regularize solutions to PDEs and
hence make inverse problems ill-posed. The best equation to see this transition between
a non-scattering to a scattering environment is arguably the linear transport equation,
also known as the linear Boltzmann equation of the radiative transfer equation.

5.1 Forward transport problem

Physically, we can see the transport equation as modeling the propagation of high
frequency waves or particles in scattering environments. In radiative transfer, high
frequency wave packets are represented as particles propagating in an environment with
changes in the index of refraction and with scatterers. The transport equation then
takes the form

c(x)% - Vau — |v|Ve(z) - Vou + o(z)u = / k(z, v, v)u(z,v")d(w — c(z)|[v')dv', (5.1)
R4

augmented here with boundary conditions at the boundary of a domain of interest.

Here, u(x,v) is the density of particles at position x with velocity v. c(x) is the speed

of propagation of the high frequency waves. Since we are interested in scattering in this

chapter (changes in the index of refraction was considered in the preceding chapter) we

assume that ¢(z) = 1 is constant and normalized. The equation thus becomes

v

o] qu+a($)u:/ k(z, v v)u(z,v")d(w — |v'|)dv'. (5.2)

R4
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Here, w is the frequency (e.g. the color) of the propagating waves. Scattering here is
elastic so that wave packets with different frequencies satisfy uncoupled equations. Let
us normalize w = 1 so that [v] = w = 1. In other words, v is now the direction of
propagation of the wave packets (photons). We thus have an equation of the form

v-Vou+o(x)u = / k(z, v v)u(z,v")dv, (5.3)
Sd—1

where 2z € R? and v € S%! the unit sphere in R%. It remains to describe the main objects
participating in scattering: o(z) the attenuation (aka total absorption) coefficient, and
k(x,v' v) the scattering coefficient. o(x) models the amount of particles that are either
absorbed or scattered per unit distance of propagation. This is the same coefficient
already encountered in CT and SPECT. Unlike high-energy CT and SPECT, in lower
energies such as for visible light, many “absorbed” photons are re-emitted into another
direction, i.e., scattered. Then k(z,v’,v) gives the density of particles scattered into
direction v from a direction v’. The right-hand side in (5.3) is a source term and
corresponds to a “creation” of particles into direction v.

In an inverse transport problem, o(z) and k(z,v’, v) are the unknown coefficients.
They have to be reconstructed from knowledge of u(x, v) measured, say, at the boundary
of the domain of interest. When k = 0, this is Computerized Tomography, where the
appropriate logarithm of u provides line integrals of o.

To be more specific, we need to introduce ways to probe the domain of interest X
and to model measurements. In the most general setting, photons can enter into X at
any point x € 0X and with any incoming direction. In the most general setting, photon
densities can then be measured at any point x € dX and for any outgoing direction.
The sets of incoming conditions I'_ and outgoing conditions I', are defined by

Iy ={(z,v) € dX xV, st. £v-v(z)> 0}, (5.4)

where v(z) is the outgoing normal vector to X at 2 € 90X and V = S%°1. Denoting
by g(z,v) the incoming boundary conditions, we then obtain the following transport
equation

v-Vou+o(x)u = / k(x, v, v)u(z,v")dv', (x,v) e X xV
sd-1 (5.5)

ur_(z,v) = g(z,v) (x,v) e I'_.

From the functional analysis point of view, it is natural to consider the L' norm
of photon densities, which essentially counts numbers of particles (the L' norm of the
density on a domain is the number of particles inside that domain). Let us introduce
the necessary notation.

We say that the optical parameters (o, k) are admissible when

0<oel™X)
0<k:x,v,)€L V)ae in X xV (5.6)
) = k(x, v v)dv € L®(X x V).
v
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Here oy is also referred to as the scattering coefficient. In most applications, og(z) is
independent of v'.
We define the times of escape of free-moving particles from X as

T (x,v) = inf{s > 0|z £ sv & X'} (5.7)

and 7(x,v) = 7 (x,v) + 7_(z,v). On the boundary sets I'y, we introduce the measure
d¢(z,v) = |v-v(x)|du(z)dv, where du(z) is the surface measure on 0.X.
We define the following Banach space

Wi={ueLl'(X xV)jv-Vyue L"(X xV),7'ue L'(X xV)}, (5.8)

with its natural norm. We recall that 7 is defined below (5.7). We have the following
trace formula [18§]

[firclloweagy < M1 fllw,  fEW. (5.9)

This allows us to introduce the following lifting operator

Zg(x,v) = exp ( — /OT(M) o(x — sv, v)ds)g(x —7_(x,v)v,v). (5.10)

It is proved in [18] that Z is a bounded operator from L'(T'_,d¢) to W. Note that Zg
is the solution ug of

v-Vyug+o(@)ug=0 (z,v) € X XV, u =g (z,0)el_.
Exercise 5.1.1 Prove this. This is the same calculation as for the X-ray transform.

Let us next define the bounded operators
T—(z,v) t
Ku(z,v) = / exp ( — / o(x — sv, v)ds) / k(x —tv, o', v)u(z — tv,v")dv'dt
0 0 v
7 (z,0) t
LS (z,v) = / exp ( - / o(x — sv, v)ds)S(x — tv,v)dt (5.11)
0 0
for (z,v) € X x V. Note that LS is the solution ug of
v-Vaus +o(x)us =S (x,v) € X XV, us =0 (z,v)el_.

Exercise 5.1.2 Prove this.

Note that
Ku(zx,v) zﬁ[/ k(x, v, v)u(z,v)dv'|(z,v),
1%

which allows us to handle the right-hand side in (5.5). Looking for solutions in W, the
integro-differential equation (5.5) is thus recast as

(I —K)u=1Ig. (5.12)
Exercise 5.1.3 Prove this.
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Then we have the following result [10, 18].

Theorem 5.1.1 Assume that
(I — K) admits a bounded inverse in L'(X x V, 7 'dzdv). (5.13)

Then the integral equation (5.12) admits a unique solution u € W for g € LY(T'_, d€).
Furthermore, the albedo operator

A LNT_,d¢) — LY, dE), g Ag=ur,, (5.14)

18 a bounded operator.

The invertibility condition (5.13) holds under either of the following assumptions

0, =0—0s > 0 (5.15)
7050 < 1 (5.16)

We shall not prove this theorem here. The salient features are that the transport equa-
tion is well-posed provided that (5.13) is satisfied, which is not necessarily true for
arbitrary admissible coefficients (o, k). The conditions (5.15) or (5.16) are sufficient
conditions for (5.13) to be satisfied. The first condition is the most natural for us and
states that particles that are “created” by scattering into v by k(x,v’,v) are particles
that are “lost” for direction v. In other words, the scattering mechanism does not cre-
ate particles. This is quite natural for photon propagation. In nuclear reactor physics,
however, several neutrons may be created by fission for each incoming scattering neu-
tron. There are applications in which (5.15) is therefore not valid. In most medical
and geophysical imaging applications, however, (5.15) holds and the transport solution
exists. Note that o, = 0 — o, is the absorption coefficient, and corresponds to a measure
of the particles that are “lost” for direction v' and do not reappear in any direction v
(i.e., particles that are absorbed).
Using these operators, we may recast the transport solution as

u=1ZIg+KZg+ (I—-K) 'Ky, (5.17)

where ug := Zg is the ballistic component, u; := KZg the single scattering component
and ug :=u —ug —u; = (I — K)"'K*Zg is the multiple scattering component.

Note that when the problem is subcritical, its solution may be expressed in terms of
the following Neumann expansion in L'(X x V)

u = Z K"Zg. (5.18)
m=0

The contribution m = 0 is the ballistic part of u, the contribution m = 1 the single
scattering part of u, and so on. It is essentially this decomposition of the transport
solution into orders of scatterings that allows us to stably reconstruct the optical pa-
rameters in the following sections. Note that the above Neumann series expansions has
an additional benefit. Since the optical parameters are non-negative, each term in the
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above series is non-negative provided that g and S are non-negative so that the trans-
port solution itself is non-negative. A little more work allows us to prove the maximum
principle, which states that u in X x V' is bounded a.e. by the (essential) supremum of
gin ['_ when S = 0.

Finally, the albedo operator A, which maps incoming conditions to outgoing den-
sities models our measurements. We control the fluxes of particles on I'_ and obtain
information about X by measuring the density of particles on I',. This allows us to
define the measurements operator of inverse transport. Let

X ={(o,k)suchthat 0 <o € L®(X),0< ke L(X xV xV), ¢ >0}, (5.19)
and let Y f = L(LY(T_,d¢), L} (T'y, d€)). Then we define the measurement operator 9
M: X5 (0,k)— Mo, k) =Al(o, k)] €9, (5.20)

where Al(c, k)] is the albedo operator constructed in (5.14) with coefficient (o, k) in
(5.5). Note that the measurement operator, as for the Calderén problem in (1.4) is an
operator, which to a set of coefficients maps a coefficient-valued operator, the albedo
operator.

The main question of inverse transport consists of knowing what can be reconstructed
in (o, k) from knowledge of the full operator 9t or knowledge of only parts of the operator
M. In these notes, we shall mostly be concerned with the full measurement operator.

5.2 Inverse transport problem

One of the main results for inverse transport is the decomposition (5.17). The first
term ug := Zg is the ballistic component and corresponds to the setting of vanishing
scattering. It is therefore the term used in CT and the X-ray transform. It turns out
that this term is more singular, in a sense that will be made precise below, than the
other contributions. It can therefore be extracted from the rest and provide the X-ray
transform of the attenuation coefficient o.

The second term in (5.17) is u; := KZg and is the the single scattering component
of the transport solution. Finally, uy := u — ug — u; = (I — K)7'K?Zg is the multiple
scattering component, which corresponds to particles that have interacted at least twice
with the underlying medium. A fundamental property of the transport equation is that
single scattering is also more singular than multiple scattering in dimension three (and
higher dimensions), but not in dimension two. We shall describe in more detail below in
which sense single scattering is more singular. The main conclusion, however, is that the
single scattering contribution can also be extracted from the full measurement. As we
shall see, single scattering provides a linear operator to invert the scattering coefficient
k once o is known.

Multiple scattering is then less singular than ballistic and single scattering. This
is difficult to quantify mathematically. Intuitively, this means that multiple scattering
contributions are smoother functions. In some sense, after multiple scattering, we do not
expect the density to depend too much on the exact location of the scattering events.
Multiply scattered particles visit a large domain and hence are less specific about the
scenery they have visited.
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5.2.1 Decomposition of the albedo operator and uniqueness
result

Following (5.17), we decompose the albedo operator as

Ag = Ig\F+ + ICIg]F+ + ICZ(I—IC)*lIg}m
= Ayg + Ay +  Asg.

(5.21)

We denote by « the Schwartz kernel of the albedo operator A:

Ag(z,v) = / oz, v,y, w)g(y, w)du(y)dw.

Any linear operator, such as the albedo operator, admits such a decomposition. Knowl-
edge of the operator A is equivalent to knowledge of its kernel o. The decomposition
for A then translates into the decomposition for a:

a = og+ o + ao.

Here, aq corresponds to the ballistic part of the transport solution, «y corresponds to
the single scattering part of the transport solution, and ay corresponds to the rest of
the transport solution.

After some algebra that we shall not reproduce here, we have the following decom-
positions in the time independent case:

7—(z,0)

ap(z,v,y,w) = exp ( — / o(x — sv, v)ds) 0o (W) fz—r_ (z0)0} (Y)- (5.22)

0

T_(x,v) t T_(z—tv,w)
ar(z,v,y,w) = / exp ( — / o(x — sv,v)ds — / o(x —tv — sw, w)ds)
0 0 0

k’(l‘ —tv,w, U)é{x—tv—r_ (z—tv,w)w} (y)dt
(5.23)

Exercise 5.2.1 Prove the above two formulas. Note that the first formula is nothing
but the expression for the X-ray transform.

Note that ag and a; are distributions: they involve “delta” functions. A difficult
result shows that the kernel corresponding to multiple scattering as is in fact a function,
and when k£ is bounded, satisfies that

d+1
|V<y) ’ w’_1a2(x7vay7w> < LOO<F—7 LP(F+,d€)>, 1< p < % (524)

The exact regularity of the function as is not very important for us here. For the
mathematical derivation of stability estimates, the fact that we can take p > 1 above is
important. For a picture of the geometry of the singularities, see Fig. 5.1.

The strategy to recover o and k in dimension d > 3 thus goes as follows: We
send beams of particles into the medium that concentrate in the vicinity of a point
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Figure 5.1: Geometry of single scattering for n = 3.

(y0,v0) € T'_. More precisely, let g. be a sequence of normalized L' functions on I'_
converging as € — 0 t0 0y, (v)dgy} (¥)-

Since the ballistic term is more singular than the rest, if we place detectors on the
support of the ballistic term, then such detectors will overwhelmingly be measuring
ballistic particles and very very little scattered particles. Since single scattering is more
singular than multiple scattering, we can use the same strategy and place detectors at
the location of the support of single scattering. Such detectors will overwhelmingly be
measuring singly scattered particles and very very little multiply scattered particles.
Mathematically, the details are a little painful. Let us describe them nonetheless.

Recovery of the attenuation coefficient o(x)

Let (yo,vo) € I'_ be defined as above and (xg, vg) € I'; such that yg = z¢ — 7_ (g, vo)vo.
Let ¢. be a sequence of bounded functions on I'; equal to 1 in the vicinity of (xq,vp)
and with vanishing support as ¢ — 0. Then we verify [10, 18] that

/ O (2,0, Y, W) (2, 0) g2 (y, w)dp(@)dvdp(y)dw <=2 0, m = 1,2,
Iy xI'—
so that

(60, Ags) = / a(z, vy, w)e (&, 0)ge (y, w)dpa() dvdpa(y)duw
P XD (5.25)

e—0 7-(@0,%0)
— exp ( — / o(xg — svy, vo)ds>.
0
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In other words, the measurements corresponding to the above choices of functions
g- and ¢. then converge to the function

(6=, Age) =2 E(w,y) = exp ( - /Owy;(x - sﬁ)ds). (5.26)

This proves that knowledge of the albedo operator A, which allows one to construct
(¢, Ag.), provides knowledge of E(x,y), the exponential of minus the X-ray transform
of o along the segment (x,y). This can be obtained from any segment (x,y) with x and
y on 0X. As a consequence, knowledge of A provides knowledge of the X-ray transform
of 0. We know that o is then uniquely and stably reconstructed from such knowledge
since the X-ray transform is a smoothing operator by (only) one-half of a derivative.

Recovery of the scattering coefficient k(x,v,w)

We assume that ¢ = o(x) is now recovered. Let zy € X, vy € V, and vy # wy € V.
Define z¢p = zy + 74 (20,v0)vo so that (zo,v9) € T'y and yo = 2o — 7 (20, wo)wy SO
that (yo,wo) € I'_. We formally show how the scattering coefficient may be uniquely
reconstructed from full knowledge of A.

Let us define g., as before and ¢. as a sequence of bounded functions on I'} equal
to a constant in the vicinity of (xg,vy) and with vanishing support as ¢ — 0. Since
vy # wo, we find that

/ (@, v, Y, w) e (7, v)ge, (y, w)dp(x)dvdu(y)dw = 0, 0 < e,e1 < €o(wo, Vo, Yo, Wo)-
r

+><F_

i.e., the ballistic contribution vanishes with such measurements. Let us define g., such
that |v(yo) - wo|~'ge, (y,w) converges to a delta function. The factor |v(yg) - wo|™t is
here to ensure that the number of emitted particles is independent of yy and wy. The
ballistic part of the transport solution is then approximately concentrated on the line
passing through yo and with direction wy. Scattering occurs along this line and particles
scattered in direction vy are approximately supported on the plane with directions vy
and wy passing through xy. The intersection of that plane with the boundary 0X is a
one-dimensional curve y(zg, vo, wy) C X. In two space dimensions, the curve 7 has the
same dimension as 0X. As a consequence, «; is a function and therefore is not more
singular than as in the time independent setting when d = 2.

Let ¢.(x,v) be a bounded test function supported in the e—vicinity of v. Because v
is of measure 0 in X when d > 3, we find using (5.24) that

/ ax(, 0,y w). (2, 0) gz, (g, w)dp(x)dvdpa(y)dw <= 0,
T

+><F,

i.e., the multiple scattering contribution is asymptotically negligible with such measure-
ments. Now, choosing ¢.(x,v) properly normalized and supported in the e5—vicinity of
(20, v9) (for ¢ < €9 < 1), we find that

e,1,62—0
<¢e,«4951> 1—2_)> E(y0>ZO)E(Zo,$o)/€(ZO,wo,Uo),
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at each point of continuity of k(zo, wo, vg), where E(x,y) is defined in (5.26). Since o(z)
and hence E(z,y) are known from knowledge of A, then so is k(zg, wo, vg) at each point
of continuity in X x V' x V thanks to the above formula.

The reconstruction of the attenuation coefficient works for any dimension d > 2. The
reconstruction of the scattering coefficient, however, works only in dimension d > 3. The
reason is that in dimension d = 2, the single scattering contribution is also a function, not
a distribution, and thus cannot be separated from the multiple scattering component.
What we have obtained so far may be summarized as:

Theorem 5.2.1 ([18]) Let (0, k) and (,k) be two admissible pairs of optical parame-
ters associated with the same albedo operator A and such that o and & are independent

of the velocity variable. Then o = & in dimension d > 2. Moreover, k = k in dimension
d> 3.

5.2.2 Stability in inverse transport

Let us assume the existence of two types of measurements A and A, say, corresponding
to the optical parameters (o, k) and (7, /;:), respectively. The question of the stability of
the reconstruction is to bound the errors o — & and k — k as a function of A — A.

We obtain stability estimates in dimension d > 3. In dimension d = 2, only the
estimate on o(x) is valid. The construction of the incoming source ¢.(x,v) is such
that ¢. € CY(I'_) is supported in the &, vicinity of (zg,v) and normalized so that
fr_ ¢-d¢ = 1. Let v be a compactly support continuous function, which models the
array of detectors, on I'; such that [|¢||o < 1. Then

U(a,0) (A = A)g.) (z,v)dé(x,0)| < (A= Alle, (5.27)

‘ 1"+

where now || - |21y = || - |z ae), 010 ae))- We still introduce

L(1,e) = : (2, 0) (Am — An)oe) (z,v)dé(x,v),  m=0,1,2,

and obtain that

lim To(,2) = (g0, vo) (o, y0) — E(wo, o) )
T+(a:o,v0) o (528)
hr(%r L(y,e) = / / ) + 7o (x(s), v)v,v) (Exk — Evk)(2(s), vo, v)dsdv
e—
where we have introduced z(s) = x¢ + svg.
The estimate (5.24) allows us to show that
|I($,¢)] < 0/ (/ [t e, 0) de) " dv,  pf > d (5.29)
v NJox

Multiple scattering is therefore still negligible when the support of ¢ := 9, tends to 0
when A\ — 0.

