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Abstract

In this thesis we investigate the reconstruction problem of limited angle tomography. Such prob-
lems arise naturally in practical applications like digital breast tomosynthesis, dental tomography
or electron microscopy. Many of these modalities still employ the filtered backprojection (FBP)
algorithm for practical reconstructions. However, as the FBP algorithm implements an inversion
formula for the Radon transform, an essential requirement for its application is the completeness
of tomographic data. Consequently, the use of the FBP algorithm is theoretically not justified
in limited angle tomography. Another issue that arises in limited angle tomography is that only
specific features of the original object can be reconstructed reliably and additional artifacts might
be created in the reconstruction.

The first part of this work is devoted to a detailed analysis of classical reconstructions at a
limited angular range. For this purpose, we derive an exact formula of filtered backprojection
reconstructions at a limited angular range and interpret these results in the context of microlocal
analysis. In particular, we show that a meaningful a-priori information can be extracted from the
limited angle data. Moreover, we prove a characterization of limited angle artifacts that are gen-
erated by the filtered backprojection algorithm and develop an artifact reduction strategy. We also
illustrate the performance of the proposed method in some numerical experiments. Finally, we
study the ill-posedness of the limited angle reconstruction problem. We show that the existence
of invisible singularities at a limited angular range entails severe ill-posedness of limited angle
tomography. Owing to this observation, we derive a stabilization strategy and justify the applica-
tion of the filtered backprojection algorithm to limited angle data under certain assumptions on
the target functions.

In the second part of this work, we develop curvelet sparse regularization (CSR) as a novel
reconstruction method for limited angle tomography and argue that this method is stable and
edge-preserving. We also formulate an adapted version of curvelet sparse regularization (A-
CSR) by applying the stabilization strategy of the first part, and provide a thorough mathematical
analysis of this method. To this end, we prove a characterization of the kernel of the limited
angle Radon transform in terms of curvelets and derive a characterization of CSR reconstructions
at a limited angular range. Finally, we show in a series of numerical experiments that the theo-
retical results directly translate into practice and that the proposed method outperforms classical
reconstructions.
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CHAPTER 1

Introduction

Computed tomography (CT) has revolutionized diagnostic radiology and is by now one of the
standard modalities in medical imaging. Its goal consists in imaging cross sections of the human
body by measuring and processing the attenuation of x-rays along a large number of lines through
the section. In this process, a fundamental feature of CT is the mathematical reconstruction of an
image through the application of a suitable algorithm. The corresponding mathematical problem
consists in the reconstruction of a function f : R> — R from the knowledge of its line integrals

Rf (O, s) = f(x)dS (x),
L(6,5)

where L0, s) = {x € R%2 : x;cosf + xysin6 = s}. The purely mathematical problem of recon-
structing a function from its line integrals was first studied and solved by the Austrian mathemati-
cian Johann Radon in 1917 in his pioneering paper “Uber die Bestimmung von Funktionen durch
ihre Integralwerte lings gewisser Mannigfaltigkeiten”, cf. [Radl7]. In that work, he derived an
explicit inversion formula for the integral transform R : f +— Rf(6, s) under the assumption
that the data Rf (0, s) is complete, i.e., available for all possible values (8, s) € [-7/2,7/2) X R.
More than 50 years later, when Allan M. Cormack, [Cor63,|Cor64]], and Godfrey N. Hounsfield,
[Hou73|], invented computer assisted tomographyﬂ this mathematical problem has finally be-
come relevant for practical applications. This breakthrough has attracted very much attention
in engineering sciences as well as in the mathematical community. Especially, the tomographic
reconstruction problem has been studied extensively, and many different reconstruction algo-
rithms were developed for the case of complete tomographic data, cf. [Nat86, NWO1]], [KS8§],
[RK96], [EpsO8]], [HerQ9].

The success of computed tomography has also initiated the development of new imaging tech-
niques. In some of these applications the tomographic data can be acquired only at a limited
angular range, i.e., the integral values Rf(6, s) are merely available for (6,s) € [-D, D] X R,
where ® < /2. According to that, the reconstruction problem of limited angle tomography is
equivalent to the inversion of the limited angle Radon transform Re : f — Rf|[-o.0)xr, rather
than the full Radon transform R. Typical examples of modalities where such problems arise are
digital breast tomosynthesis (DBT) [N*97], [III09], dental tomography [HKL*10], [MS12], or

'Allan M. Cormack and Godfrey N. Hounsfield were jointly awarded with the Nobel prize in Physiology and
Medicine in 1979 for the development of computer assisted tomography.
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electron microscopy [DRKG6S]. In these cases, the available angular range [-®, ®] might be very
small. In DBT, for example, the angular range parameter usually varies between ® = 10° and
® = 25°, [ZCST06], [III09]. In such situations, the reconstruction methods for the full angu-
lar problem are no longer applicable. In [Lou79], [Per79]], [Grii80], [Ino79], [Ram91} Ram92],
dedicated inversion methods for the limited angle tomography problem were developed under
the assumption that the target functions have compact support. Essentially, all of these methods
utilize analytic continuation in the Fourier domain or employ the completion of the limited angle
data. In particular, these methods show that a perfect reconstruction is theoretically possible even
from a very small angular range. Nevertheless, there are still substantial problems that arise in
practice:

Severe ill-posedness. Since the limited angle reconstruction problem is severely ill-posed
[Nat86l], [Dav83], all reconstruction procedures are extremely unstable, i.e., small measurement
errors can cause huge reconstruction errors. This is a serious drawback since, in practice, the
acquired data is (to some extent) always corrupted by noise. As a consequence, only specific
features of the original object can be reconstructed stably, [Qui93|.

Filtered backprojection in limited angle tomography. In practice, the filtered backprojec-
tion (FBP) algorithm is usually preferred over those inversion techniques mentioned above, cf.
[PSVO9], [LMKHOS], [SMBO3[, [IGO3], [SES06], [III09]. However, as the FBP algorithm im-
plements an inversion formula for the Radon transform, cf. Section[2.4] an essential requirement
for its application is the completeness of tomographic data. Consequently, there is no theoretical
justification for the application of the FBP algorithm in limited angle tomography.