The first sequence of functions ¥, is chosen to have a small support concentrated
in the vicinity of (yo,v9) € I'y. Then the single scattering contribution 1;(¢,) — 0 as
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A — 0. For wy fixed in V', we choose the sequence of functions v, such that they are
concentrated in the vicinity of the curve y(s) on I'y and that they approximately take
the value sign(E,k — E,k)(xo 4 svo, vo, wy) along that curve. Since vy # wg, we verify
that Ip(1,) — 0 for such sequence of functions; see [10]. Now, the function 1, has a
small support only in dimension d > 3. Indeed, in dimension d = 2, the curve v has
the same dimensionality as the boundary 0X. When d = 2, multiple scattering may no
longer be separated from single scattering by using the singular structure of the albedo
operator A. This allows us to state the result:

Theorem 5.2.2 ([10]) Assume that o(x) and k(x,v',v) are continuous on X and X x
V' x V, respectively and that (¢, k) satisfy the same hypotheses. Let (xg,v9) € I'_ and
Yo = To + 71 (29, v9)vg. Then we have for d > 2 that

|E(z0,y0) — E(zo, )| < [A- All gy, (5.30)

while in dimension d > 3, we have

T+ (20,v0) o 5
// |Evk — Eyk|(z0 + svo,vo,v)dsdv < || A = Al gz, (5.31)
vV Jo

The stability obtained above for the X-ray transform of the absorption coefficient is
not sufficient to obtain any stability of ¢ itself without a priori regularity assumptions
on o. This results from the well known fact that the X-ray transform is a smoothing
(compact) operator so that the inverse X-ray transform is an unbounded operator. Let
us assume that o belongs to some space H*(R?) for s sufficiently large and that o,
defined in (5.6) is bounded. More precisely, define

M= {(a, k) e COX) x COUX xV xV)|o e H%“(X), ||U||H%+T(X) + [|opllo < M},
(5.32)
for some r > 0 and M > 0. Then, we have the following result.

Theorem 5.2.3 ([10, 11]) Let d > 2 and assume that (o, k) € M and that (5,k) €
M. Then the following is valid:

lo = llz-x) < CllA = Al 109, (5.33)
wher —%§s<g+r andm:%.
When d > 3, we have
e = Bllzs vy < A = Al (14 14 = A5 (5.34)
where k' = % and 0 <71’ <r.

Such estimates show that under additional regularization assumptions on o, we have
explicit stability expression of Hélder type on o and k. The first stability result (5.33)
was first established in [36].

The proof of these theorems is fairly technical and will not be presented here in detail.
The reason that such technicalities appear is that we have to estimate the influence of
multiple scattering
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Chapter 6

Very brief introduction to
propagation of singularities

The previous chapter showed that the inverse transport problem was a well-posed prob-
lem (or at the very least a mildly ill-posed problem) because the forward transport
problem propagates singularities. What do we mean by this? We mean that singular-
ities in the object we want to reconstruct, namely the optical parameters, propagated
as singularities in the measurement operator, namely the albedo operator. For inverse
transport, we actually showed a little more. We showed, at least in dimension d > 3,
that the whole Radon transform of o(x) and the whole scattering coefficient k(z,v’,v)
propagated as singularities of the albedo operator (respectively describing its ballistic
and single scattering components).

It is the existence of singularities in the measurement operator that allowed us to
obtain the crucial stability estimates that characterize the behavior of an inverse prob-
lem. Assume that the albedo operator is replaced by its angular version, in the following
sense: the source g = g(x) is independent of v on I'_ and the measurements at the de-
tector are of the form fv~u(a:)>0 v-v(z)u(z,v)dv for x € 9X. In other words, we assume
that the source is isotropic at the surface and that the detectors measure the outgoing
current of particles. This is typically the setting in Optical Tomography, where both the
source and the detector are optical fibers that can be modeled as little discs emitting
photons in every direction and collecting photons coming from all directions. Let B the
corresponding measurement operator. Such an operator has a Schwartz kernel given by
B(x,y) related to the Schwartz kernel a(x, v, y,w) of A according to the relation

Blx,y) = / ( a(z,v,y,w)v - v(z) |w - v(y)| dvdw. (6.1)

v(z)>0,w-r(y)<0

Of course, we have a decomposition § = Sy + 1 + P2 of contributions of ballistic,
single scattering, and multiple scattering photons as we have in the angularly resolved
case. Yet, it is very clear that fy(z,y) no longer has any of the singularities displayed
by ag(z,v,y,w). Therefore, 5y can no longer be extracted from [ using singularities.
This does not mean that the information about ¢ is not present in . It is. But it is
no longer possible to use singularities of g to extract ¢ and k. In fact, we can show
that the reconstruction of optical parameters from knowledge of 3 is a severely ill-posed
problem. We refer the reader to [8] for more details on that inverse problem and other
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inverse problems related to inverse transport theory for various (time-dependent, time-
independent, angularly resolved, angularly averaged) measurement operators.

6.1 Notion of singularities

So we know that singularities need to propagate for an inverse problem to be well-posed
(or mildly ill-posed). When singularities do not propagate, it often means that they
are smoothed out. The forward operator is then smoothing and the inverse problem is
severely ill-posed. Can we be a little more precise? The answer is yes, but unfortunately
the mathematical machinery is far from trivial. A very precise notion of singularities of
functions is that of Wave Front Sets. We shall not present such a notion here but still
would like to present some of its flavors. The presentation will be very heuristic.

Particles and phase space description. Let us think of particles. They propa-
gate along known trajectories and we observe them at known times at the end of the
trajectory. Sending them back to their original location is simple: all we have to do
is change the sign of their momentum vector and send them back. This is a simple
“Inverse problem” where singularities (of where particles were originally) propagates to
the measurements. What do we need to represent particles? We need position and
momentum. With unit speed, this means we need position and direction. The initial
positions and directions of the particles become final positions and directions with a
one-to-one correspondence, which makes the inverse problem well-posed. We would like
to mimic this idea for more complex functions and more complex operator. But we
want to retain the idea of localization in space and in directions. For a “function” f(z)
to be localized in space and in direction means that the support of f is close to a point
xo but the Fourier content of f(z) is also close to a plane wave. Think of a localized
wave packet with a given orientation. That wave packet is a “function” and yet has the
characteristics of a particle, with a rather well-defined position and direction.

Wave packets with scale, position, direction. Now an arbitrary function will be
given as a superposition of such wave packets. This is where the mathematical machinery
becomes more difficult. It turns out that with some multiscale analysis, we can indeed
represent functions as a superposition of wave packets with prescribed scale, position,
and direction. Then the forward operator will map such wave packets to other “things”.
If it turns out that these “things” are in fact wave packets in the image space, then
we have a very good description of the forward operator: it maps wave packets with a
given scale, position, and direction, to other wave packets with typically the same scale
but other positions and directions.

It turns out that such a description is sufficiently rich to apply to a lot of problem
and “sufficiently simple” to provide very intuitive characterizations of many important
inverse problems. There are two main applications where such descriptions are very
useful: solutions of wave-type equations and integrals of objects along curves. Integrals
along curves are reminiscent of the Radon transform and this is the example we shall
treat in detail.
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6.2 Radon transform and singularity propagation

We said that a wave packet had a given scale, a position, and an orientation. As the
scaling parameter tends to 0, the wave packet is becoming smaller and smaller, and thus
becomes a better and better representation of what we can call a “singularity”. For a
typical singularity, assume that a two dimensional function is equal to 0 for —1 < x5 < 0
and is equal to 1 for 0 < xo < 1, and this for |z;| < 1. In other words, the action
takes place close to o = (21, 22) = 0 and the jump (singularity) of the function is in the
direction e;. Now translate and rotate the picture and we get a function that can have
a singularity at any point and in any direction.

The wave packet for us will be represented by the following function in the so-called

parabolic scaling: |
Ty T2
) = o5 (5 38)
Let us assume that f is a smooth function with compact support. Then the above
scaling makes that f;, has an extension of order O(h) in the x; variable and of order
O(h?) in the x5 variable. It is therefore localized at x = 0 in the plane. But it also clearly
displays faster oscillations in the x5 variable than in the z; variable. It is therefore also
localize in the “direction” variable, in the sense that it oscillates in the direction e;. The
factor h2 is here to normalize the function fn so that its L?(R?) norm is independent of
h, say equal to 1 for concreteness.
The space-direction singularity of fj, is therefore given by (0, es), i.e., spatial singu-
larity at x = 0 and directional singularity in direction e;. Now let us define

mf(2) = f(x —y), By f(z) = f(R_yu),

where R¢x is the rotation of x by 1. Finally, let

fh(x;:%w) = Tqupfh(x)a (63)

the translation-rotation of f,. Then we observe that f, has a spatial singularity at
x =y and a directional singularity in direction @. The space-direction singularity of fj,
is thus given by (y,1p). This covers the whole three-dimensional space of (microlocal)
singularities.

Now we recall that the Radon transform is given by

(6.2)

Rf(s,0) = / f(s@+ +t0)dt, O = (cosf,sinh), O+ = (—sinh, cosb).
R

We want to understand the Radon transform of f,(x;y,1) and “see” where the singu-
larities in the (x1,x9) variables propagate. Let us start with f,. We write

Ri(s,0) = 5 [ £

-3
h2 Jr

—ssinf + tcos b scos€+tsin9>dt
h ’ h?

1
= —3/f(—ShSiHQh—I—TCOS@h,ShCOSQh+TSin9h)ﬁ(S,9)dT.
hz Jr dr

The first line is what we have; the second line what we want. In other words, can we
find a change of variables such that the above holds? Of course, we have to be lucky
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for this to happen. We want % to be independent of 7 in order to write the integral as
the Radon transform of the function f. For the Radon transform, we are lucky since we
can solve:

ssin 6 tcosd scos0 tsin 0

. = 5, 8in 6y, 5 = T cos Oy, 2 = Sy, cos Oy, R = 7sinf,.
Indeed, we verify that the change of variables is
1 s cosf s sinf t cosf
tanf, = — tané = — = — = — ) 6.4
AU =g ran?, %= 12 cos 0, hsind,’ T~ hcos 0y, (6-4)

We verify that g—i depends on (s,#) but not on the variable of integration ¢.
We have thus found that

1 cosb,,

Rfn(s,0) = ————Rf(sn,0h) =

B3 cosd

1 cosby, cos by, s 1
B3 cosf ( cosf ﬁ,tan l h tan 9>' (6.:5)
Now, from the change of variables, we find that for ), of order O(1), then 6 is of order
O(h). Thus, 6 is localized close to 0. Obviously, when h is small, s is of order O(h?) in
order for Rfy, to be bounded away from 0. We thus see that in the variables (s, 6), then
Rfn(s,0) has a phase-space (position and direction) singularity given by (0,0, e).

So the singularity (0,0, e2) is mapped to the singularity (0,0, ey).

How about the other singularities? Quite generally, using the expression for the
Radon transform, we find that

R(1,Ryp f)(5.6) = Rf(s —y - 6*,6 — ).

Applying this to fj,, we thus find that

R(ful5.0))(s,0) = h—gwa(w_'

where w = w(s,0,y,1) is a weight. In order words, the singularity is at “position”
s =y-0" and 6 = ¢ and is in the direction d(s—y- OL) = ds+y-1df, or equivalently,
in the direction (after normalization) ———— (e, + ¥ - Peg).
(1)

Thus the singularity (y1,y2, 1) is mapped to <y 0+, W(es +y- 'gbeg)>.

This is an excellent first result: it shows that singularities in the object of inter-
est, namely f(x), propagate to singularities in the data, namely the Radon transform.
However, as such, propagation of singularities is not sufficient. We also need to make
sure that different singularities go to different places. Otherwise, the inverse map of
singularity propagation would not be defined as a function. In other words, the map
of singularities needs to be injective. Is this the case? Yes, it is. Assume we have a
singularity at (y -6, ) with direction e, 41 - ey (we forget about normalization of the
unit vector, all that matters is the direction given by the vector, whether it is normalized
or not; in fact, all that matters is the line given by the vector since when a function
jumps in a direction, it clearly jumps in the opposite direction. This is the reason why
projective spaces sometimes make an apparition in the analysis of singularities). We see
that ¢ is uniquely defined. But so are y- 60+ and y - 1, which also uniquely determine .
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So there is a one-to-one correspondence between singularities. The Radon transform is
indeed a nice inverse problem: it propagates singularities and allows us to bring them
back in place unambiguously.

We also observe the regularizing effect of the Radon transform. The power of h in
the above term is h~2 rather than h~3 as was the case in the z varlables The reason
is that the wave packet has been attenuated by h = v/h2, where h~2 is the frequency of
the original wave packet. We observe again that the Radon transform is smoothing by
half a derivative.

These ideas look deceptively simple. They can in fact provide tremendous infor-
mation about an inverse problem. Assume that two singularities make it to the same
place in theory but that only one of the singularities is present in given data. Then
an inversion algorithm will back-propagate the singularity in the data to both places
without prior information. If you know the bad singularity (ghost singularity) does not
exist, then you can remove it from the reconstruction. If you don’t know that, then you
will get ghost singularities in the reconstruction. The propagation of singularity tools
are there to make this concrete. Unfortunately, the mathematics associated to such
constructions is often impenetrable. We leave it here at this very superficial level.
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Chapter 7

Cauchy Problem and Inverse
Diffusion Problem

This chapter introduces two classical examples of severely ill-posed problems for which
the measurement operator is still injective. In the absence of any noise, reconstructions
would be exact. However, stability is so dire that even minute amounts of moderately
high frequency noise will be amplified so much during the reconstruction that the result-
ing image will often be worthless. We have seen in earlier chapters that solving the heat
equation backward was an example of a severely ill-posed problem. Here, we consider
two new examples: the Cauchy problem, which is an inverse source problem, and the
Inverse Diffusion problem, also known as the Calderén problem, which is a nonlinear
inverse problem.

7.1 Cauchy Problem

We start with the Cauchy problem for elliptic equations. As an application in medical
imaging, we mention the monitoring of the electrical activity of the heart. The electric
problem is modeled by a Laplace equation. We first describe in more detail the medical
application and next analyze the Cauchy problem for the Laplace equation.

7.1.1 Electrocardiac potential

Let us consider the application of imaging the electrical activity of the heart. The
problem consists of measuring the electric potential on the endocardial surface (the
inside of the cardial wall). A possible method consists of sending a probe inside the
heart and to measure the potential on the probe. The inverse problem consists then of
reconstructing the potential on the endocardial surface from the measurements.

The problem is modeled as follows. Let I'y be a closed smooth surface in R? rep-
resenting the endocardial surface and let I'; be the closed smooth surface inside the
volume enclosed by I'y where the measurements are performed. We denote by X the
domain with boundary 0X = I'o U I'y; see Fig.7.1. The electric potential solves the
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Endocardial Surface

Au=0

COh

Probe

Figure 7.1: Geometry of endocardial measurements

following Laplace equation:

Au=20 in X,

U= uy on I'y, (7.1)
ou

a—n:() on Fl.

The function u; models the measurements at the surface of the probe, which is assumed
to be insulated so that n- Vu = 0 on I'y. The objective is then to find u = ug on I'y.
As we will see, this is a severely ill-posed problem.

7.1.2 Half Space Problem

In this section we first consider the case of data given on the real line y = 0. In section
7.1.2 we aim at reconstructing the potential on a parallel line y = p. We show in section
7.1.2 that the same method can be used to analytically continue an analytic function
described on the real line.

Electrocardiac application

Let us consider the following two dimensional problem in the upper half plane:

Pu  0%u
@—Fa—yQ—O, reR y>0
u(z,0) = up(x), zeR (7.2)
ou
5?%®=wd@, z€R
Let us denote by
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Upon Fourier transforming (7.2) in the z variable, we obtain

—]ﬂzﬁ—Fa—yZ:O, ke R,y >0
kg, 0) = dig(ky), ke € R, (7.4)
o
—(k,0) = go(kz), k. € R.
o (12,0) = (k)
The solution of the above ODE is given by
X X go(ks) .
) = () cost(il) + S s ), (7.5)
Let us now assume that
|kzltio (k) + go(kz) = 0, (7.6)
so that
(ks y) = do(ks)e™ "1V, (7.7)
Upon inverting the Fourier transform, we obtain that the solution u(z,y) is given by
(@) = w0+ 25 —)(@) =+ [ wolo =) —d (78)
w(z,y) = (ugx ————=)(z) = = | up(x — 2)—=—"—=dz. .
Y O T g2 )y O 22 4 y?

Exercise 7.1.1 (i) Prove (7.8). Hint: Use (1.23) and show that
i/e_mk”leixk“‘dk:x = l—y )
2m R T x? + y2

(ii) Show that %# is the fundamental solution of (7.2) with ug(z) = §(z). Calculate

the corresponding value of go(z).

Notice that the compatibility condition (7.6) can be recast in the physical domain as
go(x) = —Hug(z), (7.9)

where H is the Hilbert transform defined in (2.11). Provided the above compatibility
condition is met, the problem (7.2) admits a unique solution and is well-posed, for
instance in the sense that

/uZ(x,y)dx < /u%(z)dm, for all y > 0.
R R

This is an immediate consequence of (7.7) and the Parseval relation.

However in general, (7.9) is not satisfied. For instance in the electrocardial potential
application, we have gy = 0. In the Fourier domain the solution of the Laplace equation
(7.9) with go = 0 is thus given by

ks, y) = fio(k) cosh([k.y). (7.10)

This implies that high frequencies are exponentially amplified when y > 0. Let us
assume that we are interested in the potential at y = 9. The forward problem, in
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which u(z,yo) is known and u(z,0) = A[u(z,yo)] is measured, is a well-posed problem
in L?(R). Indeed we easily verify from (7.10) that

|Av|| 2wy < ||v]|z2@w)-

The inverse problem, which to ug(x) maps u(x,yy) is however severely ill-posed. Indeed
since cosh(|k,|yo) cannot be bounded by C(1 + |k,|?)*/? for any value of o, we see
that (1.33) cannot hold for any «. The reason is that the forward operator A is more
smoothing than an arbitrary number of anti-differentiations.

The inverse operator A~! can be defined only for sufficiently smooth functions. In-
deed let us consider the space of functions

X,(R) = {u € L2(R); cosh([k,ly)a(k,) € L*(R)}. (7.11)

We verify that A is continuous in L£L(L*(R), X,,(R)) and that its inverse A™! is in
L(X,,(R), L*(R)) and is given by

A7l =F 1 cosh(|ka|y) Fook, u- (7.12)

Unless noise in the data belongs to X, the noise will be amplified by (7.12) in the
reconstruction.

Analytic continuation

Let us now apply the same type of technique to the analytic continuation of an analytic
function given on the real line.

Let f(z) = g(2) + ih(z) be an analytic function with g(z) and h(z) real valued-
functions. Let us assume that g(z) and h(z) are known on the real line (z) = 0. The
objective is to find them for arbitrary values of z. We identify z = z + iy and assume
that g(z,0) and h(x,0) are distributions in S'(R) so that their Fourier transform is
defined. Since f(z) is analytic, we have

af
FER

or equivalently that

0 oh

99 _Oh _, 09 Oh_

Jor 0Oy dy Oz
These Cauchy-Riemann relations imply that g and h are harmonic, i.e., Ag = Ah = 0.
They thus solve the following problems

(7.13)

Ag =0, y >0, Ah =0, y >0,

dg ~ 0Oh oh e

a—y(x,O) = a:E(x,O), 3y (x,0) = 8x(yc,O), (7.14)
g(x,0) known, h(z,0) known.

Both problems are of the form (7.2). The solutions in the Fourier domain are given by

§(ky, 0) cosh(|k,|y) — isign(ky )h(ky, 0) sinh(|k,|y)
h(ky, 0) cosh(|ky|y) + isign(ky)g(ka, 0) sinh(|k,|y)

9(kz,y)
(ks y)

(7.15)

>
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We verify that the problem is well-posed provided that (7.9) is verified, which in this

context means
oh_ 05 Oy _ o
Ox Ox Ox ox
Notice that H?> = —I so that both equalities above are equivalent. When the above
conditions are met, then the analytic continuation is a stable process. When they are
not met, we have seen that high frequencies exponentially increase as y increases, which
renders the analytic continuation process a severely ill-posed problem.

(7.16)

7.1.3 General two dimensional case

We now consider the arbitrary two-dimensional geometries described in section 7.1.1. We
use the Riemann mapping theorem to map such geometries conformally to an annulus
(the region lying between two concentric circles) in the plane. We then solve the problem
on the annulus. The Riemann mapping gives us a stable way to transform the original
domain to an annulus and back. We will see that solving the problem on the annulus is
severely ill-posed similarly to what we saw in the preceding section.

Laplace equation on an annulus

Let us begin with a presentation of the problem on the annulus. We assume that the
inner circle has radius 1 and the outer circle radius p > 0. By simple dilation, this is
equivalent to the more general case of two circles of arbitrary radius a and b. In polar
coordinates the Laplacian takes the form

Au

B 12( (9u> 1 0%u (7.17)

=-—(r— )+ 5=
ror\ or r2 00?
The general solution to the above equation periodic in 6 is decomposed in Fourier modes

as
b )
u(r,0) = ag+ boInr + E <%r" + —nr_”> e, (7.18)

2 2
neN*

Since n - Vu = 0 on at r = 1, we deduce that by and b, — a,, vanish. We then find that
the solution to (7.1) on the annulus is given by

u(r,0) = Z ( ! /O27r emd’ul(gzﬁ)dgb)#eme. (7.19)

o
The above solution holds for all r > 1.

Exercise 7.1.2 Find the relation that uy(0) = u(1,0) and ¢;(#) = n - Vu(1,6) must
satisfy so that the problem

Au =0, | >1
u(1,6) =w(®), n-Vu(l,6)=n(), 0<0<2m

is well-posed (in the sense that the energy of § — wu(p, 8) is bounded by the energy of
uy(#)). Compare to (7.6) and (7.9).
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We verify that an error of size ¢ in the measurement of the coefficient a,, is amplified
into an error of order 5

An(p) = 56"1‘”’ at  r=p.

We verify that A, cannot be bounded by any Cn® for all « > 0, which would correspond
to differentiating the noise level a times. This implies that the reconstruction of u(p, 0)
from u;(0) using (7.19) is a severely ill-posed problem.

Riemann mapping theorem

Let X be an open smooth two dimensional domain with smooth boundary having two
smooth connected components. We denote by I'y the outer component of 0.X and I'y
the inner component; see Fig. 7.1.

For z € X C C we construct a holomorphic function ¥(z) (i.e., a function such that
%—i_’ = 0) mapping X to an annulus of the form 1 < r < p. The function is constructed
as follows. Let first v be the unique solution to the following Dirichlet problem

Av=0 on X, wp, =1, ur, = 0. (7.20)

For some ¢ to be fixed later, let G = cv. We verify that

oG oG ov
I = - - — -
/F1 8ydm+8xdy c FlaVds>0

by the maximum principle (v is positive inside X and its normal derivative must be
negative on I'1). We fix ¢ such that I = 27. In that case we can define a function H(z),
a conjugate harmonic of G(z) on X, by

© 0G oG
H(z) = / ——dx + —dy, (7.21)
0y ox

where p is an arbitrary point in X. Since G is harmonic, we verify that the definition
of H is independent of the path chosen between p and z. Moreover we verify that

oH __oc  on oo
or Oy’ oy Oz’

so that G + iH is a holomorphic function on X. Then so is
T(z) = FOTHE), (7.22)

We verify that ¥(z) maps I'g to the circle |z| = e® and I'y to the circle |z| = 1. Moreover
U is a diffeomorphism between X and the annulus U, = {2z € C, 1 < |z| < e°}. Finally
we verify that AU(z) = 0 on X since ¥ is holomorphic. Therefore we have replaced the
problem (7.1) on X by solving the Laplace equation on U, with boundary conditions
u1(¥(z)) on the circle r = 1 and vanishing Neumann boundary conditions (we verify
that Neumann boundary conditions are preserved by the map V).
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7.2 Inverse Diffusion Problem

We now consider the problem of electrical impedance tomography, which is a non inva-
sive technique that consists of reconstructing the conductivity coefficient of a diffusion
equation from current and voltage boundary measurements. The technical proofs of
some theorems are not presented.

7.2.1 Introduction
More precisely consider the Dirichlet problem

Lou(x) =V -vy(x)Vu(x) =0, xeX
u(x) = f(x), x € 0X,

(7.23)

where X C R? is a bounded domain with smooth boundary dX. The Dirichlet-to-
Neumann or voltage-to-current map is given by

_ Ou
~ Tovlox
The inverse problem consists of reconstructing « from the knowledge of A,.

We first assume that v is a smooth function and perform the following change of
variables:

Ay (f) (7.24)

A’}/l/Z

vVPLyTVP=A=q  q= NV (7.25)

Here A is the usual Laplacian operator.
Exercise 7.2.1 Prove (7.25).

Therefore provided that 7 is known at the boundary of the domain (we shall come back
to this point later), it is sufficient to reconstruct ¢(z) from the boundary measurements
to reconstruct y(x) thanks to (7.25).

7.2.2 Exponential solutions

Let p be a complex-valued vector in C" for n > 2 such that p- p = 0. We then verify
that e*P is harmonic, i.e.,

Ae*P =p.p P =0. (7.26)
It turns out that there are solutions of A — ¢ that are not very different from e*P. Here
is the technical result (without proof)

Theorem 7.2.1 Let g € L*(R™) such that q(x) =0 for |x| > R > 0. Let —1 <6 < 0.
Then there ezists €(0) such that for every p € C" satisfying the two constraints:

1
. :O, d > —— 1+X21/2 oo (R™)
p-p an Ip!_€(5)|\( [%1%) gl oo @)
there exists a unique solution to
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of the form

u(x) = P (1 + (x; p)), (7.27)
where ¥(x; p) € HF(R™). Moreover for 0 < s < 1, we have
C
[l (x; p)HHg(R") < ‘p’1_3' (7.28)
We use here the following Hilbert space
B®) = {7l g = [ A+ PP <oo}, (129

and Hj(R") the associated Sobolev space of order s.
The above theorem shows that complex exponentials are almost in the kernel of
(A — @), up to a factor of size |p|™! in the L?(R™) sense.

7.2.3 The potential problem

Let ¢ € L*™(X), which we extend to 0 outside X. Let us assume that the dimension
n > 3. We define the Cauchy data of the potential problem as the set

o= {2210} o

where u € H'(X) is a solution of (A — g)u = 0. Then we have the following uniqueness
result

Theorem 7.2.2 Let us assume that Cy, = Cy,. Then ¢ = qa.

Proof. For i = 1,2 we define u; € H'(X) as a solution to

We thus deduce from the divergence theorem that

0 0
/ (1 — g2)uruzdx = / (ﬂUQ — %m)do =0, (7.31)
X

8x @1/

since C,, = Cy,. We want to show that the product of two arbitrary solutions u; and s
of the above equations is dense in L?(R"). This would indeed imply then that ¢, = go
which is what we want to prove. The idea is that products of harmonic solutions are
indeed dense in L*(R™) for n > 3. This is done as follows. We choose p, , as

m k+1 m k-1
171—?4’Z 5 PQ—_?‘FZ 5 (7.32)

where the three real-valued vectors k, 1, and m are chosen in R"™ such that

m-k=m-1=k-1=0, m|* = k> + [1]%. (7.33)
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We verify that p, - p, = 0 and that |p;|* =

then chosen of the form

s (|k[* + 1]*). The solutions to (A — ¢)u; are

ui(x) = e Pe(1+ 1y, (x)),
so that (7.31) can be recast as

—

@1 — q2(—k) = — /X eix'k(ql — G2)(Vgy + Vgy + gy10g,)dx. (7.34)

We now let 1] — oo at fixed value of k and deduce in the limit that ¢; — ga(k) = 0 for
all k € R". This concludes the proof of the theorem. 0O

7.2.4 Inverse conductivity problem

Let us come back to the inversion of v from A.,. We verify from the change of variables
(7.25) that

(G

Therefore we can conclude that A,, = A, implies that v; = <, provided that we can
show that 7, and 7, as well as their normal derivatives agree on 0X. We have the
following result

A% (7;1/2

4—1/2‘
axf i X

1), fen”ox)}

oy

Theorem 7.2.3 Let us assume that 0 < v; € C™(X) and that A, = A.,,. Then we can
show that for all |o| < m, we have

(’*)a%‘ = 60‘72‘ . (735)
X X

This result implies that when ~; is real analytic (hence defined by its Taylor expansion at
the boundary 0.X), the knowledge of A, uniquely determines 7 [26]. The results obtained
in the preceding section show that even in the case of v € C?(X), the knowledge of A,
uniquely determines . This fundamental result was obtained in [33].

7.2.5 Stability result

We have seen a uniqueness result in the reconstruction of the diffusion coefficient in
an elliptic equation. The stability of the reconstruction is however extremely poor. A
result expected to be optimal obtained in [4] shows that

17() =7 (%)l x) < Cllog [|A = N]|x| ™" (7.36)

Here A and A’ are the maps corresponding to the diffusion equations with coefficients
v and 7/, respectively, X = L(H'/2(0X), H'/?(0X)), and § € (0,1) is a constant that
only depends on the spatial dimension (greater than 3). This formula implies that even
very small errors of measurements may have quite large effects on the reconstructed
diffusion coefficient.
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The reconstruction of the conductivity ~ at the boundary of the domain 90X is
actually much more stable. We can show the following result. For v, and 7, of class
C>(X) such that 0 < B! <; < E, there exists C such that

s = allegox) < Ol = Ay -y (7.37)
Moreover for all 0 < o < #17 there exists C, such that
o Oy o
||6_u - 8_u||L°°(aX) < GollAyy = A [l s (7.38)

The next two chapters are devoted to simplifications of the reconstruction problem:
since we cannot expect to reconstruct more than a few coefficients from even almost-
noisefree data, we should aim at reconstructing the coefficients we are the most interested
in. This requires some sort of parameterization of those parameters, or equivalently to
some a priori assumptions on the shape of the coefficients we wish to reconstruct.
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Chapter 8

Prior Information and
Regularization

As we have mentioned several times in these notes, the influence of “noise” is largely
subjective. This influence is typically stable in a given norm while it is unstable in
another (more constraining) norm. In which norms that influence is controlled for a
given problem is the role of stability estimates, which we have presented for all the
problems considered in these notes.

Once we have decided that “noise” had too large an effect in the setting of inter-
est, something must be done. That something inescapably requires that we add prior
information. Several techniques have been developed to do so. The simplest and most
developed is the regularization methodology. Typically, such a regularization assumes
that the object we are interested in reconstructing has a prior smoothness. We may
for instance assume that the object belongs to H*(X) for some s > 0. This assump-
tion indicates that the object of interest decreases rapidly in the Fourier domain. High
frequencies, which are not present, thus do not need to be reconstructed with high
accuracy. This allows us to mitigate the effect of high frequency noise.

The main drawback of regularization theory is that objects of interest may not
necessarily be smooth. Smooth means that the first coefficients in a Fourier series
expansion are big while the other coefficients are small. In several settings of interest,
the objects may be represented by a few big coefficients and a large number of small
coefficients, but not in the basis of Fourier coefficients. In other words, the object may
be sparse in a different, known basis. The objective of sparse regularization is to devise
methods to find these coefficients.

In some settings, the problems are so ill-posed that looking even for the first co-
efficients in a given basis may not provide sufficient accuracy. Other sorts of prior
information may be necessary, for instance assuming that the objects of interest are
small inclusions with specific structures. In such settings, reconstructions are typically
not very accurate and it is often important to characterize this inaccuracy. A very ver-
satile setting to do so is the statistical Bayesian framework. In such a setting, objects
of interest are modeled by a set of possible outcomes with prior probabilities of hap-
pening. This is the prior probability distribution. Then data are acquired with a given
noise model. The probability of such data happening conditioned on given parameters is
called the likelihood probability distribution. Using the Bayes rule, a posterior probability
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distribution gives the probability density of the parameters based on availability of the
data.

We now briefly consider these three settings, the smoothness regularization method-
ology, the sparsity regularization methodology, and the Bayesian framework and show
their relations.

8.1 Smoothness Regularization

We have seen that many of the inverse problems we have considered so far are ill-posed,
either mildly ill-posed or severely ill-posed. We present here some smoothness techniques
to regularize them. Such techniques typically work for mildly ill-posed problems but are
not sufficient for severely ill-posed problems.

8.1.1 [Ill-posed problems and compact operators

Let A be an injective and compact operator defined on an infinite dimensional Hilbert
space H with range Range(A) in H:

A:H — Range(A) C H. (8.1)

We recall that compact operators map the unit ball in H to a subset of H whose closure
(with respect to the usual norm in H) is compact, i.e., verifies that every bounded (with
respect to the usual norm in H) family of points admits a converging (with respect to
the usual norm in H) subsequence in the compact set.

Since A is injective (i.e., Az = 0 implies x = 0), we can define the inverse operator
A~ with domain of definition Range(A) and Range H:

A1 D(A™') = Range(A) — H. (8.2)

The problem is that A~! is never a continuous operator from Range(A) to H when both
spaces are equipped with the usual norm in H:

Lemma 8.1.1 For A as above, there exists a sequence x,, such that
znllr =1, Azalla — 0. (8.3)
The same holds true with ||x,| g — oc.

Proof. The proof holds in more complicated settings than Hilbert spaces. The Hilbert
structure gives us a very simple proof and is based on the existence of an orthonormal
basis in H, i.e., vectors x, such that ||z,||z = 1 and (x,,x,)y = 0 for n # m. Since
these vectors belong to the unit ball, we deduce that y,, = Az, is a converging sequence
(up to taking subsequences), say to y € H. Take now &, = 27"/?(x, — 2,,1). We verify
that &, satisfies (8.3). Now define z,, = &,/ HAJEHH}I/Q when the latter denominator does
not vanish and z, = n&, otherwise. Then Az, still converges to 0 while ||z,|| g converges
to oco. O
This simple lemma shows that inverting a compact operator can never be a well-posed
problem in the sense that A~! is not continuous from D(A™!) to H with the H norm.
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Indeed take the sequence y,, = Az, /|| Az, | in D(A™!), where z,, is the sequence in (8.3).
Then ||y,||z = 1 while ||A y, ||z tends to oo.

The implication for our inverse problem is the following. If dy, is our measurement
noise for n large, then §A~1y, will be the error in our reconstruction, which may thus
be arbitrarily larger than the norm of the true object we aim to reconstruct. More
precisely, if Az = b is the real problem and A% = b is the exact reconstruction from
noisy data, then arbitrarily small errors ||b— b|| in the measurements is still compatible
with arbitrary large errors || — Z|| in the space of objects to reconstruct. This shows
that the problem needs to be regularized before any inversion is carried out.

8.1.2 Regularity assumptions and error bound

You should be convinced by the calculations we have carried out in the preceding section
that an ill-posed inverse problem cannot satisfactorily be solved if no other assumptions
on the problem are added. A sometimes reasonable and practically useful assumption
is to impose, before we start the reconstruction process, that the object we want to
reconstruct is itself sufficiently smooth. This allows us to filter out high frequencies that
may appear in the reconstruction because we know they are part of the noise and not of
the object we want to reconstruct. We present two types of theories that put this idea
into a more mathematical framework.

In the first framework, we first introduce the adjoint operator A* to A, defined from
H to Range(A*) by the relation

(Az,y)g = (z, A"Y)m, for all z,y € H.

Since A is compact and injective, then so is A*. We can also define the inverse operator
A~ = (A*)~! from Range(A*) to H.

We may now assume that z, the object we aim at reconstructing, is sufficiently
smooth that is belongs to the range of A*, i.e., there exists y such that x = A*y. Since
A and A* are compact operators, hence smoothing operators, the above hypothesis
means that we assume a prior: that x is smoother than being merely an element in H.
We then define the stronger norm

[l = [[A™" ]|z (8.4)

We may also assume that the object = is even smoother than being in the range of
A*. For instance let us assume that x belongs to the range of A*A, i.e., there exists y
such that x = A*Ay. Note that since both A and A* are smoothing operators (because
they are compact), the assumption on z is stronger than simply being in the range of
A*. We define the even stronger norm

lll2 = [1(A*A) " |- (8.5)

We want to use these definitions to show that if the solution x is a priori bounded
for the || - ||; or the || - |2 norm and “noise” is small, then the error in the reconstruction
is small. For instance, assume that y; = Ax; for j = 1,2 so that y = Az for y = y1 — y»
and x = x1 — xo. If both z;, j = 1,2 are bounded and y is small, then how small is 27
For such questions, we have the following result:
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Theorem 8.1.2 Let v € H such that ||z||; < E and ||Az||g < 6. Then we have:
lzlln < VES. (8.6)
If we now assume that ||z||s < E instead, we obtain the better bound
|z||g < EY36%/3. (8.7)
Proof. Let y = A™*z so that ||ly||z < E. We have then
l2]lF = (2, Ay) = (Az,y) < |Az|ulylla < OF.

This proves (8.6). For the second bound let z = (A*A)™'x so that ||z||z < E and
compute:

2|2 = (z, A*Az) = (Az, Az) < §||Az|| = §(Az, A2)2 < §(z,2)7 < 5E%||x||§

This proves the second bound (8.7). O
The theorem should be interpreted as follows. Consider that Az is the noise level in the
measured data and that ||z||; < E or ||z]ls < E is a priori smoothness information we
have on the object we want to reconstruct. Then the worst error we can make on the
reconstruction (provided we find an appropriate inversion method; see below) is given
by the bounds (8.6) and (8.7). Notice that the latter bound is better (since §2/% < §'/2).
This results from a more stringent assumption on the image x.

Let us now consider smoothing operators in the framework of the Hilbert scale H*(R)
we have introduced in Chapter 1. Then we have the following result

Theorem 8.1.3 Let us assume that the operator A is mildly ill-posed of order o > 0
so that

NAf 2wy = ml fllz-om)- (8.8)

Suppose now that the measurement error is small and that the function we want to
reconstruct is reqular in the sense that

|Af]L2®) < dm, and I fllas ) < E, (8.9)
for some 6 >0, >0, and E > 0. Then we have
[fllz2w) < §ats Fats, (8.10)

Proof. The proof is a simple but interesting exercise in interpolation theory. Notice
that the hypotheses are

I sy < E, and | flz-e@) <96,

and our objective is to find a bound for || f||r2). Let us denote (£) = (1 + |€]*)"/2. We
have

W = [ @O e e
([ 1i@r@=ra) ([ 1fererae)

IN
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thanks to Holder’s inequality

! /Rf <X>9<X>d><\ <1 fllze@ gl o),

which holds for all p > 1 and ¢ > 1 such that p=* + ¢! = 1, where we have defined for
all p > 1,

Il = ([ 17GoPax) ™ (s.11)

Choosing 6 = ;75 and 7 = % gives (8.10).
Let us briefly recall the proof of the Hélder’s inequality [34]. We first verify that

z 1
o< =4 2 x>0,
P q
for p7' +¢~' =1 and p > 1, since z/? — 2 attains its maximum at x = 1 where it is
equal to ¢g~1. For y > 0 we use the above inequality for x/y and multiply by y to obtain
x
gtryt/e < 24 Q’ z>0,y>0. (8.12)
P q

Choosing z = |t f(x)|P and y = |t~ 'g(x)|?, we deduce that

1 1. P 4
/ [Fe)g(a)ldx < Zltf o) + I 'l Tem = Sy + 719170 m)-

for all ¢ > 0. Maximizing over t gives the Holder inequality. O

The last theorem applies to a less general class of operators than compact operators
(although it applies to operators that are not necessarily compact) but it gives us more
accurate results. We should still consider ¢ as the noise level and E as an a priori
bound we have on the object we want to reconstruct. Then depending on the a priori
smoothness of the object, we obtain different possible accuracies in the reconstructions.
What is important is the relative regularity of the object compared to the smoothing
effect of the operator A. When 8 = «, this corresponds to assuming the same regu-
larity as ||z||; < E in Theorem 8.1.2. We thus obtain an accuracy of order 6'/? in the
reconstruction. When 8 = 2a, this corresponds to [|z]s < E since f = (A*A)"g for
some g € L*(R) means that f is twice as regular as A is smoothing. We thus recover
the accuracy of order 6%/% as in Theorem 8.1.2. Theorem 8.1.3 allows us to deal with
arbitrary values of 3. Notice that as § — oo, we recover that the problem is almost
well-posed since the error in the reconstruction is asymptotically of the same order ¢ as
the noise level.