Limited angle artifacts. Besides the fact that only specific features of the original object can
be reconstructed reliably, the application of the FBP algorithm to limited angle data can also
create additional artifacts in reconstructions, cf. Figure [3.1] Thus, even the reliable information
can be distorted by these artifacts.

Edge-preserving reconstruction. The filtered backprojection algorithm does not perform well
in the presence of noise, [NWOI[, [HerO9]], [MS12]]. Depending on the choice of the regulari-
zation parameter, the reconstructions may appear either noisy or tend to oversmooth the edges,
cf. Figure[.T| However, edge-preserving reconstructions are of particular importance for medical
imaging purposes.

In this thesis, we solve the problems listed above. To this end, we prove different characteri-
zations of classical reconstructions at a limited angular range, justify the application of filtered
backprojection to the limited angle data, and provide an artifact reduction strategy for the FBP al-
gorithm. Furthermore, we address the severe ill-posedness by developing a novel edge-preserving
reconstruction method that is adapted to the limited angle geometry, and show its practical rele-
vance.

The thesis is organized as follows. Chapter [2 has an introductory character. It is devoted to
the presentation of basic concepts of computed tomography at a full angular range. We begin
with a brief overview of the imaging principle in x-ray tomography and introduce the Radon
transform as a mathematical model of the measurement process in x-ray CT. Moreover, we note
some fundamental properties of the Radon transform. The main part of this chapter is devoted
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to the presentation of inversion formulas for the Radon transform and the study of ill-posedness
of the tomographic reconstruction problem. The last section of this chapter reviews classical
reconstruction methods. In particular, we present the classical filtered backprojection algorithm
(FBP). Most of the material presented in this chapter is well known and can be found in the
textbooks [Nat86, NWOLJ], [KS88], [RK96, [EpsO8]], [Her09].

Chapter [3| contains the first part of our main results. Its main objective is the characterization
of reconstructions at a limited angular range. In Section [3.2] we begin our investigations by
studying the backprojection of limited angle data. To that end, we characterize the action of the
Gram operator Ry Re in the Fourier domain, cf. Theorem @, and prove a characterization of the
kernel of the limited angle Radon transform in the Schwartz space S(R?), cf. Corollary We
also observe that the kernel functions of R¢ are directional and illustrate this fact in a numerical
example. Subsequently, we derive an exact formula for filtered backprojection reconstructions at
a limited angular range in Theorem[3.9] and justify the application of the FBP algorithm to limited
angle data under suitable assumptions on the sought functions. An interpretation of these results
in terms of visible and invisible singularities is given in Section[3.3] In particular, we show that a
meaningful a-priori information can be extracted from the limited angle data. In Section [3.4] we
turn our attention to the characterization of limited angle artifacts that are generated by the filtered
backprojection algorithm. Using techniques of microlocal analysis we state a characterization of
these artifacts in Theorem [3.24] Based on this result, we derive an artifact reduction strategy for
the FBP algorithm in Theorem [3.26] and conclude the section with numerical experiments. In
Section [3.5] we discuss three aspects of the severe ill-posedness of limited angle tomography in
the context of microlocal analysis. In particular, we show that the main reason for the severe
ill-posedness is the existence of invisible singularities at limited angular range. Based on this
observation, we finally derive a stabilization strategy for limited angle tomography.

The second part of our results is presented in Chapters 4] and [5] In Chapter i} we develop a
novel reconstruction technique that is stable, edge-preserving and adapted to the limited angle
geometry. To achieve that, we combine the technique of sparse regularization, [DDDMO04]], with
the curvelet dictionary, [CDOS5b], [MP10]. We show that this gives a stable and edge-preserving
reconstruction method which we call curvelet sparse regularization (CSR). In Section [4.2] we
formulate an adapted version of curvelet sparse regularization (A-CSR) by integrating the inher-
ent a-priori information of limited angle tomography (which we derived in Chapter [3) into the
CSR method. In contrast to the non-adapted CSR, the problem dimension of A-CSR is directly
linked to the available angular range. In particular, a significant dimensionality reduction can
be achieved for small angular ranges. The relation between the adapted and the non-adapted
approach is investigated in Section #.3] To this end, we first derive an explicit formula for the
Radon transform of curvelets, cf. Theorem and prove a characterization of the kernel of the
limited angle Radon transform in terms of curvelets, cf. Theorem Finally, we characterize
the CSR reconstructions at a limited angular range in Theorem .10 These results show that
the reconstructions obtained by the adapted curvelet sparse regularization (A-CSR) coincide with
those obtained via CSR. In Section[4.4] we discuss the relation between the CSR method and the
“curvelet thresholding” approach of [CDO2]|. In particular, we derive an explicit formula for CSR
reconstructions at a full angular range and interpret the CSR method as a natural generalization of
the “curvelet thresholding” approach to a limited angular range. We conclude with some further
remarks on the CSR approach and discuss the related literature.
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Chapter [5]is concerned with the numerical implementation and with the performance analysis
of CSR and A-CSR in a practical setting. We begin by giving the details of our implementation in
Section [5.1] and proceed with the presentation of numerical experiments in Sections [5.2]and [5.3]
These experiments are basically divided into two parts. The first part, presented in Section[5.2] is
devoted to the illustration of the visibility of curvelets under the limited angle Radon transform.
In the second part of our experiments, we analyze the execution times and the reconstruction
quality of CSR and A-CSR reconstructions, cf. Section[5.3] We show that a significant speedup
can be achieved by using the adapted approach (A-CSR), while preserving the reconstruction
quality of the [CSR] method. In both cases, the reconstructions are found to be superior to those
obtained via filtered backprojection (FBP). In Section [5.4] we adopt the artifact reduction strat-
egy of Section [3.4to the adapted curvelet sparse regularization and illustrate its performance in
numerical experiments.

The appendix contains supplementary material. In Appendix [A] we review the basic concepts
of the Fourier transform on various spaces of functions and distributions, and present the defini-
tion of Sobolev spaces H®. The singular value decomposition of compact operators is presented
in Appendix [B] whereas Appendix [C]summarizes the fundamentals of the theory of inverse prob-
lems and regularization.