8.1.3 Regularization methods

Now that we know how noise can optimally be controlled in the reconstruction based on
the regularity of the object we want to reconstruct, we need to devise algorithms that
indeed control noise amplification in the reconstruction.

Since A™! is an unbounded operator with domain of definition Range(A), a proper
subset of H, we first need to introduce approximations of the inverse operator. We
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denote by R, defined from H to H for v > 0 a sequence of regularizations of A~* such
that
lim R Az = for all z € H. (8.13)
v—0

Under the hypotheses of Lemma 8.1.1, we can show that the sequence of operators R,
is not uniformly bounded.

Exercise 8.1.1 Prove this.

A uniform bound would indeed imply that A~! is bounded. Thus, R,A converges to
identity strongly (since (8.13) is the definition of strong convergence of operators) but
not uniformly in the sense that ||R,A — I|| does not converge to 0.

One of the main objectives of the regularization technique is to handle noise in an
optimal fashion. Let us denote by 3° our measurements and assume that ||y’ — Az |z < 0.
We then define

270 = Ry’ (8.14)

We want to find sequences R, that deal with noise in an optimal fashion. For instance
assuming that ||z]|; < F and that [|y° — Az||gz < J, we want to be able to show that

|z — 2| < CVES,

at least for some values of v. We know from Theorem 8.1.3 that such a bound is
optimal. We will consider three regularization techniques: singular value decomposition,
Tikhonov regularization, and Landweber iterations.

The choice of a parameter 7 is then obviously of crucial importance as the above
bound will not hold independently of v. More precisely, the reconstruction error can be
decomposed as

127 = 2|l < SR |l + | Ry Az — |5 (8.15)

Exercise 8.1.2 Prove this. The operator norm ||R, ||y is defined as the supremum of
|Ryz || under the constraint ||z gz < 1.

We thus observe that two competing effects enter (8.15). The first effect is the ill-
posedness effect: as v — 0, the norm ||R,|yz tends to co so v should not be chosen
too small. The second effect is the regularization effect: as 7 increases, R, A becomes
a less accurate approximation of identity so v should not be chosen too large. Only
intermediate values of v will provide an optimal reconstruction.

Singular Value Decomposition

For a compact and injective operator A defined on an infinite dimensional Hilbert space
H, let us assume that we know it singular value decomposition defined as follows. Let
A* be the adjoint operator to A and A; > 0, j € N the eigenvalues of the symmetric
operator A*A. Then the sequence p; = \/)\_] for 7 € N are called the singular values of
A. Since p; < ||Al| g, we order the singular values such that

= fo 2> 2 fly > > 0.
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Multiple eigenvalues are repeated as many times as their multiplicity (which is neces-
sarily finite since the associated eigenspace for A*A needs to be compact).
There exists then two orthonormal systems (z;);en and (y;)jen in H such that

Ax; = py; and Ay = pjx;, forall jeJ (8.16)

We call (p;,x;,y;) the singular system for A. Notice that

Az = Zuj(ﬂfa 5) Y5, Ay = Zﬁ‘f(y’yj)wj'
j=1

j=1

Here (z,z;) is the inner product in H, (x,x;)y. We have then the very useful charac-
terization of the Range of the compact and injective operator A:

Lemma 8.1.4 (Picard) The equation Ax =y is solvable in H if and only if

Z%\@,ymz <0, (8.17)

jeN "7

wn which case the solution is given by

r=ATly=>Y" i_(y?yj)xj- (8.18)

jeN 7Y

The ill-posedness of the inverse problem appears very clearly in the singular value de-
composition. As j — oo, the singular values p; tend to 0. And they do so all the faster
that the inverse problem is ill-posed. We can extend the definition of ill-posed problems
in the sense that a compact operator generates a mildly ill-posed inverse problem of
order « > 0 when the singular values decay like ;7 and generates a severely ill-posed
problem when the singular values decay faster than any ;=" for m € N.

So in order to regularize the problem, all we have to do is to replace too small
singular values by larger values. Let us define g(v, i) for v > 0 and p € [0, || A||] such
that

lg(v, ) <1, g(yv, )] < e(y)p, and g(y,p) =1 =0 as v — 0, (8.19)

(not uniformly in p obviously). Then we define the regularizing sequence

q ) 1
Ry=3 208 (e (8.20)
JeN 122}

Compare to (8.18). As v — 0, R, converges to A~1 pointwise. We are interested in
estimating (8.15) and showing that the error is optimal based on the assumed regularity
of x. The total error is estimated by using

o0

BNl < (), B Az —alln =Y (aly, 1) = 1) (2, 2)[ (8.21)

J=1

Exercise 8.1.3 Prove these relations.
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We can now prove the following results

Theorem 8.1.5 (i) Let us assume that v = A*z with ||z|| g < E and that ||y°—Az|| < 6,
where y° is the measurements. Choose q(7y, 1) and v such that

< G N = Gao (8.22)

V7
lq(y, 1) = 1| < 0177 c(y) < ﬁa E

Then we have that

C
70 _ 2
127 — 2|y < <\/@ + 01\/03>\/5E. (8.23)

(ii) Let us assume that v = A*Az with ||z||g < E and that ||y’ — Az| < 0§, where 3° is
the measurements. Choose q(y, i) and 7y such that

¥ C O\ 2/3
4 ) =1 < Cumgy ) < \/—% y = Cﬁ(E) . (8.24)
Then we have that o
|27 — || < (\/g— + C4CG>52/3E1/3. (8.25)
6

Proof. Since © = A*z, we verify that (z,z;) = p,(y,y;) so that

[e.9]

2
1R Az — 2|5 = > (a(v, 1) = 1) [(z,9)F < Cll=1[3-

J=1

This implies that

Cy0
SRy + 1y Az — ol < 2+ CryE.

Using (8.15) and the expression for v yields (8.23).
Exercise 8.1.4 Using similar arguments, prove (8.25).

This concludes the proof. O
We have thus defined an optimal regularization scheme for the inversion of Ax = y.
Indeed from the theory in Theorem 8.1.2 we know that up to some multiplicative con-
stants, the above estimates are optimal.

It remains to find filters (v, 1) satisfying the above hypotheses. We propose two:

12

) = —— 8.26

q(v, 1) T (8.26)
L 2>,

a(v,p) = (8.27)
0, ur <.

Exercise 8.1.5 Show that the above choices verify the hypotheses of Theorem 8.1.5.
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Tikhonov Regularization

One of the main drawbacks of the theory presented in the preceding section is that in
most cases, the singular value decomposition of the operator is not analytically available
(although it is for the Radon transform; see [27, 28]), and is quite expensive to compute
numerically once the continuous problem has been discretized. It is therefore useful to
consider regularization techniques that do not depend on the SVD. One of the most
famous regularization techniques is the Tikhonov-Phillips regularization technique.

Solving Az = y corresponds to minimizing ||Azx — y||y. Instead one may want to
minimize the regularized Tikhonov functional

Ty(@) = Az =yl +ll=llf, v € H (8.28)

For v > 0 and A a linear bounded operator on H, we can show that the above functional
admits a unique minimizer 27 solving the following normal equations

A*AxY + y27 = AMy. (8.29)
We can thus define the regularizing sequence
R,=(y+ A*A)TA* (8.30)

The operator is bounded in H by ||R,||z < Cy~Y/2 for all v > 0. Notice that for a
compact operator A with singular system (u;, z;,y;), we verify that the singular value

decomposition of R, is
o

/,l/ .
Ry =3 ) (8:31)

j=1
This means that the Tikhonov regularization corresponds to the SVD regularization with
filter given by (8.26) and implies that the Tikhonov regularization is optimal to inverse
problem with a priori regularity ||z|; < E or ||z|2 < E. It is interesting to observe
that the Tikhonov regularization is no longer optimal when the a priori regularity of x
is better than [|z||s < E (see [25]).

Let us make this observation more explicit. Let us consider the operator A given in
the Fourier domain by multiplication by (£)~* for some « > 0. We verify that A* = A
and that 2, is given in the Fourier domain by

P

T Fxs so that
gy

1
R < —.
IRl < 5

Indeed, we check that z/(z* +v) < 1/(2,/7) and attains its maximum at = /7. We
now verify that

_ 7
I-RA= 5_1>x<€>_2—a+7-7:x—>§7

so that for a function f € H?(R"), we have

-8
I = RS < s e
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Moreover the inequality is sharp in the sense that there exists functions f such that the
reverse inequality holds (up to a multiplicative constant independent of ; Check this).
For § > 2a, the best estimate we can have for the above multiplier is that it is of order
O(7) (choose for instance (§) = 1).

Exercise 8.1.6 Using (8.12) show that

—2a

)2+~ ~
Show that the above inequality is sharp.

Let Af = g be the problem we want to solve and ¢° the measurements so that ||Af —
¢°||z2@n) < 8. Let us assume that f belongs to H?(R"). We verify using (8.15) that the
error of the regularized problem is given by

If = Ryg’|l < ﬁ 2 £ L. (8.32)
Here, a A b = min(a, b). This implies that

1

If = Ryg’ll < Co7"3 | £ 5ms (8.33)

HPB(R™)

for a universal constant C'. We therefore obtain that the Tikhonov regularization is
optimal according to Theorem 8.1.3 when 0 < § < 2a. However, for all § > 2«, the
error between the Tikhonov regularization and the exact solution will be of order §2/3

instead of §7+a .
Exercise 8.1.7 More generally, consider an operator A with symbol a(£), i.e.,
A ‘Fg_ﬁx (E)‘FX—)Ea

such that 0 < a(€) € C*°(R") and for some a > 0 and a., # 0,

a(§)
(&)

(i) Show that A*, the adjoint of A for the L?(R") inner product, satisfies the same
hypothesis (8.34).
(ii) Show that R, and S, = R,A — I are bounded operator with symbols given by

(&) = (la@)F +7)"a§),  5,(8) =7(la) +) 7",

as €] — 0. (8.34)

respectively.
(iii) Assuming that f € H°(R), show that (8.33) holds.

These results show that for the Radon transform, an a priori regularity of the function
f(x) in H'(R?) is sufficient to obtain an error of order /3. When the function is
smoother, a different technique from Tikhonov regularization is necessary to get a more
accurate reconstruction.
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Landweber iterations

The drawback of the Tikhonov regularization is that it requires to invert the regulariza-
tion of the normal operator v+ A*A. This inversion may be very costly in practice. The
Landweber iteration method is an iterative technique in which no inversion is necessary.
It is defined to solve the equation Ax = y as follows

29 =0, Tpr1 = ([ —rA"A)z, + 1Ay, n >0, (8.35)

for some r > 0. By induction, we verify that z,, = R,y, where

7
L

R,=71Y (I-rA*AFA*  n>1. (8.36)
0

i

Consider a compact operator A with singular system (u;, z;,y;). We thus verify that

oo

Ry =3 (1= (1= rp2)") (5 35);. (8.37)

=1 Hi

Exercise 8.1.8 Check (8.37).
This implies that R, is of the form R, in (8.20) with v =n"" and

(v, ) =1 = (1 —rp)'".
Exercise 8.1.9 Show that the above filter verifies the hypotheses (8.19) and those of
Theorem 8.1.5.

This implies that the Landweber iteration method is an optimal inversion method by
Theorem 8.1.5.

Exercise 8.1.10 Show that the hypotheses of Theorem 8.1.5 are met provided that the
number of iterations n is chosen as

n==«c

Ey

when ||z||; < E and ||z||; < E, respectively.

The above result shows that the number of iterations should be chosen carefully: when
n is too small, then R,A is a poor approximation of /, and when n is too large, then
| R, || is too large. Unlike the Tikhonov regularization, we can show that the Landweber
iteration method is also optimal for stronger regularity assumptions on x than those
given in Theorem 8.1.5 (see [25] for instance).

Let us come back to the operator A with symbol a(§) = (£)~*. We verify that R,
and S, = R,A — I have respective symbols

1= =)
(&) ’

n(§)
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Exercise 8.1.11 (i) Show that s,(x)(&)~? is bounded by Cn=%/?® for (&) of order
n'/%) Deduce that for f € H?(R"), we have

_8
1S fll < Cn™2a || f[ gogn)-

(ii) Show that provided that n is chosen as

n = Co 115

HPB(R™)

we have the estimate

Sl Rall + Suf | < CO5 | £ 5 (8.38)

HA(R")

(iii) Deduce that the Landweber iteration method is an optimal regularization technique
for all 5 > 0.

(iv) Generalize the above results for the operators described in Exercise 8.1.7.

We have thus the striking result that unlike the Tikhonov regularization method de-
scribed in (8.33), the Landweber iteration regularization can be made optimal (by choos-
ing the appropriate number of iterations n) for all choices on the regularity in H”(R")
of the object f.

Let us conclude this section by the following summarizing remark. The reason why
regularization was necessary was because you as a user decided that noise was too
amplified during not regularized inversions. Smoothness priors were then considered to
restore well-posedness. This corresponds to a choice of the factor g and a bound E. In
addition, we need to choose a reqularization parameter, v in the Tikhonov regularization
algorithm and the stopping iteration n in the Landweber iteration. How these choices
are made depends on the bound F but also on the estimated error . Various techniques
have been developed to choose v or n a posteriori (Morozov principle, L-curve). All these
techniques require that 0 be known. There is no free lunch. Regularization does require
prior information about the solution to mitigate the perceived lack of information in the
available data.

8.2 Sparsity and other Regularization Priors

The regularization methods considered in the preceding section have a huge advantage:
the replace ill-posed linear systems of equations by well-posed, at least better-posed
(better-conditioned), linear systems as well. For instance, the inversion of A has been
replaced by that of A*A + ~I in the simplest version of Tikhonov regularization. Their
main disadvantage is that they render the regularized solution typically smoother than
the “exact” solution. Such a smoothing is unavoidable with such regularizations.

The reason why smooth objects are well reconstructed by the smoothing regular-
ization method is that such objects can be represented by a small number of large
coefficients (e.g., the first Fourier modes in a Fourier series expansion). It turns out
that some objects are better represented in other bases. For instance, an image tends
to have sharp discontinuities, for instance between a bright area and a dark area. Some
bases, such as for instance those based on wavelets, will be much better than Fourier
bases to represent this type of information.
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A general framework to account for such prior information is to recast the inverse
problem as seeking the minimum of an appropriate functional. Solving the inverse
problem then amounts to solving a optimization problem. Let us assume that we have
a problem of the form

M(u) = v,

and assume that v, are given data. Let us assume that a functional u — R(u) incor-
porates the prior information about w in the sense that R(u) is small when u satisfies
the constraints. Let us assume also that p(u,v) is a function that we wish to use to
quantify the error between the available data vy and the forward model 9t(u). Then we
want to minimize p(v,vy) and at the same time minimize R(u). Both constraints can
be achieved by introducing a reqularization parameter o and minimizing the sum

Folu) = p(M(u),va) + aR(u). (8.39)
Solving the inverse problem consists of minimizing the above functional to get
U = argmin F,(u). (8.40)

These minimization problems often go by the name of Tikhonov regularization and may
be seen as generalizations of (8.28).

The main objective of regularization (or sparsity) theory is then to devise functions
p, R and a regularization parameter «, that best fits our prior information about the
problem of interest. Once such a problem has been formulated, it remains to devise a
method to solve such an optimization problem numerically. There is a vast literature
on the subject; for recent references see the two excellent books [31, 32].

8.2.1 Smoothness Prior and Minimizations

The simplest class of regularizations consists of choosing p(u,v) = 3||D(u— )3 in the
H = L? sense for an operator D that may be identity or an operator of differentiation if
small errors on derivatives of the solution matter in practice, and choosing R(u) also as
a quadratic functional, for instance R(u) = || Rul|%, again for an operator R that may
be identity or a differential operator. Then associated to the linear problem Au = v, we
have the minimization problem:

1 o
Falu) = §\|D(Au—vd)llfq+ §HRUH%- (8.41)

The main advantage of the above quadratic expression is that the Euler-Lagrange equa-
tions associated to the above minimization problem is the following linear system of
equations

((DA)*(DA) + aR*R)u = (DA)*Du,. (8.42)

When D = R = I, this is nothing but (8.29). Provided that R is an invertible matrix,
then the above problem can be solved for all @« > 0. We have seen in the preceding
section how the method converged (at least when D = R = I) as the noise in the data
and the regularization parameter o tend to 0.
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8.2.2 Sparsity Prior and Minimizations

Choosing p(u,v) = 3||D(u — v)||7 for the misfit to the data is relatively “natural”
as it corresponds to measuring noise in the H = L? sense. The quadratic functional
R(u) = 1||Rul|% is, however, much less justified in many settings.

Sometimes, prior knowledge about the object we wish to reconstruct shows that the
latter is sparse in a given representation (a given basis, say). Sparse means here that
the object is represented by a small number of large coefficients. For instance, an audio
signal may be represented by a finite number of frequencies. Images typically display
sharp edges that can be represented in more economical fashion than pixel by pixel
values.

Let us assume that u is discrete and A a matrix to simplify the presentation. Let us
also assume that Bu is sparse, where B is a known matrix. Sparsity will be encoded by
the fact that the [; norm of Bu is small. Penalizing the residual and the [; norm yields
the minimization of

1
Fulu) = | Bully, + 3l Au = valli,. (8.43)

This and similar minimization problems have been applied very successfully for a large
class of imaging problems.

However, minimizing F,, above is significantly more difficult than solving (8.42). Sev-
eral algorithms have been developed to solve such minimization problems. We present
one strategy, called the split Bregman iteration, that is both efficient and relatively easy
to explain. The main idea is that when B and A are the identity operators, then the
above minimization can be performed for each component of u separately. In the general
case, we introduce

d = Bu,

and replace the above minimization by

A
min [ldly, + &l 4w~ valf, + 5lld — Bul, (8.44)
Choosing A sufficiently large provides a good approximation of the problem we wish to
solve. Alternatively, we can solve a series of problems of the above form and show that
we minimize (8.43) in the limit; we do not present the details here and refer the reader
to [24].

Now the minimization of (8.44) can be performed iteratively by successively min-
imizing for v and for d. The minimization for u becomes a linear problem while the
minimization for d can be performed for each coordinate independently (this is called
soft shrinkage). The iterative algorithm then converges [24]. More precisely, the solution

of
‘ A
min gHAu —vall}, + 54— Bull?,

is given by
(WA*A + AB*B)u = ptA™vg + Ad. (8.45)

This is a linear problem that admits a unique solution. Now the solution of
A ! A ! A
min [ d]l, +5|d—Bull;, = mc}nz; 5]+ 1d; = (Bu)|* = Z;Hclén 5]+ 1d; = (Bu) [
Jj= Jj=
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Now each element in the sum is minimized separately. We find that the solution of
. Ao
min |d| + =|d — al, (8.46)
d 2
is given by the soft thresholding

d = sgn(a) max <|a| — %, 0).