Remarks. The contents of Chapter ] and Chapter [5] were partly published in the Journal of
Applied and Computational Harmonic Analysis, [Fril2]. Moreover, the results of Section 4.3]
have been announced in the Proceedings in Applied Mathematics and Mechanics, [Frill]. We
also note that an alternative approach to adapted curvelet sparse regularization was published in
the Proceedings of IEEE International Symposium on Biomedical Imaging, [Eri10].



CHAPTER 2

An overview of computed tomography

In this chapter, we present the basic concepts of computed tomography (CT). We begin with an
overview of the imaging principle in x-ray tomography. Subsequently, the Radon transform is
introduced as a mathematical model for the measurement process in CT and some fundamental
properties are noted. The main part is devoted to the presentation of inversion formulas for the
Radon transform and the study of ill-posedness of the tomographic reconstruction problem. In
the last section of this chapter we give a brief overview of some classical reconstruction methods.
Most of the material presented in this chapter is well known and can be found in the following
textbooks [Nat86, NWO1], [KS88]|, [RK96], [EpsO8], [Her09].

2.1 The principle of x-ray tomography

The aim of x-ray tomography (greek touogs = slice) consists in reconstructing the interior of an
unknown two dimensional object from a number of one dimensional x-ray projections. In order
to explore the two-dimensional structure of the object, the x-ray projections are taken at different
views. To this end, a source-detector pair is rotated around the object, cf. Figure [2.1]

Figure 2.1: Imaging principle of x-ray tomography. In order to explore the inner structure of an object f, the x-ray
projections are taken at different views. To this end, a source-detector pair is rotated around the object.

13



14 Chapter 2 An overview of computed tomography

The underlying imaging principle is based on the fact that the x-rays are attenuated when pass-
ing the object. The attenuation of the x-ray depends on the interior structure and, hence, carries
information about the interior of the unknown object. Assuming that the x-rays are monochro-
matic and that they travel along straight lines, the intensity / of an x-ray beam is given according
to Beer’s law by, [KS88| Sec. 4.1], [Nat86| Sec. I.1], [EpsO8| Sec. 3.1.1],

I:IO-exp{—ff(x)dx},
L

where Iy denotes the initial intensity of the x-ray, f is the absorption coefficient and dx is the arc
length along the straight line path L. Assuming the initial intensity /y to be known, we can restate
the Beer’s law as

I
= 1n(7°) _ fo(x) dx. @.1)

Recovering the absorption coefficient f or, equivalently, reconstructing an object from x-ray pro-
jections, therefore reduces to solving the mathematical equation (2.1). The theory for solving this
integral equation (in the case that the data y; is available for all possible lines L) is well developed
and will be presented in the course of this chapter.

2.2 Notations

We begin by introducing some standard notation. The inner product of x,y € R", n € N, will be
denoted as x - y or simply xy. When not otherwise stated, the inner product in a function space
X will be denoted by (f, g)y. The Euclidean norm of a vector x € R"” will be denoted by ||x||,
or |x|, respectively, whereas the norm in a function space X will be denoted by ||f]|y. We will
be using some classical function spaces, such as the space of Schwartz functions S(R") and the
spaces of measurable functions L”(€2), without reference since they can be found in every book
on functional analysis. The same holds for the classical sequence spaces £”. Probably the most
important notation for this work is that of the Fourier transform f of a function f € S(R") which
is defined as
f© =™ | fle™dx.
R7

The inverse Fourier transform is given by f (x) = f (—x). We will also use the notation ¥ (f) and
F~1(f) for the Fourier and its inverse, respectively. More facts about the Fourier transform are
summarized in Appendix [A]l

Furthermore, we will make use of the following sets

Q" i={xeR": |lx], <1} (unit ball in R™)
Sz (xeR": |Ixll, = 1) (sphere in R")
7= 8" 2 xR (cylinder in R™)
H@®,s):={xeR": x-0=s) OeS"™! seR)

T :={,x): 0 S"", xe H®,0)) (tangent bundle of S"~")
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For n = 2, we will sometimes drop the superscripts of the above sets and simply write Q, Z
and T instead of Q?, Z! and T, respectively. Both, the volume (Lebesgue measure) of subsets
A C R" as well as the surface measure of submanifolds M C R" will be denoted by |A| or
|M|, respectively. The hyperplanes H(6,0) will be denoted by 6+ = H(0,0), whereas the affine
hyperplanes H(6, s) in R? will be denoted by L(6, s). Sometimes we will abuse the notation and
write 8+ = (= sin ¢, cos ¢)T for the orthogonal unit vector 6 = (cos ¢, sin@)T € S

The spaces L2(Z") as well as L>(T"~!) are defined by the inner products
& M2zm = f f 2(8, s)h(8, s)ds do,
Sn—l R
(& My2n1y = f f g(0, x)h(6, x) dx do,
gn-1 oL

where df denotes the surface measure on S”~!. The space of Schwartz functions on Z" is defined
as
Sz = {g e C(Z"): g(@, +) € S(R) uniformly in 6 € S”_l}.

In what follows, the Fourier transforms and convolutions of functions on Z" or T" are taken
with respect to the second variable, i.e.,

h*g(,s)= th(G, s —t)g(r) dt,
ho,o) = )12 fR h(, 5)e 7 ds,
for h, g € S(Z"), and
h g0, x) = fg (0. x=y)g(dy, xe g,
o, w) = 2r)1? fe @, e @ dy, webt

for h,g € S(T"). Further notation that is of importance for this work will be introduced at the
place of its first occurrence.

2.3 Mathematics of computed tomography

In this section we will give a brief overview of some basic facts about computed tomography.
Though this thesis is concerned with the two dimensional setting, the basic principles will be
stated for arbitrary dimensions.

2.3.1 Radon transforms

According to Beer’s law (2.1), the mathematical model for the measurement process of x-ray
tomography is an integral transform which maps a function f to the set of all of its line integrals.
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In the two dimensional case, this is the well known Radon transform, cf. [Rad17]]. We now define
the Radon transform in a multivariate setting.

Definition 2.1 (Radon transform). The Radon transform Rf : Z" — R of a function f € S(R")
is defined by
Rf(O,s) = f(x)dx = f f(x + s6)dx. (2.2)
HJ_

H(0,s)

.

In the multivariate case, there are several possibilities to define a transform that resembles
(2.1). Another prominent example is the so-called x-ray transform.

Definition 2.2 (X-Ray Transform). The x-ray transform Xf : T"~! — R of a function f € S(R")
is defined by

Xf(0,x) = f f(x+10)dt. (2.3)
R

.

The x-ray transform integrates f over straight lines in R”. This is in contrast to the Radon
transform which integrates the functions over affine hyperplanes H(6, s). Clearly, both transforms
coincide (apart from the parametrization) for n = 2. For n > 2, the following relation is valid (cf.
[Nat86, Sec. II.1])

Rf(O,s) = f Xf(n, x)dx.
H(@.5)n*

In what follows, we use the notation Ry f(s) = Rf(0, s) and Xy f(x) = Xf(0, x) for the Radon
and the x-ray transform of f, respectively. Note that Ry f and Xy f are considered as functions of
the second variable. We call these functions projections of f at@ € §"!.

Remark. The x-ray and Radon transforms are special cases of the general k-plane transform,
which maps a function to its integrals over k-dimensional affine subspaces, see [Kei89]. a

We shall now present some basic properties of the Radon and the x-ray transform. We start by
noting the obvious facts that R as well as X are linear operators and that Rf is an even function
on Z", i.e., Rf(—6,—-s) = Rf(6,s). However, the most important property of the above Radon
transforms is given in the next theorem.

Theorem 2.3 (Fourier slice theorem, [Nat86, Theorem I1.1.1]). For f € S(R") we have

Xof () = @' 2 (). neo*, (2.4)
Rof(0) = )" V2 f(o), o eR. 2.5)

-

The importance of the Fourier slice theorem lies in the fact that it links together the Radon
transforms and the Fourier transform, which is very well studied. This connection can be used to
derive properties of the Radon transform from those properties which are known for the Fourier
transform.
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Moreover, Theorem [2.3]immediately provides a scheme for reconstructing a function from the
knowledge of its Radon transform. More specifically, assume that R f5(s) is known for all § € §"~!
and all s € R. Then, we can gain knowledge about the (n-dimensional) Fourier transform of f
by computing the (1-dimensional) Fourier transform of the projections Ry f for all values of 6.
Subsequent application of the inverse Fourier transform would yield the sought function f. Such
reconstruction procedures are known as Fourier reconstructions, cf. [Nat86, NWO1]].

We proceed by noting further properties of the Radon and the x-ray transform.

Theorem 2.4 ([Nat86, Theorem I1.1.2]). For f, g € S(R") we have

X(f+g) =Xfx*Xg, (2.6)
R(f *g) = Rf *Rg, 2.7)

where the convolution on the right hand side is in Z" or T"™' (cf. Section , respectively,
whereas the convolution on the left hand side denotes the usual convolution of functions in R", cf.

Proposition[A.5) 4
Dual operators of R and X play also an important role in computed tomography.

Theorem 2.5 (Dual Operators, [Nat86, p. 13]). For g € S(Z") or g € S(T"™"), respectively, we
define the dual operators Ry, R*, X, X* by

Ryg(x) = g(6, x - 0),
Rig(x) = f; _ 8(0,x-6)do,
Xy8(x) = g(0, Egx),
Xgo = [ s.Ewds
where Ey denotes the orthogonal projection onto 8*. Then, for any f € S(R™),
[ oo s~ [ somiaas
f f Rf(0, 5)g(0, s)dods = SR g(x)dx,
st JR R*
[ Xerwgenawas= | foxieear

f f Xf(0,x)g(0,x)dddx = f F(0)X*g(x) dx. J
Sn—l o+ R~

The notion of dual operators stems from integral geometry. In computed tomography the
operators X* and R* are also called backprojection operators. This is because the value R* f(x) is
an average of all measurement values R f(6, x) which correspond to hyperplanes passing through
the point x € R". A similar interpretation holds for X*f(6,y). We have the following useful
properties of backprojection operators.
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Theorem 2.6 ([Nat86, Theorem I1.1.3]). For f € S(R") and g € S(Z"), S(T"™"), respectively,
we have

(X°g)x f = X'(g * X ), (2.8)
(R°g) * f = R'(g * Rf). (2.9)

-

The following characterization of the Gram operators show that simple backprojection of the
measured data does not recover the unknown object but a smoothed version of it.

Theorem 2.7 ([Nat86, Theorem I1.1.5]). For f € S(R") we have

XXf =217 * £, (2.10)
RRf = |$"72| 111" = . (2.11)

.

Since the Radon transforms are used as mathematical model for the measurement process in
computed tomography, it is important to know about the continuity of these transforms. In this
case, the measurement process is stable, i.e., small differences of the imaged object result in small
variations of the data.

Theorem 2.8 ([Nat86, Theorem I1.1.6]). All of the following linear operators are continuous:

Ry L2(Q") — L2([~1,1],(1 = s2)1=0/2),
Xo: LHQ") — LA0%.(1 =[x ™72,

R:LAQ") — L2, (1 - )12,

X L@ - I (= ™) ;

In particular, R : LX(Q") — L*(Z") and X : L*(Q") — L*(T"") are continuous operators and, in
this case, their dual operators (cf. Theorem [2.5) correspond to their Hilbert space adjoints.

To prove Theorem [2.8] it is essential to assume that the functions have compact support which
is contained in a bounded set Q C R”. However, there are some situations where it would be
convenient to deal with functions that are supported on the whole R". Unfortunately, the Radon
transform is an unbounded operator on L2(RM). Though R is defined on a dense subset of L*(R")
(e.g. S(R™)), there are functions f € L*(R™), for which R (6, s) does not exist for any 6 € sl
and any s € R. An example of such a function is given by (cf. [GSO8])

f@) = @+ xlD,* (log@ + [IxD) ™ -
To restore continuity, we have to consider weighted L2-spaces.