We have presented this algorithm to show that replacing a smoothness regularization
as in (8.41) by a sparsity regularization as in (8.43) increased the computational com-
plexity of the reconstruction algorithm: instead of solving one linear system, we have
to iteratively solve linear systems of the form (8.45) and soft thresholdings given by
(8.46). When the sparsity assumptions are valid, however, these methods have shown
to be greatly beneficial in many practical settings of medical imaging.

8.3 Bayesian framework and statistical regulariza-
tion

The penalty regularization framework seen in the preceding two sections is very efficient
when the data are sufficiently informative. When the data are very informative and noise
relatively small, then no real regularization is necessary. When data are less informative
but still quite informative, prior information becomes necessary and smoothness and
sparsity type priors allow us to still obtain very accurate reconstructions. When data
are even less informative, for instance because noise is very large, or because the problem
is severely ill-posed, then sparsity priors are typically no longer sufficient. What one
typically obtains as a result is a function that resembles the minimum of the penalization
term. In some cases, that may not be desirable. Also, prior information may also
sometimes be known, for instance that next to a black pixel, there is never a blue pixel.
Such information is difficult to include in a penalization method.

A fairly versatile methodology to include various prior informations is the Bayesian
framework. To simplify the presentation slightly, let us assume that the problem of
interest is

y=M(z)+n, (8.47)

where 91 is the measurement operator,  the unknown set of coefficients, y the mea-
surements and n models additive noise in the data.

The main assumption of Bayesian inversions is to assume that x belongs to a class of
possible models X and that each z € X is given an a priori probability of being the “true”
coefficient. The associated probability (density) m(x) is called the prior distribution. A
second ingredient in the Bayesian framework is the model for the noise n. We denote
by m,(n) the probability distribution of n.

Let us now define

")
() = 75

the conditional probability density of y knowing x with m(z,y) the probability density
of z and y. Note that n(x) = [7(z,y)dy as a marginal density so that the above
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conditional probability density is indeed a probability density (integrating to 1 in y).
Note that knowledge of m(y|z) is equivalent to knowledge of m,, since

m(ylx) = m,(y — M(z)) for each fixed x.

Bayes’ rule then essentially states that

m(zly)m(y) = n(ylz)m () = 7(z,y). (8.48)

In our inverse problem where y is the measured data and x the unknown coefficients,

this means ]

m(zly) = @W(ylx)f(l’) o 7(ylx)m (), (8.49)
where o« means proportional to, i.e., up to a normalizing constant (here 1/m(y)). In
other words, if we know the prior density 7(z) and the likelihood function 7(y|z), then
by Bayes’ rule, we know 7(x|y), which is the posterior probability (density).

Let us recapitulate the main ingredients of the Bayesian formalism. We assume the
prior distribution 7(z) known as an indication of our prior beliefs about the coefficients
before data are acquired. We assume knowledge of the likelihood function 7(y|z), which
as we have seen is a statement for the noise model in the experiment. From these two
prior assumptions, we use Bayes’ rule to infer the posterior distribution 7(x|y) for x
knowing the data.

8.3.1 Penalization methods and Bayesian framework

Before going into the advantages and drawbacks of the method, we first show that
penalization methods can be seen as an application of the Bayesian framework. Let
R(z) be a given function and assume that the prior is given by the Gibbs distribution:

m(z) oc e R,
Now assume that the likelihood function is of the form
m(y|r) o efp(y*fm(%))7
where p is a distance function. Then by Bayes’ rule, we find that

m(xly) ox e (p(y—m(w))-FR(l’)) )

The Maximum A Posteriori (MAP) xyap is the parameter that maximizes the pos-
terior distribution, or equivalently the minimum of the functional

F(x) = ply — M(x)) + R(x).

Therefore, for appropriate choices of the prior and likelihood function, we retrieve the
penalization methods seen in the preceding section.

Note that the minimization problem is solved by linear algebra when both p and R
are quadratic functionals. For instance if 7,(n) ~ N (0, X) a multivariate Gaussian with
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correlation matrix ¥, then we have p(n) oc e=2"" ="' Similarly, for 7(z) ~ N(0,T),
then R(z) oc e 2T~ "% g0 that we need to minimize
1 ty—1 |
Flx) = 5(7;—9)?3;) Yy — Mx) + 2% Iz
If 91 is a linear operator, then the solution to the minimization problem is, as we already
saw, solution of
(MM 4+ T e = My
The Bayesian framework can then be used to recover the Tikhonov regularization of
linear equations. Moreover, it gives an explicit characterization of the correlation ma-
trices ¥ and I' as the co-variance functions of the measurement noise and of the prior
assumptions on the coefficients, respectively.

Note that the {; minimization corresponds to a choice R(x) = ), |z;|. This corre-
sponds to assuming that each pixel value satisfies independent and identically distributed
random variables with a Laplace distribution. We thus also recover the sparsity regu-
larizations using the Bayesian framework. If we expect nearby pixels to be correlated,
then more complex prior models or functionals R(z) need to be constructed. This is
a still very active area of research. Although the derivation of the “best” functional is
often more an art than grounded in first principles, the Bayesian framework sometimes
allows for very “pleasing” reconstructions to the eye.

8.3.2 Computational and psychological costs of the Bayesian
framework

We have seen above that the Bayesian framework reduced to an optimization problem
when the Maximum A Posteriori (MAP) xyap is what we are looking for. The Bayesian
framework allows one to obtain much more information, at least in theory, since the
outcome of the procedure is the whole posterior distribution 7(z|y) and not only its
argmax.

In practice, however, we are faced with daunting tasks: first of all, how do we sample
what is often a very high dimensional distribution 7(z|y)? And second of all, even if
sampling is possible, how does one represent such a huge object practically? These two
questions severely limit the applicability of Bayesian frameworks in practice.

A third, and in some sense more fundamental and structural, question pertains to
the choice of the prior 7(z). Where should that prior information come from? There
is no “good” answer to this fundamental yet ill-formulated question. In some sense, we
have already partially answered it: since you as a user decided that adding no prior
information was not working, in the sense that “noise” had too large an effect on the
reconstruction, then you as a user have to come up with another model. The priori
gives you a chance to come up with such a prior model. There is no such a thing as
a “non-informative” prior, since you as a user decided that a prior was necessary. If
data alone are sufficient to obtain “good” reconstructions, then the Bayesian framework
is not necessary. If data are not sufficient, then the Bayesian framework provides a
very versatile framework for you as a user to show that you know something about the
problem that helps you compensate what is not present in the data. Some researchers
will not be satisfied with this way of addressing the inverse problem and the notion of
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“compensating” for the lack of data. This is a perfectly reasonable position. However,
the Bayesian framework at least has this very appealing feature: it provides a logical
mapping from the prior information, namely the prior distribution and the likelihood
function, to the outcome of the procedure, namely the posterior distribution. If nothing
else, it can therefore serve as a very valuable tool to guide intuition and to search what
types of prior informations are necessary for a given set of constraints on the posterior
distribution.

Now that the psychological cost of the Bayesian framework has been taken into
account, let us come back to the computational cost for which we are at least on safer
theoretical grounds and which still poses enormous challenges. Let us first address
the representation of the posterior distribution. Typically, moments of the posterior
distribution are what we are interested in. For instance, one may be interested in the
first moment (a vector) and the variance (a matrix)

Ty = /mr(x|y)da:, I, = /:U Q@ zm(x|y)de — T, @ Ty, (8.50)

Of interest are also various quantiles of the posterior distribution, for instance the prob-
ability that z; be larger than a number v: [ m(z|y)x(z; > 7)dz, where x(X) is the
indicatrix function of the set X equal to 1 on X and to 0 otherwise.

For each of these moments of the posterior distribution, we need to be able to sample
m(x|y)dz. In a few cases, the sampling of 7(z|y)dx may be straightforward, for instance
when 7(y|x) has a Gaussian structure. In most cases, however, sampling is a difficult
exercise. The most versatile method to perform such a sampling is arguably the Markov
Chain Monte Carlo (MCMC) method. The objective of MCMC samplers is to generate
a Markov chain X' for ¢+ € N whose invariant distribution (distribution at convergence
when the algorithm converges) is the posterior distribution. There are two main MCMC
samplers, the Gibbs sampler and the Metropolis-Hastings sampler. The latter is defined
as follows. Let us assume that we want to sample a distribution m(x|y)

Let g(x,2’) be a given, positive, transition density from the vector x to the vector
x’ (it thus sums to 1 integrated in all possible vectors z’ for each x). Let us then define

oo, )7() 1) 50

a(z,z") := min < q(2', )7 (zly)’

Note that the above quantity, which is all we need about 7(z|y) in the Metropolis-
m(@'|y)
m(zly)
constant of 7(x|y), which is typically not known in the Bayesian framework.

Let X' the current state of the Markov chain. Let X be drawn from the transition
kernel ¢(X? 2’). Then with probability a(X?, X**1), we accept the transition and set
X1 = X1 while with probability 1 — (X%, X?*1), we reject the transition and set
Xi+1 — Xz

The transition probability of the chain from x to z’ is thus p(z, 2") = a(z, 2")q(x, ')
while the probability to stay put at @ is 1 — [ p(z,2")dz’. The construction is such
that 7(z|y)p(z, 2') = p(z’, x)7(2'|y), which means that 7(z|y)dy is indeed the invariant
distribution of the Markov chain. In practice, we want independent samples of 7 (z|y)
so that the following Monte Carlo integration follows from an application of the law of

Hastings sampler, depends only on and thus is independent of the normalizing
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large numbers (ergodicity), for instance:

[t ~ 5 3 o), (352

el

for any reasonable (continuous) functional f. Such a rule is accurate if the X are
sampled according to 7(z|y)dy and are sufficiently independent. This is for instance
achieved by choosing I = {1 <i <ip., ¢= Nj, j € N}. For instance, we can take
imax = 107 and N = 1000 so that I is composed of |I| = 10* points chosen every 1000
points in the Metropolis-Hastings Markov chain. For an accuracy equal to \/m =0.01
(as an application of the central limit theorem to estimate the error in (8.52)), we thus
need 107 evaluations of m(z|y). Using Bayes’ rule, this is proportional to (x)m(y|z),
where the latter likelihood function requires that we solve a forward problem (for a given
x drawn from the prior 7(x)) to estimate the law of the “data” y. In other words, the
construction of the above statistical moment with an accuracy of order 102 requires that
we solve 107 forward problems. In many practical situations, this is an unsurmountable
computational cost. Moreover, this assumes that the transition g(x, z’) has been chosen
in a way that every 1000 samples X? are indeed sufficiently independent. This is very
difficult to achieve in practice and is typically obtained by experienced users rather than
from sound, physics- or mathematics- based principles.

Note that in practice, it has been observed that [ in (8.52) should be the set of all
runs 1 < i < imax. In other words, there is no gain in throwing away points X in
the evaluation of the integrals. However, the above heuristics are correct: the error in
the approximation (8.52) is indeed proportional to the square root of the number of
independent components in {X*} and not v/imax-

Many methodologies have been developed to improve the efficiency of MCMC algo-
rithms. It is however fair to say that even with nowadays computational capabilities,
many problems of interest are totally out of reach using the standard Bayesian frame-
work. That said, it is still a very versatile methodology that goes a long way to address
our main problem, which I recall was: you as a user decided that adding no prior
information was not working and thus something had to be done.
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Chapter 9

Examples of geometrical prior
information

We have seen in the preceding chapter that the Bayesian framework allowed for a versa-
tile method to incorporate prior information into reconstructions. The main drawback of
such methods is that a deterministic reconstruction is replaced by a measure of possible
reconstructions, which is often daunting to sample and represent from a numerical point
of view (computational cost) and requires prior information that different practitioners
may disagree on (psychological cost).

Other, more physically motivated, methods allow us to incorporate (strong) prior
information. In one such method, we aim to reconstruct the support of an inclusion
rather than its full description and assume that such an inclusion is embedded into a
known medium. Several techniques have been developed to do this and we shall focus
on a method called the factorization method. The factorization method is a functional
analytical tool that allows us to separate the influence of the unknown inclusion from
that of the known background.

In another method, we assume that the inclusion is small and perform asymptotic
expansions in its volume to understand the leading influence of such an inclusion on
available measurements. The reconstruction then focuses on the first coefficients ap-
pearing in the asymptotic expansion assuming the surrounding background known. We
now present the two methods in a simple setting, knowing that both methods have been
extended in various ways.

9.1 Reconstructing the domain of inclusions

The reconstruction of physical parameters in an elliptic equation from boundary mea-
surements, such as the Neumann-to-Dirichlet map, is a severely ill-posed problem. One
should therefore not expect to reconstruct much more than a few coefficients modeling
the physical parameters, such as for instance the first Fourier modes in a Fourier series
expansion.

In certain applications, knowing the first few coefficients in a Fourier series expansion
is not what one is interested in. One may have additional a priori knowledge about
the object to be reconstructed and may want to use this knowledge to look for more
appropriate parameters. In this chapter, we assume that the physical parameters are
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given by a background, which is known, and an inclusion, from which we only know that
it differs from the background. Moreover, we are not so much interested in the detailed
structure of the inclusion as in its location. We thus wish to reconstruct an interface
separating the background from the inclusion.

To reconstruct this interface, we use the method of factorization. The method pro-
vides a constructive method to obtain the support of the inclusion from the Neumann-
to-Dirichlet (NtD) boundary measurements. Notice that the NtD measurements allow
us a priori to reconstruct much more than the support of the inclusion. However, be-
cause we restrict ourselves to this specific reconstruction, we can expect to obtain more
accurate results on location of the inclusion than by directly reconstructing the physical
parameters on the whole domain.

9.1.1 Forward Problem

We consider here the problem in impedance tomography. The theory generalizes to a
certain extent to problems in optical tomography.

Let y(x) be a conductivity tensor in an open bounded domain X € R™ with Lipschitz
boundary 0.X. We define X, a smooth surface in X, as the boundary of the inclusion. We
denote by D the simply connected bounded open domain such that > = dD. This means
that D is the domain “inside” the surface ¥.. We also define D¢ = X\ D, of boundary
0D = 0X UX. We assume that v(x) is a smooth known background ~(x) = 70(x) on
D¢ and that v and vy are smooth but different on D. For vy a smooth known tensor
on the full domain X, this means that v jumps across ¥ so that ¥ is the surface of
discontinuity of . More precisely, we assume that the n X n symmetric tensor 7o(x) is
of class C?(X) and positive definite such that &¢&;70;;(x) > ag > 0 uniformly in x € X
and in {{}, = & € S™!, the unit sphere in R". Similarly, the n x n symmetric
tensor v(x) is of class C?(D) ® C%(D¢) (in the sense that v(x)|p can be extended as
a function of class C?(D) and same thing for 7(x)|pc) and positive definite such that
&i&57i5(x) > ap > 0 uniformly in x € X and in {{}7, =& € S"

The equation for the electric potential u(x) is given by

V- -ywWVu = 0, in X
n-yWVu = g on 0X (9.1)

/ udo = 0.
X

Here, n(x) is the outward unit normal to X at x € 0X. We also denote by n(x)
the outward unit normal to D at x € 3. Finally g(x) is a mean-zero current, i.e.,
/. ax 9do = 0, imposed at the boundary of the domain.

The above problem admits a unique solution H}(X), the space of functions in u €
H'(X) such that [, udo = 0. This results from the variational formulation of the
above equation

b(u, ) = /X YV Vodx /8 goda(x) = 10), 9.2)

holding for any test function ¢ € H}(X). Indeed from a Poincaré-like inequality, we
deduce that b(u, v) is a coercive and bounded bilinear form on H}(X) and the existence
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result follows from the Lax-Milgram theorem. Classical trace estimates show that u|sx €

H}*(8X), the space of functions v € HY/2(9X) such that Jox vdo = 0.
We define the Neumann-to-Dirichlet operator Ay, depending on the location of the
discontinuity 3, as

Ag : Hy'P(0X) — HY?(0X), g — upx, (9.3)

where u(x) is the solution to (9.1) with boundary normal current g(x). Similarly, we
introduce the “background” Neumann-to-Dirichlet operator Ay defined as above with
~ replaced by the known background ~y. To model that the inclusion has a different
conductivity from the background, we assume that v satisfies either one of the following
hypotheses

Y(X) = Y(x) Za1>0 onD,  7(x)=7(x), onD" (9.4)
Yo(x) —y(x) > a3 >0 on D, Y(x) = v(x), on D (9.5)
for some constant positive definite tensor . The tensor inequality v; > 75 is meant in

the sense that §&;(v1,i5 — 725) = 0 for all £ € R™.

9.1.2 Factorization method
The purpose of the factorization method is to show that
ANo—As = L*FL, (9.6)

where L and L* are operators in duality that depend only on v|p = (70)|p and £F is an

operator that generates a coercive form on Hé/ *(2) when (9.4) and (9.5) are satisfied,
respectively. The operators are constructed as follows. Let v and w be the solutions of

V.-yVu = 0, in D¢ V-yVw = 0, in D¢
n-yWVv = ¢ on 0X n-YyWVw = 0 on 0X
n-yVv = 0 on X n-ywWw = —¢ on X (9.7)
/ vdo = 0, / wdo = 0.
b b

These equations are well-posed in the sense that they admit solutions in H'(D¢) with
traces in H'/2(¥) and in H'/2(0X) at the boundary of D¢. We then define the operator
L, which maps ¢ € Hglﬂ(@X) to vly € Hé/z(E), where v is the unique solution to the
left equation in (9.7), and the operator L*, which maps ¢ € Hgl/Z(E) to w|sx, where
w is the unique solution to the right equation in (9.7). We verify that both operators
are in duality in the sense that

(Lé,d)s = /E OLé do = /6 L dor = (9. Wox.

Let us now define two operators Gy, and G5, as follows. For any quantity f defined
on D U D¢, we denote by fT(x) for x € ¥ the limit of f(y) asy — x and y € D¢, and
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by f~(x) the limit of f(y) asy — x and y € D. Let v and w be the unique solutions
to the following problems

V-4Vv = 0, in X\X V-AaVw = 0, in X\X
[v] = 0, onX [w] = ¢, onX
n-vVov] = 0 onX n-AVw] = 0 onX (9.8)
n-yVv = g ondX n-vyWVw = 0 ondX
/U do = 0 / wdo = 0.
b X

We define G, as the operator mapping g € H61/2(6X) to Gxg =n- ”yVUE € Hgl/Q(E)

and the G%, as the operator mapping ¢ € HS/Q(E) to G5¢ = wpx € Hé/2(3X), where
v and w are the unique solutions to the above equations (9.8).