Theorem 2.9. The Radon transform
R LR, (1 +[1x]5)Y) — LAS' xR, (1 + 52771/, (2.12)

is bounded for a > 1/2. J
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Proof. This proof was communicated by W.R. Madych. Denote w,(x) = (1 + ||x||§)“/ 2, We start
by estimating the modulus of Rf (9, s):

W (56 + t6+) "
IRf(6, s)l—lf Q(s6+t6L)f(sg+t9 )dt

Wo (56 + 1604) n
= f m |f(S9+ 16 )| dr

« dr 3 © N Lo 1
= (Im w?,(s0+tei)) (Im Wa(s0+ 161 | f(s0 -+ 101)] dt) : (2.13)

We compute the first integral:

f"" dr 3 dr
o WA(sO +164)  Joo (1 + 5% + 12

dr

<1+s2>f 1+t/m))

SR S (S
(1+ sz)“‘l/z Lo (1+p2)° 7

0 1
— —d < 00,
“ foo(1+p2)“ b

Hence, we further deduce from (2.13)) that

For @ > 1/2 it holds that

IRF@, ) (1 + 51772 < ¢ f W2 (50 + 10) | £(s0 + 1) dr.

—00

Therefore we get the following estimate

||Rf”L2(SlXR(1+S2)a 12y = jS" f |Rf(9, S)|2 (l + sz)a—l/Z dsdo

< cq f f ) f ) wa(s0 + 105 | f(s0 + zel)F drdsdo
S J-00 J=c0
@ffwmww%me

calS TR g 1ty - -

Another possibility to get rid of the assumption about the compact support is to consider L!-
spaces. In this case, we have for f € S(R"),

IRl zry < CUANL ey »
IR f IRy < C ANl Ry »
X FllLn1y < CUANl ey »
IXo L1 ry < ClNA Nl ey »

where C > 0 may denote different constants in the above estimates. Hence, R, Ry, X and Xy are
easily continuously extended to L!(R™).
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2.3.2 Inversion formulas

In order to note the inversion formulas for the Radon transform and the x-ray transform, we first
recall the definition of Riesz potentials. Let @ € R such that @ < n. Then, the Riesz potential 7¢ f
of a function f € S(R") is defined as a fractional power of the Laplacian via

I°f =02 =F11 ). (2.14)

Note that, for @ < n, the function ||&]|™® is locally integrable, and hence F(I°f) € L'(R").
Therefore, the Riesz potential is well-defined and we have 7-¢7%f = f for all f € S(R").
For more details we refer to [Ste70]. Furthermore, if 7 is applied to functions g € S(Z") or
g € S(T"1), respectively, it is defined to act on the second variable, i.e.,

F(LO,) = lI-1"" F (g6, ). (2.15)
We have the following general inversion formulas.

Theorem 2.10 ([Nat86, Theorem I1.2.1]). Let f € S(R"). Then, for any @ < n, we have

1 .

f= 5(27r)1_”I_“72*I"_”“ g g=Rf (2.16)
1 =1 7—a y* 7a—

f= |Sn_2|(2n) lrex 1oty ¢ = Xf. (2.17)

For a = 0 the inversion formulas reduce to

f= %(2@1—"7%*[1—"& g =Rf, (2.18)
1
f= W(Zﬂ)_lX*I_lg, g =X/ (2.19)

As remarked above, backprojecting the data g = Rf is not sufficient for the recovery of f. The
inversion formulas (2.18) and (2.19) reveal that the Riesz potential need to be applied to the
data g before backprojecting it. This operation is usually considered as filtering of the data.
For this reason, an algorithm that implements one of these inversion formulas is called filtered
backprojection (FBP) (cf. remark at the end of Section[2.4).

Moreover, we would like to mention that for even dimensions 7, the reconstruction formula
(2.18)) may be expressed as follows, cf. [Nat86],

© 1 o
) =260 [ ~F) dg (2.20)
0
where c(n) = (=1)"2(27)™" [$"~!| and F{""" is (n — 1)-st derivative of the function
1
F.g) = —— Rf(,x-60+ q)do.

577 Joe

In two dimensional setting, (2.20)) is the famous inversion formula that was published by Johann
Radon in 1917, [Rad17]. An English translation of the original article can be found in [Rad86].
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The validity of Radon’s inversion formula was studied by W.R. Madych in [Mad04]. This
author shows in this work that, for functions f € L? (R?) with 4/3 < p < 2, the Radon transform
exists almost everywhere and the Radon inversion formula holds almost everywhere in this case.

Although we are not going to consider three dimensional reconstructions in this thesis, we
would like to mention that the use of the reconstruction formula (2.19) is limited in 3D because
it requires the knowledge of all line integrals. However, in practice, the sources are usually
restricted to a curve surrounding the object (restricted source problem). For this reason, many
line integrals are not available. In this situation, Tuy’s inversion formula is more appropriate.

Theorem 2.11 (Tuy’s inversion formula, [Nat86, Theorem VI.5.1]). Let Q3 be the unit ball in R?
and lety : [a,b] — R3 be a C' curve which satisfies the Tuy’s condition, i.e., for each x € Q3
and each 6 € S? there is t = t(x, 0) such that

vy -x)-0=0, Y()-0+0. (2.21)
Then, for f € C§°(93), we have

f(x) = Qm) 33! f V-0 Ly (Dyf) (9 do, (2.22)
S2 dt
where D, f is a function on R> defined by

Dauf(x) = foo f(a+tx)dte. J
0

The above theorem gives sufficient conditions on the acquisition process of tomographic data
which guarantee a perfect reconstruction of the unknown object. Condition (2.2T)), known as
Tuy’s condition, is a very standard condition for three dimensional reconstruction. The first
requirement in (2.21)) ensures that for each x € Q? and each plane containing x, this plane contains
also some point of the curve y, whereas the second requirement of (2.21)) states that the curve y
intersects the plane transversally in that point. Interestingly, this condition can be understood in
the framework of microlocal analysis and singularity detection (cf. Section [3.3).

2.3.3 Ill-posedness

In the previous subsection we have presented some inversion formulas for the Radon transform.
However, for the application of these reconstruction formulas to real data, we have to assume that
we are given perfect measurement data, which is not a realistic scenario because in practice the
data is always corrupted by noise. Hence, it is of proper importance to know how small measure-
ment errors are propagated through the reconstruction process. In particular, it is important to
know whether inversion is stable or not, i.e., whether small measurements errors lead to small
reconstruction errors. In what follows, we shall make use of standard notations and concepts of
the theory of inverse problems and regularization. These are summarized for reader’s convenience
in Appendix [C|

One possibility to study stability issues is to consider the singular value decomposition of the
Radon transform. More precisely, the decay rate of the singular values gives an insight into the
nature of ill-posedness of an inverse problem, cf. Theorem [C.4|and subsequent remarks.
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Theorem 2.12 (Singular values of the full angular Radon transform, [Nat86, Sec. IV.3]). The sin-
gular values oy, of the two-dimensional Radon transform R : LX(Q) — L*(Z,(1 — sV are

given by
| _4m_
Ty = 1 <m, m+leven, me N,
0, otherwise.
In particular, it holds that oy = O(m™"/?) for m — . )
Remarks.

1. Let (omi; fmiks 8mik) denote the singular system for the Radon transform R, cf. Ap-
pendix [B| Then, the system {g,,;«} of eigenfunctions of RR" is an orthonormal basis of
L2(Z, (1 — s2)Y/2), [Lou84]. Therefore, the operator RR* is compact. In turn, this implies
the compactness of R and R*.

2. Theorem is formulated with respect to the weighted L?-space L>(Z, (1 — s*)!/?). How-
ever, a singular value decomposition is not known for L*-spaces without weight. J

As a consequence Theorem [2.12] we see that the problem of reconstructing a two-dimensional
function from the Radon transform data is ill-posed of order % in the sense of Definition In
the context of inverse problems, this is considered to be mildly ill-posed. The same conclusion
holds with respect to Definition [C.6] which is based on Sobolev space estimates. To state the
result, we first need to define appropriate Sobolev spaces. The Sobolev spaces H(Q) and Hj(£2),
Q C R”, are defined in Appendix The spaces H*(Z") and Hj (T"!) are defined by the norms

1
2
||g||Ha<zn>=( fs ; fR |§<9,cr>|2<1+az>adcrde) :

1
2
I8l -1y = ( fS fe 3@ (1 + i) dn de) :

We can now formulate the announced result.

Theorem 2.13 ([Nat86, Theorem I1.5.1]). Let f € C2X(Q"). Then, for each @ € R there exist
positive constants c(a, n), C(a, n) such that

(@, ) Ifllgziany < IR fllgesa-vingny < Cla, m) | fllge @) » (2.23)
C(a’, n) ||f”H(‘)’(Q") < ||Xf||Hn+l/2(Tn—l) < C(a’, l’l) ”f”Hg(Q”) . (224)

-

Theorem shows that the inverse operators X~! and R~! are continuous as operators be-
tween HJ(Q") and H**!/2(T) or H**"=D/2(Z), respectively. However, there is an inherent insta-
bility in the reconstruction of f: Theorem [2.13|implies that the x-ray transform X smoothes by
an order of % measured in a Sobolev scale. Since, inversion has to reverse the smoothing, the
reconstruction process is unstable. To stabilize the inversion, regularization strategies have to be
applied, cf. Appendix [C]and references therein.
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2.4 Reconstruction methods

There are basically two classes of reconstruction methods, namely direct (or analytical) and al-
gebraic methods. In this subsection, we present the basic idea of each class of reconstruction
methods. As an example for the analytic reconstruction method, we will present the classical
filtered backprojection (FBP) reconstruction. Moreover, we will formulate the fully discrete re-
construction problem as a basis for the class of algebraic methods. Based on this formulation, the
broad class of variational methods will be discussed.

Let us fix the notation before we start. In what follows we will deal with a practical situation
where the data y = Rf is not known precisely, but only up to an error bound ¢ > 0. That is, we
assume to be given y° such that

||y - y6||L2(Z) <.

Our goal is to recover an approximation f° to f from the noisy data y°. Thus, the practical
reconstruction problem may be written in the following form

RO =19, (2.25)

2.4.1 Analytic reconstruction methods

The characteristic of the class of analytic (or direct) reconstruction methods is the fact that these
methods are based on analytic reconstruction formulas and, hence, deal with continuous data.

Filtered backprojection (FBP) is clearly the most important analytic reconstruction method in
computed tomography. We have already mentioned in Subsection [2.3.2] that this reconstruction
method may be regarded as an implementation of the reconstruction formula (2.18), which (for
n = 2) may be written in the following form

1
f(&x) = e f (Rof = ¢)(x - 0) do(6), (2.26)
T Jgl

where ¢ = F!(||-|) (in the distributional sense). However, implementing the formula (2.26)
would lead to an instable reconstruction procedure, which is due to the ill-posedness of the to-
mographic reconstruction problem, cf. Subsection [2.3.3] Intuitively, the source for instability is
the filtering step because it amplifies high frequencies. To stabilize the inversion, a regularization
strategy needs to be applied (cf. Appendix [C). A standard approach is to choose a sequence of
band limited functions {¢, : R — R}, such that /(&) — J(€) as & — 0 for all &£ € R. Usually,
the regularization parameter € is chosen as a function of the noise level d such that £(6) — 0 as
6 — 0, cf. Chapter|C] Then, a regularized solution is given by

1
) = o f 05 * Ye)(x - 6) do(8),
JT Sl

where yg =19(8, -). Since noise is a high frequency phenomenon, the idea behind this regular-
ization strategy consists in suppressing high frequency components. A standard choice for ¢, is
given by We(€) = x[-1/e.1/6)(€) - |€], which is the so-called Ram-Lak filter. There are many other
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filters that can be used in this context. For example, the Shepp-Logan filter, cosine filter, and
many more, cf. [NWOI[]. We note that the choice of the filter and the regularization parameter
¢ is essential for the reconstruction quality. The right choice should balance the amplification
of noise and the measurement error. We refer to [Nat86, NWO1] for more details on the filtered
backprojection algorithm.