Except for the normalization fz v do = 0, the equation for v is the same as (9.1)
and thus admits a unique solution in H'(X), say. Moreover integrations by parts on D¢

imply that
/n-'vaJr dO':/ g do=0.
2 0X

This justifies the well-posedness of the operator Gy as it is described above. The oper-
ator G%, is more delicate. We first obtain that for any smooth test function 1,

/ yYVw - Vi) dx—i—/n-’waw+ do = 0
/nyquLb dx—/zn-nyww do = 0,
D 2

so that
/XWVw -V dx = /(—n -yVw) [¢] do. (9.9)

)
It turns out that |n - ")/vaH—l/2(E) is bounded by the norm of yVw in H(div, X)
0

(see [23]). This and a Poincaré-type inequality shows that the above right-hand side
with ¢ = w is bounded by C ||gz§|]i{1 5y Existence and uniqueness of the solution
0

w € HY(D)® H'(D) to (9.8) is then ensured by application of the Lax-Milgram theory.
This also shows that the operator G5, as defined above is well-posed.
Integrations by parts in the equation for v in (9.8) by a test function ¢ yields

/ YVu -V dx — / n-yVop do = 0
(9.10)
YWov-Veodx+ [ n-yVvptdo = / gy do,
De b X

from which we deduce that

/XVW-Vsoz/axgso—/E(ng)[w]. (9.11)
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That G5, and G5, are in duality in the sense that

/ Gxg ¢ do = / g G50 do, (9.12)
>

0Xx
follows from (9.11) with ¢ = w and (9.9) with ¢ = v since [v] = 0.
We finally define Fy, as the operator mapping ¢ € Hé/Z(Z) to Fx¢p = —n-yVw €

H;'?(S), where w is the solution to (9.8). Based on the above results, this is well-posed
operator. Moreover, we deduce from (9.9) that

(Falu], [¢])z = /X VW Vi dx = ([u], Felt])s, (9.13)

so that Fy, = FY. Upon choosing [w] = [¢/], we find that Fy is coercive on Hé/z(Z).
This implies among other things that Fy is injective.
We now notice that
5 = L*Fy.
This follows from the uniqueness of the solution to the elliptic problem on D¢ with
conditions defined on 0D = X U0X. By duality, this also implies that Gy, = Fx, L. The
operators Gy and F| are defined similarly except that v is replaced by 7 in equations
(9.8). Let us finally define the operator M, which maps g € H51/2(8X) to upx €

HS/Q(ﬁX), where u is the solution to

V-yVu = 0, in D¢

n-yVu = 0, on X
(9.14)
n-vWu = g, on 0X

/ udo = 0.
X

Except for the normalization, the operator M is the same as the operator L (so that
L — M is proportional to identity) and is thus well-posed. We now verify from the
linearity of the elliptic problems that

Ay =M —L*Gy =M — L*Fxy L, A=M—-L"Gy=M — L"FyL. (9.15)
We thus deduce the main factorization result of this section, namely that
Ao — Ay =L"FL, F =Fy, — Fy. (9.16)

The above result would not be very useful if ' did not have specific properties. We
now show that F' or —F' generates a coercive form on HS/ 2(2) and may be written as
B*B for some operator B* surjective. Note that F* = F since both Fy and Fy are
self-adjoint.

We denote by wy, the solution w to (9.8) and by wy the solution to the same equation
with v replaced by 7. Upon multiplying the equation for wy, by wy and subtracting the
equation for wy multiplied by wy;, we obtain since v = 9 on D¢ that

/ (v —7)Vwy - Vus dx = /(n AVwsw, —n - yVwows )do
D

0 = j(n-vagwar —n - yVwows )do.
>
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Notice that both v and Vwy jump across 2 but that n - yVwy does not. This yields
that

/ (v =) Vwy - Vws dx = /(Fg — Fy)podo = / Foodo. (9.17)
D > b

Let us now introduce dw = wy—wys. Upon multiplying V-4, Vow+V - (y9—v)Vws =
0 by dw and integrating by parts on D and D we deduce that

/ YoVow - Vow dx + / (v — 7)Vuws - Vs dx = / (v — 7)Vwy - Vwy dx.
X D D

By exchanging the roles of the indices ¥ and 0 we also obtain
/ YVow - Vow dx + / (Yo — v)Vwg - Vwg dx = / (70 — v)Vwy - Vws, dx.
b's D D

Combining these results with (9.17) we deduce that

/F¢¢da = /70V5w~V(5wdx+/(fy—*yo)ng-ngdx
b X D

(9.18)
/ —Fopdo = / YVow - Vow dx + / (70 — v)Vwy - Vg dx.
b X D

Let us assume that (9.4) holds. Then F generates a coercive form on Hé/ ?(2). Indeed,
let us assume that the right-hand side of the first equality above is bounded. Then by a
Poincaré-type inequality, we have dw € H*(X) and wx|p € H'(D) thanks to (9.4). This
implies that (n-yVws)x € H V/2(X) and thus based on (9.8) that ws|p. € H' (D).
This in turn implies that both w{ and wy belong to HY/?(X) so that their difference
NS Hé/ ?(£). Thus, we have shown the existence of a positive constant C' such that

16ll 12y < C(F, @)L, (9.19)

Exchanging the indices > and 0 also yields the existence of a constant C' under hypothesis
(9.5) such that

In what follows, we assume that (9.4) and (9.19) hold to fix notation. The final results
are not modified when (9.5) and (9.20) hold instead.

The operator F is defined from H,'*(X) to H, "/*(%), which have not been identified.
So writing F' = B*B requires a little bit of work. Let Z be the canonical isomorphism
between H Y *(2) and Hé/ ?(2). Since it is positive definite we can decompose it as

I=07, J: H'*%) = L[A%), J°: LAZ) — HY*(D).
0

Both J and J* are isometries as defined above. We can thus recast the coercivity of F
as

(F6,6) = (FT"u,T"0) = (TFT"u,0) = a8l = ollulBss)

So JEJ* as a self-adjoint positive definite operator on L?*(X) can be written as C*C,
where C' and C* are bounded operators from L2(X) to L3(X). Since

1Cul sy > allulZs s,
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we deduce that C* is surjective. We thus obtain that ' = B*B where B = C(J*)™!
maps Hy'?() to L2(X) and its adjoint operator B* = J~'C* maps L3(2) to Hy/*(%).
Since J is an isomorphism, we deduce that B* is surjective.

From the above calculations we obtain that

Ao—Ag = L*FL = L*B*(L*B*)* = A*A, A= BL.

Since the Range of (A*A)'/? for A acting on Hilbert spaces is equal to the Range of A*,
we deduce that
R((Ao — As)"?) = R(L"B*) = R(L") (9.21)

since B* is surjective. The latter is shown as follows. We always have that R(L*B*) C
R(L*). Now for y € R(L*) there is « such that y = L*z and since B* is surjective u
such that y = L*B*x so that y € R(L*B*); whence R(L*) C R(L*B*).

When (9.5) and (9.20) hold instead of (9.4) and (9.19), we deduce that

R((As — Ao)'?) = R(LY), (9.22)
instead of (9.21). In both cases we have shown the following result.

Theorem 9.1.1 Provided that (9.4) or (9.5) holds, the range of the operator L* defined
in (9.7) is determined by the Neumann-to-Dirichlet operator As..

9.1.3 Reconstruction of X

The above theorem gives us a method to reconstruct »: we need to find a family of
functions that belong to the Range of L* when some parameter covers D and do not
belong to it when the parameter covers D°. Notice that the operator L* does not
depend on the domain D and thus only depends on the tensor vy and the surface .
Consequently, the reconstruction of ¥ will be independent of v on 7, except for the
existence of a positive definite tensor « such that (9.4) or (9.5) holds.

Let us now introduce the family of functions N (-;y) indexed by the parameter y € X
solution of

V-%VN(;y) = 0(-—y), in X

n-%VN(;y) = 0 on 0X (9.23)
N(;y)do = 0.

X

We define the family of functions gy (x) = N(x;y)jax on 0X. We then have

Theorem 9.1.2 The function gy(x) belongs to R(L*) when'y € D and does not belong
to R(L*) wheny € D°.

This theorem provides us with a constructive method to image > = 0D. For each
y € X, all we have to do is to solve (9.23) and verify whether the trace on 90X belongs
to the Range of (#(Ag—Agx))/2, which can be evaluated boundary measurements. Only
when the verification is positive can we deduce that y € D.

Proof. The proof of the theorem is as follows. When y € D, we have that n -
YN(x;y)s € Ho_l/Q(Z) and V - 1% VN(;y) = 0 on D° so that g, € R(L*). Let
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us now assume that y € D¢ and gy(x) € R(L*). Then there exists ¢ € Ho_l/2(2)
such that gy = L*¢ = wjpx, where w is the solution to (9.7).Let B(y;e) be the ball
of radius € centered at y for e sufficiently small. On D\B., both w and g, satisfy
the same equation. By uniqueness of the solution to the Cauchy problem imposing
Dirichlet data and vanishing Neumann data on 90X, we deduce that w = g, on DA\B..
On w. = B.,\B. for some fixed gy > 0, we verify that the H'(w.) norm of w remains
bounded independently of e, which is not the case for the fundamental solution gy;
whence the contradiction implying that gy is not in the Range of L* when y € D¢. O

9.2 Reconstructing small inclusions

This second section concerns the reconstruction of small inclusions. We have seen that
the reconstruction of diffusion or absorption coefficients in an elliptic equation resulted in
a severely ill-posed problem. The previous chapter dealt with the issue by reconstructing
the support of an inclusion instead of its detailed structure. Because the support of the
inclusion remains an infinite dimensional object, the stability of the reconstruction is
still a severely ill-posed problem. Here we further simplify the problem by assuming
that the inclusions have small support. This introduces a small parameter allowing
us to perform asymptotic expansions. We can then characterize the influence of the
inclusion on the boundary measurements by successive terms in the expansion. The
interest of such a procedure is the following. Since high-order terms in the expansion
become small very quickly, the procedure tells us which parameters can be reconstruction
from a given noise level in the measurements and which parameters cannot possibly be
estimated. Moreover, these parameters come in small numbers. Each term in the
asymptotic expansion is characterized by a finite number of parameters. This implies
that by truncating the expansion, we are in the end looking at the reconstruction of
only a finite number of parameters. Unlike the previous reconstructions, this becomes a
well-posed problem since ill-posedness inevitably comes from the infinite dimensionality
of the object we want to reconstruct, at least as long as the mapping from the object
to be reconstructed to the noise-free measurements is one-to one (injective), which was
always the case in the problems treated so far.

We consider in this chapter a mathematically very simple problem, namely the re-
construction of inclusions characterized by a variation in the absorption coefficient. We
also restrict ourselves to the reconstruction from the leading term in the aforementioned
asymptotic expansion. The interesting problem of variations of the diffusion coefficient
is mathematically more difficult, although the main conclusions are in the end very
similar. The presentation follows that in [7].

9.2.1 First-order effects

Let us consider the problem of optical tomography modeled by a diffusion equation on
a domain X with current density g(x) prescribed at the boundary 0X. We assume
here that the diffusion coefficient is known and to simplify, is set to D = 1. Our main
hypothesis on the absorption coefficient is that is is the superposition of a background
absorption, to simplify the constant ¢y, and a finite number of fluctuations of arbitrary
size o, — 09, with o, constant to simplify, but of small volume. Smallness of the volume
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of the inclusions compared to the volume of the whole domain is characterized by the
small parameter ¢ < 1. The diffusion equation with small absorption inclusions takes
then the form

—Au.(x) + 0. (x)us(x) = 0, X

ou (9.24)
c = 0X
aV 97 Y
where absorption is given by
M
oe(x) = 00 + Z O Xz +eBum (X)- (9.25)
m=1

We have introduced here €B,, as the shape of the mth inclusion centered at z,,, and
Xz, +eB,, (X) = 1 if x — z,,, € €B,,, and 0 otherwise. The inclusions are centered at 0 in
the sense that

/ xdx =0 for all m, (9.26)

and are assumed to be at a distance greater than d > 0, independent of ¢, of each-other
and of the boundary 0.X. The parameter ¢ is a measure of the diameter of the inclusions.
In the three-dimensional setting, which we assume from now on, this implies that the
volume of the inclusions is of order 3.

We want to derive an asymptotic expansion for u. in powers of ¢ and see which
information on the inclusions we deduce from the first terms in the expansion. Let us
first define the Green function of the corresponding homogeneous problem

—AG(x;2) + 00G(x;2) = §(x — 2), X

oG (9.27)
8_1/(X’ Z) - Oa aX»

the homogeneous-domain solution U(x) of

—AU(x) +ooU(x) =0, X (9.28)
) =g, X |

As ¢ — 0, the volume of the inclusions tends to 0 and u. converges to U. To show this,
we multiply (9.27) by u. and integrate by parts to obtain

M

> [ oGzt

Zm+eBm

u:(z) = /8X 9(x)G(x;2z)do(x) —

m=1
Using the same procedure for U(x), we obtain

M

w(z) = U(z) = 3 / o G (56 7)1 (). (9.29)

mzl m+EBm
In three space dimensions, the Green function is given by
6_‘/UO|Z_X‘

- A7|z — x|

G(x;2) + w(x;z), (9.30)
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where w(x;z) is a smooth function (because it solves (9.28) with smooth boundary
conditions) provided that 0X is smooth. For z at a distance greater than d > 0 away
from the inclusions x,, + €B,,, we then deduce from the L*> bound on u. (because g
and 0X are assumed to be sufficiently regular) that

u.(z) = U(z) + O(e?).

In the vicinity of the inclusions, we deduce from the relation

/ G(x;z)dx = O(g?), Z—Zy € By,

m+eBm

that u.(z) — U(z) is of order ¢ when z is sufficiently close to an inclusion. This also
shows that the operator

M

Kai) ==Y / 0 G (5¢: 2) 11 () ¢ (9.31)

m:l 'm"l‘aBm

is a bounded linear operator in £(L>(X)) with a norm of order £2. This implies that
for sufficiently small values of €, we can write

= i K*U(z). (9.32)

The above series converges fast when ¢ is small. Notice however that the series does not
converge as fast as €2, the volume of the inclusions, because of the singular behavior of
the Green function G(x;z) when x is close to z.

Let us now use that

M
w.(z) = U(z) — Z / o Gi(36: 2)U ()
v Zmtebim (9.33)
Y / / 000G (: 2) Gy X1t (y ) dydx.
m=1 n=1 Zm+eBm Jzn+eBn

For the same reasons as above, the last term is of order £°, and expanding smooth
solutions U(x) and G(x;z) inside inclusions of diameter €, we obtain that

M
us(x ZG 2; 2 ) CrnU (2,,) + O(E°), (9.34)
m=1
where (), is given by

Cp = €| B |om. (9.35)

The reason why we obtain a correction term of order £° in (9.34) comes from the fact
that (9.26) holds so that the terms of order &, proportional to x- VU or x- VG, vanish.
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9.2.2 Stability of the reconstruction

The above analysis tells us the following. Provided that our measurement errors are
of order O(e®), the only information that can possibly be retrieved on the inclusions is
its location z,, and the product C,, = €30,,B,, of the absorption fluctuation with the
volume of the inclusion. More refined information requires data with less noise. This
information on the inclusion may look unimpressive. Yet assuming that the inclusions
are sufficiently small so that the above asymptotic expansion makes sense, no other
information can be obtained in a stable fashion from the data.

Notice that the problem to solve is now finite-dimensional. Indeed, each inclusion
is represented by four real numbers, namely the three components of the position z,,
and the product C,,. Assuming that only M inclusions are present, this leaves us with
4M parameters to reconstruct. The main advantage of reconstructing a finite number
of parameters is that it is natural to expect stability of the reconstruction. We can even
show stability of the reconstruction from boundary measurements corresponding to one
current density g(x) provided that the homogeneous solution U(x) is uniformly positive
inside the domain. Here is how it can be proved.

Let us assume that the boundary measurements have an accuracy of order O(e?),
consistent with

uc(z) = U(z) = Y Co(G(zm; 2)U(2)) + O(°). (9.36)

m=1

We denote by u. and u. the solution of two problems with absorption coefficients o,
and o, of the form (9.25). Using (9.36), we obtain that

u.(z) — ul(z) = F(z) + O(e),
with ;
F(z2) ==Y (CulGlzni2)U(2,) = C(Glz,2)U (). (937

1
Here we use M = max(M, M') with a small abuse of notation; we will see shortly that
M = M'. The function F'(z) satisfies the homogeneous equation —AF + coF =0 on X
except at the points z,, and z/,. Moreover, we have that ‘?9—5 =0at0X. If F=0o0n0X,
we deduce from the uniqueness of the Cauchy problem for the operator —A + oy that
F=0in X. Ase — 0 and u. —u. — 0, we deduce that F'(z) becomes small not only at
0X but also inside X (the continuation of F' from 0X to X\{z,, Uz} is independent
of £). However, the functions G(z,;2z)U(z,,) form an independent family. Each term

must therefore be compensated by a term from the sum over the prime coefficients. We
thus obtain that M = M’ and that

Con(G(2m; 2)U (2m)) = O, (G(2,:2)U(2,,))| < Cllue — < ox) + O(e).

The left-hand side can be recast as

(Crn — Crln)G(Zm; z)U(zm) + Crln(zm — 2,,,)04,,, (G (23 2)U (21, )

m
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where z,, = 0z, + (1 — 0)z], for some 0 € (0,1). Again these two functions are linearly
independent so we deduce that

|Cin = Cl + Oz — 20| < Cllue — wel|ze(ox) + O(”).
Using (9.34) and (9.35), we then obtain assuming that |Ju. — ul||1~@x) = €°, that
| B — Bioi,| 4 |2m — 20| < Ce™?|lue — ul|| o (ox) = €. (9.38)

Assuming that the accuracy of the measured data is compatible with the expansion
(9.34), i.e. that the u. is known on dX up to an error term of order €°, we can then
reconstruct the location z,, of the heterogeneities up to an error of order €2. The product
of the volume of the inclusion and the absorption fluctuation is also known with the
same accuracy.
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Chapter 10

Hybrid Inverse Problems

An alternative to the prior assumptions we have made in the preceding two chapters is to
acquire different measurements. Consider an elliptic equation and the reconstruction of
the diffusion coefficient (the Calderén or inverse diffusion problem). The main difficulty
is that the elliptic operator is a smoothing operator. As a consequence, by the time
information is measured by the detectors at the domain’s boundary, high frequencies
have been exponentially attenuated and the inverse problem is severely ill-posed.

The cure to such an ill-posedness is to use well-posed inversions, for instance, inverse
wave problems or inverse problems of integral geometry (such as the Radon transform).
Since the solution of the diffusion equation does not solve a wave equation, we need to be
sufficiently lucky that a physical phenomenon couples the wave-like and the elliptic-like
phenomena. This way, we can obtain a hybrid imaging technique that couples the high
contrast (but low-resolution) of the diffusion-like equation with the high resolution (but
often low contrast) of the wave-like equation.

In this chapter, we consider two such physical couplings. The first coupling is the
photo-acoustic effect whereas the second coupling is the ultrasound modulation coupling.

10.1 Quantitative Photo-acoustic tomography

Photoacoustic tomography (PAT) is a recent hybrid medical imaging modality that
combines the high resolution of acoustic waves with the large contrast of optical waves.
When a body is exposed to short pulse radiation, typically emitted in the near infra-red
region in PAT, it absorbs energy and expands thermo-elastically by a very small amount;
this is the photoacoustic effect. Such an expansion is sufficient to emit acoustic pulses,
which travel back to the boundary of the domain of interest where they are measured
by arrays of transducers.
The acoustic signals are modeled by the following wave equation
1 9? Ddo(t

= a—tf Ap= F%H(w), (10.1)
with ¢s the sound speed and I" a coupling coefficient assumed to be constant and known.
The acoustic pressure p(t, z) is then measured on dX as a function of time. Finally, the
amount of absorbed radiation H(x) is given by

H(z) =T (x)o(z)u(x), (10.2)
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where o(x) is the absorption coefficient, I'(z) is the Griineisen coefficient quantifying
the photo-acoustic effect, and u(x) is the intensity of radiation at point z. Note that the
wave equation above corresponds to stating that p solves an equation with vanishing
sources when ¢ > 0 and with initial conditions such that p(t = 0,z) = H(z) and
Op(t =0,2) = 0.

A first step in PAT is therefore the reconstruction of an initial condition H(x) in
a wave equation from boundary measurements. Assuming that the sound speed ¢, is
constant and that the geometry of acquisition of p(t, z) is simple, for instance with de-
tectors located on a sphere containing the domain of interest X, then the reconstruction
of H(x) is a well-posed problem that admits explicit expressions. We do not consider
further the first step of PAT. Let us simply note that when the sound speed is not
constant, or when attenuation of waves are accounted for, the reconstruction of H(z)
can be significantly more complicated.

Once this first step is done, QPAT then consists of reconstructing (D(z), o(x),'(x))
from knowledge of

Hi(z) =T'(x)o(z)u;(z), 1<j<J, (10.3)

for J € N* illumination maps g;(z), where u; is the solution to the steady-state equation

-V - D(x)Vu; + o(x)u; =0, re X CR",
() Vu; + o(x)u, (10.4)
U; = gj xr € 0X.

Throughout the paper, we assume that all the coefficients are known at the domain’s
boundary 0X. Our objective is to reconstruct them in X. Unfortunately, no mat-
ter how large J and the illuminations g; may be chosen, we cannot reconstruct all of
(D(z),0(x),['(x)) from QPAT measurements of the form (10.3). However, when, say
" is known (it is typically assumed to be constant), then we can reconstruct the other
two coefficients (D(x),o(x)) provided that illuminations are well-chosen. This is an
interesting result. That we can reconstruct o from H(x) is expected. However, D(z)
appears in H (z) only implicitly through u(x). That it can be reconstructed is not clear
a priori. The main results in QPAT are

e Two well chosen illuminations provide two independent relations xy = x(D,o,T")
and ¢ = q(D,o0,T") of the three coefficients (D, o,I"). This allows us to uniquely
reconstruct two out of the three coefficients (D, o,I") provided the third one is
known.

e These two independent relations uniquely determine the measurements H(z) for
all other possible illuminations g(x) on 0X. In other words, independent of the
number of illuminations and corresponding measurements, all that we can recon-
struct about (D, 0,T") is (x, q). This makes it impossible to reconstruct the three
coefficients (D, o,I") from QPAT data without additional prior information.

e For two well-chosen illuminations, the reconstruction of (x,q) is Hoélder-stable
in appropriate norms, which means that an error of order ¢ in the data in an
appropriate norm generates an error in the reconstruction of (y,q) of order &”
in another appropriate norm for some x > 0. (We say that a reconstruction is
Lipschitz-stable when x = 1.)
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The last item provides the main advantage compared to the Calderén problem: be-
cause we have access to internal measurements, singularities no longer need to propagate
to the domain’s boundary. The reconstructions in QPAT are significantly more stable
than for boundary measurements. However, only two out of three coefficients can be
reconstructed from QPAT measurements. In practice, I' is often assumed to be constant
and known. In such a situation, the optical coefficients D and ¢ can be uniquely and
stably reconstructed. Moreover, we have an explicit reconstruction procedure as we shall
describe soon. However, such a procedure is guaranteed to work only when well-chosen
illuminations g; for j = 1,2 are used. In dimension n = 2, a large class of illuminations
works independent of the optical parameters. This is no longer the case in dimension
n > 3. In the latter case, it is possible to show that there exist illuminations such that
the above reconstruction can be performed in a stable manner. However, the description
of these illuminations is rather implicit, which remains a problem in practice.

Here are now some mathematical assumptions on the coefficients and on two illu-
minations (boundary conditions) that we call well-chosen. Here and below, we denote

by W™P(X) the space of functions with derivatives of order less than or equal to m in
LP(X).

(i) The coefficients (D, o, T) are of class W*°(X) and bounded above and below by
positive constants. The coefficients (D, 0, T") are known on 0.X.

(ii) The illuminations g; and gy are positive functions on 9X and we assume that
they are the values (the restrictions) on 90X of functions of class C*(X) (i.e.,
functions that are three times differentiable with continuous derivative of order 3

on X = X UdX).

(iii) the vector field

H H
B:=H VHy — H,VH, = HfVFQ = va% = —HQQVFl (10.5)
1 Uy 2
is a vector field in W1*°(X) such that
1Bl(x) > o >0, a.e. v € X. (10.6)

By standard regularity theory for elliptic equations and the maximum principle, the
solutions to (10.4) are of class W*?(X). Beyond the regularity assumptions on (D, o,T'),
the domain X, and the boundary conditions g; and g5 , the only real assumption we
impose is thus (10.6). Let us make several remarks on this condition.

(i) In general, there is no guaranty that the gradient of {2 does not vanish. Not all
pairs of illuminations (g1, g2) are well-chosen.

(ii) That the vector field 5 does not vanish is a sufficient condition for the stability
estimates presented below to be satisfied. It is not necessary. Stable (though
probably less stable) reconstructions are still expected for a much larger choice of
illuminations.
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(iii) Guaranteeing (10.6) is relatively straightforward in dimension n = 2. It is much
complicated in dimension n > 3. The only available methodology to ensure that
(10.6) holds for a large class of conductivities is based on the method of complex
geometric optics (CGO) solutions.

In dimension n = 2, we have:

Lemma 10.1.1 Assume that h = ;Z—i on 0X s an almost two-to-one function, i.e., a

function that is a two-to-one map except possibly at its minimum and at its mazimum.
Then (10.6) is satisfied.

Proof. Upon multiplying the equation for u; by us, the equation for us by wuy, and
subtracting both relations, we obtain

V- (D)VE = 0, inX
u
u; 0 (10.7)
— = =, on 0X.

Uy (%51

This implies that v := Z—f satisfies an elliptic equation with a diffusion coefficient D =
Du? bounded from above and below by positive constants. Note that 3 = HZVwv.
Results in, e.g., [3, Theorem 1.2] show that Vv cannot vanish inside X. By the maximum
principle and the assumption on h, no critical point of v can occur on dX either. This
implies that |[Vu| > 0 and that we can find a constant such that (10.6) holds since H7 is
bounded from below by a positive constant and by continuity |Vv| attains its (strictly
positive) minimum in X. 0O

Note that the above proof, as most proofs in this chapter, involve the analysis of
solutions of (mostly elliptic) partial differential equations. Standard results in this very
well developed field are not recalled here. We refer the (courageous) reader to [21, 22]
for the details. In dimension n > 3, the above result on the (absence of) critical
points of elliptic solutions no longer holds. However, by continuity, we may verify that
(10.6) is satisfied for a large class of illuminations when D is close to a constant and
o is sufficiently small. For arbitrary coefficients (D, o) in dimension n > 3, the only
available proof that (10.6) is satisfied for an open set of illuminations is the one obtained
in [16].

Uniqueness result. We first prove a result that provides uniqueness up to a specified
transformation.
Theorem 10.1.2 Assume that hypotheses (i)-(iii) hold. Then

(a) Hy(z) and Hy(z) uniquely determine the whole measurement operator # : H2 (0X) —
HY(X), which to g defined on 0X associates H(g) = H in X defined by (10.3).

(b) The measurement operator H uniquely determines the two following functionals of

(D,o,T):
w@) = Y20, )= (

Here A is the Laplace operator.

AVD 3)(:,;). (10.8)

+
vD D
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(¢) Knowledge of the two functionals x and q uniquely determines Hy(x) and Hy(x).
In other words, the reconstruction of (D, o,T") is unique up to transformations that
leave (x, q) invariant.

Proof. Let us start with (a). As in the derivation of (10.7), we obtain

~V - (Du})V= = 0, in X
H (10.9)

Du} = Dpxgi, on 0X.

This is a transport equation in conservative form for Du?. More precisely, this is a
transport equation V - pf = 0 for p with pox = 1 and § = 8 = (Du%)Vg—f Since
Be Whoo(X) and is divergence free, the above equation for p admits the unique solution
p = 1 since (10.6) holds. Indeed, we find that V-(p—1)23 = 0 by application of the chain
rule with pjsx —1 =0 on 0X. Upon multiplying the equation by % and integrating by
parts, we find

2
V@ dr = 0.

22772
/X (p—1)°X"H; H,
Using (10.6), we deduce that p = 1. This proves that Du? is uniquely determined.
Dividing by H? = (I'c)?u?, this means that x > 0 is uniquely determined. Note that
we do not need the full W (X)) regularity of 3. However, we still need a condition of
the form (10.6) to conclude that the solution to the transport equation is unique.
Let now ¢ be an arbitrary boundary condition and let u be the solution to (10.4)
and H = Hg defined by (10.3). Replacing Hy above by H yields

H
-V - X’H}V— = 0, in X
H, (10.10)
H = Tsx0pxg, on dX.

This is a well-defined elliptic equation with a unique solution H € H'(X) for g €
H:z (0X). This proves that #H is uniquely determined by (Hi, Hs).

Let us next prove (b). We have already seen that y was determined by (H;, Hs),
which is clearly determined by . Moreover, define v = v/Duy, which is also uniquely
determined based on the results in (a). Define

_ —Av  A(VDuw)
B VDu
Since u; is bounded from below, is sufficiently smooth, and solves (10.4), a routine

calculation shows that ¢ is given by (10.8).
Finally, we prove (c). Since ¢ is known, we can solve

(A —|—q)l}j = 0, X, v; = \/D|@ng 8X, j = ]_,2

Because ¢ is of the specific form (10.8) as a prescribed functional of (D, o, T'), it is known
that (A + ¢) does not admit 0 as a (Dirichlet) eigenvalue, for otherwise, 0 would also
be a (Dirichlet) eigenvalue of the elliptic operator

(=V-DV +0)- = (—VD(A+q)VD) - (10.11)
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The latter calculation is the standard Liouville transformation allowing us to replace an
elliptic operator by a Schrodinger operator. Thus v; is uniquely determined for j = 1, 2.

Now,

r V;
O-’Uj:_j7 j:172a

VD' x

and is therefore uniquely determined by (x,¢q). O

H

j :FO'U]':

On the reconstruction of two coefficients. The above result shows that the unique
reconstruction of (D, o, T") is not possible even from knowledge of the full measurement
operator H defined in Theorem 10.1.2. We therefore face this peculiar situation that two
well-chosen illuminations uniquely determine the functionals (x,¢) but that acquiring
additional measurements does not provide any new information, at least in the absence
of noise in the data. However, if one coefficient in (D, 0, I") is known, then we have the
following positive result that the other two coefficients are uniquely determined:

Corollary 10.1.3 Under the hypotheses of the previous theorem, let (x,q) in (10.8) be
known. Then

(a) If T is known, then (D, o) are uniquely determined.
(b) If D is known, then (o,1") are uniquely determined.

(¢) If o is known, then (D,T') are uniquely determined.

Proof. (a) is probably the most practical case as I' is often assumed to be constant.
Since T is known, then so is I'y = v/D /o so that we have the elliptic equation for VD:

1
(A+q)VD + =0 X VDpx = /Dox, 0X. (10.12)
Again, because of the specific form of ¢, (A 4 ¢) is invertible and the above equation

admits a unique solution. Once v/ D, hence D, is known, then so is 0 = ‘/;

If D is known in (b), then o is known from ¢ and I" is known from y.
Finally in (c), we obtain that from the expression for ¢ that

VDA+qVD+o=0 X, VDpx=+Dox, 0X. (10.13)

We need to prove a uniqueness result for the above nonlinear equation for v/ D. Let us
assume that v/ D and another solution 7v/' D for 0 < 7(x) satisfy the above equation for

o fixed. We have o
—VD(A+gVDr—==0 X.
T

Thanks to (10.11), this implies the following equation for 7:

1
-V -DV71+o(r——-)=0, X, T=1, 0X.
T

Upon multiplying by 7 — 1 and integrating by parts, we find that

1
/D|V7’—1)|d:zc+/a|7—1|T+ z = 0.

Since 7 > 0, we deduce from the above that 7 = 1 and that D is uniquely determined
by q. We then retrieve I' from knowledge of y. O
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Reconstruction formulas. Note that the above uniqueness results are constructive.
In all cases, we need to solve the transport equation for y:

-V (x*3) =0 in X, Xjox known on 90X, (10.14)

with 8 the vector field defined in (10.5). This uniquely defines xy > 0. Then we find

that AU, Y) Ay
1X 2X
)= — = — . 10.15
q() i Hox (10.15)
This provides explicit reconstructions for (y,¢). In case (b), no further equation needs
to be solved. In cases (a) and (c), we need to solve an elliptic equation for v/D, which is
the linear equation (10.12) in (a) and the nonlinear equation (10.13) in (c). These are

the steps that will be implemented in the sections on numerical simulations below.

Stability of the solution of the transport equation. Before presenting our nu-
merical framework, we derive a stability result for the reconstruction of y. A similar
result was obtained in [16] by using the stability of the method of characteristics to
solve ordinary differential equations. Here, we present a stability result that is directly
obtained from the PDE (10.9) and is similar in spirit to estimates obtained in [3] and
to the notion of renormalization property of transport equation [20]. Similar stability
results can be obtained for ¢ and then for (D,o,T") depending on the reconstruction
considered.

Theorem 10.1.4 We assume that the hypotheses of Theorem 10.1.2 hold. Let H =
(Hy, Hy) be the measurements corresponding to the coefficients (D, o, ) for which hy-
pothesis (iii) holds. Let H = (Hy, Hy) be the measurements corresponding to the same
illuminations (g1, g2) with another set of coefficients (D, &, 1) such that (i) and (ii) still
hold. Then we find that

1
Ix = Xller(x) < C||H — HH(QWL% , for all 2 < p < o00. (10.16)

(X))?

Let us assume, moreover, that v(z) is of class C3(X). Then we have the estimate

L~
_ v < — 3 < . .
X~ Sl < O —HIE, - foralla <p<oc (10.17)
By interpolation [2], the latter result implies that
X = Xllpe(x) < C||H — f[\|?£d§(”;())2, for all 2 < p < oco. (10.18)

We may for instance choose p = 4 above to measure the noise level in the measurement
H in the square integrable norm when noise is described by its power spectrum in the
Fourier domain.
Proof. Define v = x? and 7 = x? with x defined in (10.8) and § and § as in (10.5).
Then we find that
AV

vV—1U
v

(vB)+V (8 —B) = 0.
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Note that v3 = X2H12Vf[—f is a divergence-free field. Let ¢ be a twice differentiable,
non-negative, function from R to R with ¢(0) = ¢/(0) = 0. Then we find that

vV—1U vV—1U

Vep(E)wh) + o (E) VB - B =o.

v

Let us multiply this equation by a test function ¢ € H'(X) and integrate by parts.
Since v = v/ on 90X, we find

/)(go(y;ﬁ)uﬁ-vgdx—l—/xﬂ(ﬁ—ﬁ)v- [@'(”;”)}d;g:o.

Upon choosing ¢ = %, we find

H, 2 ~ H ~ v—rvH
2o 2 / _ g .viy / _ 5. H v o
/Xgm/ 1‘VH1‘dZL‘—|- Xu(ﬂ B) Vngodx+ XV(B B)-V T dr =0

v—U v—U

Above, ¢ stands for p(*>*) in all integrals. By assumption on the coefficients, V%=
is bounded a.e.. This is one of our main motivations for assuming that the optical
coefficients are Lipschitz. The middle term is seen to be smaller than the third term
and so we focus on the latter one. Upon taking ¢(x) = |z|P for p > 2 and using
assumption (iii), we find that

I = 7y < C [ 18— Bl = 7
By an application of the Holder inequality, we deduce that
L1
v = #llure) < CIB = BllZg

We next write 3 —B= (Hy — .Hl)VHQ + ﬁl(V(HQ — I:IZ) — ... and use the fact that the
solutions to (10.4) and the coefficients are in W1*°(X) to conclude that (10.16) holds.

The other results are obtained by regularity theory and interpolation. Indeed from
regularity results in [22] with coefficients in W (X), we find that the solutions to
(10.4) are of class W34(X) for all 1 < g < oo. Since the coefficient 7 is of class C3(X),
then the measurements H; are of class W34(X) for all 1 < ¢ < oo. Standard Sobolev
estimates [22] show that

- -2 -
1Hj = Hjllwracx) < CllH; = Hjllgox) [ H = Hilljsax):

The last term is bounded by a constant, which gives (10.17) for ¢ = £. Another
interpolation result states that

]

d

- < v 6 1-6 — .
lells < IVellsllell, ™, it

This provides the stability result in the uniform norm (10.18). O
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On the reconstruction of one coefficient. We conclude our theoretical section by
the reconstruction of one coefficient when the other two coefficients are known. This
is significantly simpler than the reconstruction of two coefficients. In none of the cases
do we need to solve a transport equation involving the vector field 5. The latter was
obtained by eliminating ¢ from the elliptic equation, which is no longer necessary when
two coefficients are already known.

H
When only I' is unknown, then we solve (10.4) for u and then construct I' = —.
ou

When only o is unknown, then we solve

H
-V - -DVu(x)+ —= = 0, in X H
I , o= ro (10.19)
u(x) = g(x), onoX u
When only D is unknown, we obtain u = % and then the above elliptic equation in

(10.19) with Djpx known is a transport equation for D. As soon as Vu is a sufliciently
smooth, non-vanishing vector field, then D is uniquely determined by the above linear
equation.

10.2 Ultrasound Modulation Tomography

The preceding section concerned the photo-acoustic effect. We now consider another
physical mechanism that couples optical waves with ultrasound, namely the ultrasound
modulation effect.

We consider the following elliptic equation

—V.o(x)Vu=0 in X, u=g¢g on0X. (10.20)

Here, o is the unknown diffusion coefficient, which we assume is a real-valued, scalar,
function defined on a domain X C R" for n = 2 or n = 3. We assume that o is bounded
above and below by positive constants so that the above equation admits a unique
solution. We also assume that o is sufficiently smooth so that the solution to the above
equation is continuously differentiable on X, the closure of X [22]. We denote by 90X
the boundary of X and by g(z) the imposed (sufficiently smooth) Dirichlet boundary
conditions.

As we have seen already, the coefficient o(x) may model the electrical conductivity
in the setting of electrical impedance tomography (EIT) or a diffusion coefficient of
particles (photons) in the setting of optical tomography (OT). Both EIT and OT are
modalities with high contrast, in the sense that o(x) takes different values in different
tissues and allows one to discriminate between healthy and non-healthy tissues. In OT,
high contrasts are mostly observed in the absorption coefficient, which is not modeled
here [15].

A methodology to couple high contrast with high resolution consists of perturbing the
diffusion coefficient acoustically. Let an acoustic signal propagate through the domain.
We assume here that the sound speed is constant and that the acoustic signal is a plane
wave of the form pcos(k - x + ¢) where p is the amplitude of the acoustic signal, k its
wave-number and ¢ an additional phase. The acoustic signal modifies the properties of
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the diffusion equation. We assume that such an effect is small and that the coefficient
in (10.20) is modified as
o.(x) = o(z)(1 + (ec), (10.21)

where we have defined ¢ = ¢(x) = cos(k - x + ¢) and where € = pI' is the product of the
acoustic amplitude p € R and a measure I' > 0 of the coupling between the acoustic
signal and the modulations of the constitutive parameter in (10.20). We assume that
€ < 1 so that the influence of the acoustic signal on o, admits an asymptotic expansion
that we truncated at the second order as displayed in (10.21). The size of the terms in
the expansion are physically characterized by ¢ and depend on the specific application.

Let u and v be solutions of (10.20) with fixed boundary conditions g and h, respec-
tively. When the acoustic field is turned on, the coefficients are modified as described
in (10.21) and we denote by u. and v. the corresponding solutions. Note that u_. is the
solution obtained by changing the sign of p or equivalently by replacing ¢ by ¢ + 7.