Finally, we list some more analytic reconstruction methods without explanation. Kernel based
reconstruction (summability method) is an approximation theoretic approach that was introduced
in [Mad90]. A related technique is the method of approximate inverse that may also be applied
to tomographic reconstruction [LM90J], [SchO7l]. Moreover, we mention the Fourier reconstruc-
tion techniques that are direct applications of the Fourier slice theorem (cf. Theorem [2.3] and
subsequent remarks), cf. [NWO1]].

2.4.2 Algebraic reconstruction methods

Another large class of reconstruction methods is the class algebraic reconstruction methods. This
class again splits into many different subclasses of algorithms. Describing all of them would go
beyond the scope of this thesis. We present only the basic idea of these methods.

In contrast to analytic methods, algebraic approaches are based on a fully discrete formulation
of the reconstruction problem. In this setting, the sought function f? is discretized right from the
beginning by using some basis functions {¢,}. That is, ¢ is assumed to be given as a finite linear
combination of these basis functions,

N
@) =) cnnl), 2.27)
n=1
where ¢ € RV, N € N, is the coefficient vector with respect to {¢,}. In the next discretization step
we assume to be given a finite number of measurements yﬁl = RfFOm, sm), | <m < M e N.
Then, each measurement is given by

N
yi = Z CnR@n(Oms Sm)-
n=1
Thus, the fully discrete version of the reconstruction problem (2.25)) is given by the linear system
of equations
R-c=)°, (2.28)

where R = (rj,,) € RMXN s the so-called system matrix whose entries are given by

Ympn = 7%9011(9m, sm)-

Note that the discrete reconstruction problem (2.28) is formulated with respect to the coefficient
vector ¢ € RV, That is, in this case we aim at reconstructing the vector c rather than f°.

Of course there are many algorithms for solving linear equations like (2.28). In practice, one
of the most popular methods is the so-called algebraic reconstruction technique (ART), which
is an implementation of the Kaczmarz method, and its variants SART (simultaneous algebraic
reconstruction) and SIRT (simultaneous iterative reconstruction) [Her80], [KS88]], [NWO1].
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Remark. The nomenclature “algebraic reconstruction” is not consistently used in the literature.
In this thesis, we will use this term to refer to methods which are designed for solving the alge-
braic equation (2.28). At this point, we have to point out that the term algebraic reconstruction is
often used to refer to the methods ART, SART, and SIRT. y

In designing reconstruction algorithms based on (2.28)), one still has to consider the ill-posedness
of the reconstruction problem and use regularization strategies. In its standard formulation, the
methods ART, SART and SIRT do not incorporate any regularization strategy.

Usually, stabilization of the inversion is achieved by incorporating prior knowledge into the
reconstruction procedure. A very flexible way for doing this is offered by the statistical recon-
struction. In this setting, the unknown coefficient vector ¢ as well as the measurement vector y°
are considered to be realizations of some random variables. In order to formulate the statistical
reconstruction problem one has to model the likelihood density m(y|c) and the prior-density m(c).
The likelihood-density m(y|c) is a statistical model for the measurement process, whereas the
prior-density m(c) encodes the a priori information. The solution of the statistical reconstruction
results in determining the posterior-density 7(c|y). To compute an explicit solution of the problem
(2.28)) a statistical estimator is used. For more details, we refer to [KSJ*03], [SKJ*03], [BLZO0S]
and [KSO5], [CS11]].

Another very general setting for regularized reconstruction can be formulated in the framework
of variational regularization. In this case, the solution of the equation (2.28)) is computed by
minimizing a Tikhonov type functional

co = argmin|R- ¢ = y°|[s + @ - A(©), (2.29)
N

ceR

where @ > 0 is a regularization parameter and A : RY — [0, co] is a prior (or penalty) func-
tion. The first term in (2.29) (data fidelity term) controls the data error, whereas the second term
encodes the prior information about the unknown object. It can be shown that the variational ap-
proach is a regularization strategy, cf. Appendix [C} For more details on variational regularization,
we refer to [SGGT09].

We would like to note that the choice among the various prior terms and, thus, regularization
techniques, depends on the specific object (which is imaged) and, to some extent, on the desire to
preserve or emphasize particular features of the unknown object. A possible choice for ¥ may be
any kind of a smoothness (semi-) norm [SGG*09]. For instance, the Besov norm allows to adjust
the smoothness of the solution at a very fine scale [KSJ*03]], [LTOS8]], [RVJ"06]. Another promi-
nent example in image reconstruction is the total variation (TV) seminorm. This seminorm is a
smoothness norm that is particularly used for edge-preserving reconstructions [FP11]], [HSP11]],
[HHK*12].

Algebraic approaches and, in particular, variational reconstruction methods enjoy great popu-
larity in image reconstruction. This is based on fact that the algebraic formulation of the recon-
struction problem offers high flexibility. More precisely, the solution of the equation (2.28) allows
the integration of a priori information and does not depend on the specific acquisition geometry
which is in contrast to the FBP method.






CHAPTER 3

Characterization of limited angle reconstructions
and artifact reduction

In this chapter, we turn our attention to the study of the limited angle reconstruction problem. In
this case, the tomographic data Rf(8, s) is no longer available for all § € S, but is known only
on a restricted subset of S!. Problems of this type arise naturally in practical applications, such
as digital breast tomosynthesis [N*97], electron microscopy [DRKG68], or dental tomography
[HKL*10], [MS12]. Many of these modalities still employ the filtered backprojection (FBP)
algorithm for practical reconstructions, cf. [PSVQ9], [LMKHO0S], [SMBO03], [IGO03], [SES06],
[LII09]. However, since the FBP algorithm implements an inversion formula for the Radon trans-
form, cf. Section [2.4] an essential requirement for its application is the completeness of tomo-
graphic data. Consequently, the application of the FBP algorithm is theoretically not justified in
limited angle tomography. Moreover, only specific features of the original object can be recon-
structed reliably from limited angle data, [Qui93||, and additional artifacts can be created in FBP
reconstructions, cf. Figure[3.1]

In the present chapter, we solve the above issues and provide a detailed analysis of reconstruc-
tions at a limited angular range. Specifically, we focus on the following topics:

o Characterization of classical reconstructions at a limited angular range,

o Characterization of the information content of limited angle data and in particular of those
features that can be reconstructed from a limited angular range,

e Characterization and reduction of artifacts in filtered backprojection reconstructions from
a limited angular range,

e Stabilization strategy for limited angle tomography.