By the standard continuity of the solution to (10.20) with respect to changes in the
coefficients and regular perturbation arguments, we find that u. = ug + eu; + O(g?).
Let us multiply the equation for u. by v_. and the equation for v_. by wu., subtract the
resulting equalities, and use standard integrations by parts. We obtain that

/X(a8 —0_)Vu. - Vu_.dr = /ax J_E%UE — Je%v_gds(a:). (10.22)
Here, ds(x) is the standard surface measure on 0.X. We assume that o.0,u. and 0.0,v.
are measured on 0X, at least on the support of v. = h and u. = g, respectively, for
all values € of interest. Note that the above equation holds if the Dirichlet boundary
conditions are replaced by Neumann boundary conditions. Let us define

1 v_. du,
Je = 5 /ax 075%% — UE%U,Eds(x) = eJi +e% )+ 0. (10.23)
We assume that the real valued functions J,, = J,,(k,¢) are known (measured func-
tions). Notice that such knowledge is based on the physical boundary measurement of
the Cauchy data of the form (u.,0.0,u.) and (ve,0.0,v.) on 0.X.

Equating like powers of ¢, we find that at leading order

/X [Co(z)Vug - Vug(z)] cos(k -z + p)dz = Ji(k, ¢). (10.24)

This may be acquired for all & € R" and ¢ = 0,7, and hence provides the Fourier
transform of

Hlug, vo|(x) = Co(x)Vug - Vug(z). (10.25)

Note that when v. = u., then we find from the expression in (10.22) that J, = 0 in
(10.23) so that the expression for J; may be obtained from available measurements in
(10.23) with an accuracy of order O(e?). Note also that

1
Hlug, vol(x) = Z(H[uo + o, ug + vo] — Hug — vo, ug — vo])
by polarization. In other words, the limiting measurements (for small €) in (10.25) may
also be obtained by considering expressions of the form (10.22) with u. = v..
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In the setting of optical tomography, the coefficient o, in (10.21) takes the form

where &, is the diffusion coefficient, c. is the light speed, and n is spatial dimension.
When the pressure field is turned on, the location of the scatterers is modified by
compression and dilation. Since the diffusion coefficient is inversely proportional to the
scattering coefficient, we find that

1
7@ oGy ).

Moreover, the pressure field changes the index of refraction (the speed) of light as follows
ce(r) = c(x)(1 4 vec(x)),
where v is a constant (roughly equal to % for water). This shows that
C=—1+(d-1)). (10.26)

In the setting of electrical impedance tomography, we simply assume that ¢ models the
coupling between the acoustic signal and the change in the electrical conductivity of the
underlying material. The value of ¢ thus depends on the application.

Assuming the validity of the above derivation, the objective of ultrasound modu-
lated optical tomography (UMOT) and ultrasound modulated electrical impedance to-
mography (UMEIT) is to reconstruct the coefficient o(x) from knowledge of the interior
functionals

H;j(z) = o(x)Vu;(z) - Vu;(z), 1<i,5<m, (10.27)
where u; is the solution to the equation

V(O’VUZ)ZO X,

10.28

for appropriate choices of the boundary conditions g; on 0.X. In practice, the ultrasound
modulation effect is extremely weak because the coupling coefficient I' is small. The
above inverse problem is therefore more a theoretical problem than it is a practical
problem at the moment. However, its mathematical analysis shows that UMOT and
UMEIT are well posed problems unlike the (non ultrasound-modulated) OT and EIT
problems.

Reformulation and Elimination. The main strategy we use to reconstruct ¢ from
knowledge of H = {H;;};; is first to write equations for the quantities S; := /oVu;
that are independent of ¢ and then to show that ¢ is uniquely determined when S; is
known.

We define:

1
S; :=+0oVu;, 1<i<m, F :=V(logo) = §Vlog0. (10.29)
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Using the equations (10.28), the definitions (10.29) and the fact that 2 S; is a gradient,
we obtain:

1
n=2: [V, %S]} —0 & [V.S]-[FS,)=0, (10.31)
n=3: VX(%S]):O = VXSJ‘—FXSJ':O, (1032)

where we have defined for n = 2 the product [A, B] := A,B, — A,B, and [V, A] =
0, A, — 0, A, for smooth vector fields A and B, while for n = 3, X is the standard cross
product.

We now wish to eliminate F' from such equations and get a closed form equation for
the vectors S; with sources that only involve the known matrix H. Such an elimination
requires that we find n vectors S; that form a basis of R” for n = 2,3. In dimension
n = 2, it is not difficult to find boundary conditions ¢g; guaranteeing the existence of such
a basis for all x € X. In dimension n > 3 and by appropriate choice of the illuminations
gi, we are able to construct such bases on subset of R™ that cover X using triplets of
vectors that depend on the subset. We thus consider the above equations for S; and F
over an open subset (2 C X, over which we make the assumption that

in{f2 det(S1(x),...,Su(x)) =co >0, (10.33)
TE

where the n vectors S; for 1 < j < n are chosen among the m vectors considered in
(10.27). Since the determinants are central in our derivations, we define

d(z) :=det(S1(x), S2(x)), n=2 and D(x):= det(S1(x), S2(x), S3(x)), n =3,
(10.34)
for all z € Q. Note that det(S1(z), ..., Sp(z)) = (detH)z(z) > ¢y on Q.

In two dimensions, the constraint (10.33) is satisfied over the whole domain = X
for a large class of boundary conditions g; and we then choose m = n = 2 as shown in
[5, Theorem 4]. For instance, we may choose g;(x1,x2) = x; on 0X and we are then
guaranteed that (xq1,29) — (ug, ug) is a diffeomorphism from X to its image so that the
determinant is clearly signed, and by continuity (assuming that o is sufficiently smooth
so that gradients are continuous functions, which we also assume for the rest of the
paper [22]), bounded from below by a positive constant. In three dimensions, there is
no known guarantee that the determinant of three solutions with prescribed boundary
conditions remains positive throughout the domain X independent of the conductivity
o. For boundary conditions of the form g;(z) = z; on 90X for 1 < j < 3, it is known
that the determinant can change signs for some conductivities [17].

Yet, (10.33) is an important constraint in the derivation of our results. By means
of specific complex geometric optics solutions, it is possible to construct boundary con-
ditions g; such that (10.33) is valid on subsets of the domain X. More precisely, we
construct g; for 1 < i < 4 so that det(S)(x), Sa(z), S3(x)) > co > 0 on UL, Qg and
det(S1(z), Sa(x), S4(x)) > co > 0 on UM, Qy; 1 with all domains Q simply connected,
open and such that X C UM Q. In other words, we can choose m = 4 boundary con-
ditions such that X is decomposed into a superposition of overlapping simply connected
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subsets where the determinant of three out of the four vectors is positive. We refer the
reader to [9] for the details.

Although our goal is ultimately to recover only the conductivity o, our approach
requires the reconstruction of the vector fields S;, 1 <i < m and F. Since the data H(x)
give us S(z) (the matrix with columns given by the vectors S;) up to an SO, (R)-valued
function R(z) (i.e., R(x) is a rotation matrix), the unknowns are now the functions R
and F, which are of dimension @ and n, respectively. The local reconstruction of R
and F' proceeds as follows: we first derive divergence and curl equations for the column
vectors R; of the function R : Q — SO, (R) with right-hand-sides involving F', R; and
the data. Using structural properties of SO, (R) satisfied at every x € €2, we then derive
an equation for F' of the form

11

n T
1<i j<n

where the vector fields V;; depend only on the data. Plugging this equation back into
the divergence and curl system closes the system for the R;’s. From this closed system,
we derive gradient-type equations for the vectors R;, where the right-hand sides either
depend only on the data (case n = 2), or also depend polynomially on the R,’s (case
n = 3). In either case, these gradient equations can be integrated along segments of the
form [z, z] for x, zq € €, parameterized by the curve

Yoo : 1051] Dt = Y2 (1) = (1 — )z + ta € Q, (10.36)

in order to reconstruct locally the R;’s at x from knowledge of their value at z5. Once
the function R is locally reconstructed around xy, we can reconstruct o(z) around z
from the knowledge of o(xy) and integrating (10.35) along segments [z, z]. This local
construction can be made global by patching local reconstructions together. Again, we
refer the reader to [9] for the details.

Equations for rotations in dimensions n = 2 and n = 3. Knowledge of the
matrix H(z) together with the determinant condition (10.33) allow us to reconstruct
the matrix-valued function S(z) := [Si(x)|...|S.(x)] up to an SO, (R)-valued function
R(z) = [Ri(z)]...|R,(x)]. This fact can be seen for instance by noticing that the
orientation-preserving Gram-Schmidt procedure that creates the orthonormal R;’s from
the S;’s with det Rdet .S > 0 only involves coefficients that depend on the inner products
S; - S; = H,j;, which are indeed known. Note that SH ~2(x) is also a rotation-valued
function on 2.

We take T'(z) = {t;;(z)
properties

}1 <ij<n @ matrix-valued function on €2 that satisfies the

TT(2)T(z) = H ' (z) and 0<detT(z) = (det H(z))"2, z€Q.  (10.37)
We also define 7! = {¢},<; j<,, and the vector fields
Vi = V(ta)t¥, ie. V5i=0(tu)t¥, 1<ij,1<n (10.38)

Here and below, repeated indices are summed over.

123



Two examples for T" are the symmetric T'= H =2 and the lower-triangular 7" obtained
by the Gram Schmidt procedure

1

H, 2 0 0
_1 1
T = {tijhi<ij<z = —HyoH, 2 d ™ Hpyd™! 0 ;
(HyoHoz — H22H13)(dD)_1 (Hy2Hy3 — H11H23)(dD)_1 dD™!
(10.39)

N[

with d:= (Hyj1Hos — H122)% and D = (det H)z2.

The vector fields V;; defined in (10.38) then take the following expression

VIOgtll 0 0
{Viih<ij<s = if—jvg—; V log tas 0 . (10.40)
t t to1t t t t
i Viss i Yis  fa Vs V108t

When n = 2, T and Vj; are given by the top-left 2 x 2 blocs of (10.39) and (10.40),
respectively. B

Denote T’ the matrix constructed from H in the same manner as 1. We impose the
existence of a constant Cr > 0 such that

IT — Tllwroeq) < Crl|H — Hl|wi), (10.41)

here Cr only depends on H and H and is completely determined by the way we construct
T and T. It is relatively straightforward to check that the above relation holds for T°
chosen by the Gram Schmidt procedure.

From S and T, let us now build the matrix R by defining

R(z) = S(z)T(z)", ie R;(z)=ty(x)S;(z), 1<i<n, z€ll (10.42)

From conditions (10.37) and the fact that S(z)7S(z) = H(z) for every z € Q, the
matrix R (10.42) satisfies RT (x)R(z) = I,, for all x € Q, as well as det R(z) = 1, thus
R(z) € SO, (R) for all z € 2. Moreover, plugging relation (10.42) into equation (10.30)
and using the vector calculus identity V- (fV) =V f-V + fV -V, we obtain

VR =V-(t;S;) = (Vti;) - S; +t;V - S; = (Vt;; " - By — t;;F - S;.
Thus the R;’s satisfy the following divergence equation:
VR =Vy R, —F-R;, 1<i:<n. (10.43)
In a similar manner, one can derive the following curl-type equations for the R;’s:

n=2:[V,R]=[Vi, Re] + [F,R], 1=1,2, (10.44)
n=3:VxR=VixR,+FxR;,, i=123. (10.45)
We now show that the redundancies in the systems (10.43)-(10.44) when n = 2 and

(10.43)-(10.45) when n = 3 allow us to derive formula (10.35) for F' in terms of the R;’s
and the data. We prove this formula for n = 2 and refer the reader to [9] for n = 3.
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Elimination of source term and proof of formula (10.35) in dimension n = 2.
First notice that because R € SO3(R), we have the relations

JR; = e R;, (1,7) € I =={(1,2),(2, 1)}, (10.46)
where €15 = —e9; = 1 and we have defined J = ]l m particular, this implies
1 0
that
V- R; =[V,JR;] = e[V, Rj], (4,4) € I,

as well as the relations, for any vector field A,
[A,Rz]:JARzz—AJRl:—&jARj, (Z,j) € I,.

Together with the system of equations (10.43)-(10.44), these relations allow us to get
the components of F' in the basis (R, Rs):

F-Ri=-V- R+ V- R +V;-R;
= —aj[V, R]] + V“ . RZ + V;j . Rj
= —eii([FS By + [Vii, Bl + [V, Bjl) + Vi - Bi + Vi - R;
=—F- R+ V- R = Vj;- R +Viy- B +Vij - R,
and hence the formula
2F - R; = —(Vu + V?J) -R; +2V; - R; + (V;] + Vﬂ) - R; (10.47)

for (i,7) € I,. We then obtain equation (10.35) by plugging (10.47) into the relation
F = (F-Ry)R; + (F - Ry) Ry, and using the following identity

—Vi1 — Voo = Vlogd. (10.48)

Indeed, we first notice that for any £ = 1...n, the function T'(x) satisfies locally the
(tautological) relation

T (z) = VF(2)T(z),

where we have defined V¥ := {0, (t4)t“},; = (O,T)T~'. Therefore by Liouville’s for-
mula, we obtain that

n

Or(logdet T) = trace (V*) = Z %3

it
i=1

Finally noting that det T = d~! when n = 2, the identity (10.48) is proved component
by component. A similar proof holds in dimensions n > 3 though we do not present it
here.
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Equation for the rotation matrix R in dimension n = 2. Plugging formula
(10.35) into (10.43) and (10.44) provides a closed system of equations for the function
R. Tt remains to show that R is then uniquely and stably determined by such equations.
Since SO(R) is a one-dimensional manifold, R = [R;|Ry] is described by a S'-valued
function 6(x) such that, at each point, R;(0) = (cosf,sin)” and Ry(0) = JR;(). We
wish to derive an equation for V6. Plugging the expression (10.35) of F into (10.43),
we arrive at

1
VR = [~(Viogd) - Ri+ (Viy = Vi) - Byl (i,) € . (10.49)

Let us now derive a differential equation for R = [R;|Rs]. The relation RTR = I,
implies that RT9;R € Ay(R), the space of two-dimensional anti-symmetric matrices.
For i = 1,2, i.e., it can be written in the form RTO;R = «;J, where o; = Ry - O;R;.
Defining @ := aye;, it is clear that @ - Z = Ry - [(Z - V) Ry] for any vector field Z. For
the sequel, we need the following vector calculus identity, which holds for any smooth
vector field A

VIA]? = 2(A-V)A —2[V, AlJA. (10.50)
We decompose @ in the basis (R;, R2) and use equations (10.43)

&= (a- Ri)Ry+ (a- Ro)Ry = (Rs - [(Ry - V)Ri)Ri + (Ra - [(Rs - V) Ra]) Ro
= (Ry- [(Ry - V)Ri)) Ry — (R - [(Re - V) Ro]) Ry

We now use (10.50), which, in this case, becomes (R;-V)R; = [V, R;]JR;, = —(V-R;)R;
for (7, 7) € I3, and then equation (10.49) to obtain that

d=—(V-Ry)Ry + (V-Ri)Ry
1

1
= —§<—(‘/12 — ‘/21) . Rl — (V IOg d) . Rg)Rl + 5(—<V lOgd) . Rl + (‘/12 - %1) . RQ)RQ

1 1
= 5[‘/12 - ‘/21 - (R2 ®R1 —Rl ®R2)V10gd] = 5[‘/12 — ‘/21 — JVlogd]

Finally, given the above parameterization R(f), one check using the chain rule that
RTO;R = (0;0)J, i = 1,2. Using the preceding calculations, we obtain that

1
V6 =& = 5[Vio — Var — JV logd]. (10.51)

Since the right-hand side is known, we obtain a (redundant) equation for #, and
hence for R. The situation is more complicated in n > 3 but a similar result still
emerges. Let us assume that o and Vu; are known at a point x,,,. Then R and 6 are
also known at the point x,,. Therefore, we can reconstruct 6(z) at every z € X by
integrating (10.51) along the segment [z,,, | parameterized by v, .:

0(x) = O(xn) + / S alt) - T0(1s, (1)) dt

1

= 0a)+ o =) [ (= Vi = IV 108 ) (0, (1) .
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Once 0 is recovered throughout X, one then reconstructs o(z) for all z € X from the
knowledge of o(z) for some zy € X and integrating equation (10.35) along the segment
[zo, x], that is

log o() = log o(xo) + 2 / S0 () - F(a (1)) dt

= loga(xo) + ( — o) - /O (Vlogd + ((Vij + Vji) - Ri)R;)(Yay (1)) dt.

From this, we (relatively easily) prove the following result. As we mentioned earlier,
we can set 0 = X when n = 2 by choosing illuminations g = (g1, g2) such that (10.33)
is satisfied throughout X. Then the above reconstruction procedure yields unique and
stable reconstructions, as described in the following theorem.

Theorem 10.2.1 (2D global uniqueness and stability) Let (H, H) be two data sets
with coefficients in WH®(X) corresponding to the same illumination g = (g1, g2) and
with determinants satisfying the condition

in}f{(d, d) > ¢y >0, with — d?*(x) = det H(z), d*(z) = det H(x). (10.52)
TEe

Let o and & be the corresponding conductivities and assume that o(xg) = (xg) for some
xg € X. Then, we have the following stability estimate

[log o —1og & ||lwre(x) < CIIH — Hllwio(x)- (10.53)

This result also ensures uniqueness, since (10.53) implies H = H = o=5.

Note that since ¢ is bounded above and below a priori, the above expression also provides
a bound for ¢ — ¢ and not only the logarithms.

10.3 Remarks on hybrid inverse problems

We have briefly presented two hybrid inverse problems above based on the photo-acoustic
effect and the ultrasound modulation effect. What characterizes these hybrid inverse
problems is that after a preliminary step (involving and inverse wave equation in pho-
toacoustics and an inverse Fourier transform in ultrasound modulation) we obtain an
inverse problem with internal functionals of the unknown parameters.

These internal functionals have an immediate advantage: singularities of the un-
known coefficients no longer need to be propagated to the boundary of the domain
by an elliptic operator that severely damps high frequencies. The main reason for ill-
posedness of invertible operators, namely the smoothing property of such operators, is
therefore no longer an issue. However, injectivity of the measurement operator is not
guaranteed. We have seen in QPAT that only two out of three coefficients could be
reconstructed in QPAT. QPAT data acquired at one frequency are thus not sufficient to
reconstruct three coefficients. With appropriate prior information about the dependency
of coefficients with respect to a frequency parameter, then injectivity of the measure-
ment operator can be restored [13]. But again, this requires prior information that one
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may not wish to make. The alternative is then to come up with other prior models that
restore injectivity or to combine QPAT measurements with additional measurements.
Hybrid inverse problems face the same shortcomings as any other inverse problem.

Once injectivity is guaranteed, then stability of the reconstructions are guaranteed
in principle by the fact that singularities no longer need to propagate. We have seen
a few such stability results. Note that these results typically require a certain degree
of smoothness of the unknown coefficients. This is to a large extent undesirable. The
reason why we have recourse to hybrid inverse problems is to obtain high resolution.
The reason we typically need high resolution is because coefficients may vary rapidly
and we wish to quantify such variations. It would therefore be useful to understand how
stability estimates degrade when the coefficients are not smooth. That said, numerical
experiments conducted in e.g. [12, 13, 14] show that reconstructions based on algorithms
similar to those presented above do allow us to obtain very accurate reconstructions even
for highly discontinuous coefficients, and this even in the presence of relatively significant
noise.
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