In Section 4.3} we begin our investigations by studying the backprojection of limited angle data
and prove a characterization of the kernel of the limited angle Radon transform in the Schwartz
space S(R?), cf. Theorem and Corollary Subsequently, we derive an exact formula for
filtered backprojection reconstructions at a limited angular range in Theorem [3.9]and justify the
application of the FBP algorithm to limited angle data under suitable assumptions on the target
functions. An interpretation of these results in terms of visible and invisible singularities is given
in Section[3.3] In particular, we show that a meaningful a-priori information can be extracted from

27
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Figure 3.1: Original images (left) and FBP reconstructions at limited angular range [—®, @], ® = 45° (right). As a
consequence of the limited angular range, only specific features of the original object can be reconstructed,
and some streak artifacts are generated.

limited angle data. In Section[3.4] we prove a microlocal characterization of limited angle artifacts
that are generated by the filtered backprojection algorithm, Theorem[3.24] and develop an artifact
reduction strategy for the FBP algorithm, Theorem [3.26] We also illustrate the proposed method
in some numerical experiments. Finally, we show that the existence of invisible singularities
at limited angular range entails severe ill-posedness of limited angle tomography, and derive a
stabilization strategy in Section [3.3]

3.1 Notations and basic definitions

In what follows, we assume that the data Rf(6, s) is known only for (6, s) € S é) X R, where the
angular range parameter O satisfies 0 < ® < /2, and S (ID ¢ S is given by (cf. Figure

Sy =Sy uSy, Sgt={0es': 0=x(cosg,sing) . |g| < D). (3.1)

In order to compute a reconstruction, we consequently have to invert the restricted or the limited
angle Radon transform

Ro s [+ Rfls1 e (32)

Hence, the practical limited angle reconstruction problem reads
given v =Repf+n, findan approximation to f, (3.3)

where n denotes the noise component with [|7l[;2z) < 6 and 6 > 0.
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Figure 3.2: The figure shows S} = S('If us (11;’ (solid line) as a subset of S! (dotted line). The wedge We, =R - S is
indicated by the gray shaded area.

In the context of tomographic reconstruction at a limited angular, the backprojection opera-
tor (or dual operator) Ry plays an important role. Analogously to Theorem @ we have the
following representation.

Theorem 3.1. Let0 < ® < n/2. Forge Zy = S(ID X R we define the backprojection operator of
the limited angle Radon transform Re by

Rpg(x) = fl g0, x-0)do. (3.4)

()]

Then, for f € S(R?),

f f Rof(0,5)g0,s)ddds = f FO)RGe(x) dx J
Sy JR R?

Note that many properties, such as continuity, evenness, etc., carry over from the full angular
Radon transform the case of the limited angle Radon transform.

3.2 Characterizations of limited angle reconstructions

The objective of this section is to understand the nature of limited angle tomography. Of proper
interest are the following questions: How much information about the unknown function is con-
tained in the limited angle data? Which features of the sought function can be reconstructed
reliably using a limited angle data set? In this section we are going to partly answer these ques-
tions by characterizing reconstructions that are obtained via FBP and algebraic reconstructions.

We start by examining the information content of the limited angle data. To this end, we use the
Fourier slice theorem (Theorem [2.3)) in order to relate the data y = R f to the Fourier transform
of f. For this purpose, we first note that the limited angle Radon transform Rg f can be extended
to the cylinder Z = S! x R by setting Rpf(6,5) = xg y (6) - Rf(0, s). In this context, we have
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f(s6) = F(Rof(6,))(s)if 6 € S}, and F(s) = F(Rof(6,))(s) = 0if § ¢ SL. Therefore, the
limited angle Radon transform acts as a truncation operator in the Fourier domain, and we have

Rof = Ro(Pof), forall® < © < g

where Pof = F ' (xwe f)and XWe 1s the characteristic function of the wedge Wg =R - S (19.

In view of the above discussion, the limited angle data g = R¢ f contains only the information
about the two dimensional Fourier transform f on the polar wedge We, which is defined by, cf.
Figure[3.2]

Wo =R-Sq={r-0:0eS,reR}. (3.5)

Consequently, a minimum requirement on a reconstruction algorithm for limited angle tomogra-
phy should be the ability to provide reconstructions fi. whose Fourier transform coincides with
the Fourier transform of the sought function f on the wedge W¢. That is, the reconstructions
should satisfy ﬁechq; = f] We- Since many practical applications still employ the filtered backpro-
jection (FBP) algorithm for reconstruction at a limited angular range, it is important to understand
whether the FBP meets this requirement.

In what follows, we turn our attention to the characterization of FBP reconstructions at a limited
angular range. To this end, let us recall that the FBP algorithm implements the inversion formula
f = 1/@AmR*I~'Rf, which by Theorem is equal to f = 1/(4m) I 'R*Rf. According to
that, we see that the (limited angle) Gram operator Ry, R plays an important role in this context.
For the problem of image reconstruction at a limited angular range, it is therefore important to
have a characterization of Ry, Ro.

The content of the next theorem is a generalization of Theorem to the setting of limited
angle tomography.

Theorem 3.2. Let 0 < ® < 71/2 and f € S(R?). Then,

, Xy
RyRof =2 1= f. (3.6)
“12

where Xwi is the characteristic function of the polar wedge
W$={§ER2:9-§=0f0rs0m60€W¢,}. a
Proof. We use (3.4) to compute

RiRof ()= [ Rof(0.x-0)d6
s,

:f ff((x~9)0+t9l)dtd0,
St IR

:f ff(x+t9l)dtd0.
Si IR
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The last equations holds true because (—x + (x - 6)8) L, whence (x - )8 = x + 1y - 6+ for some
fo € R, where 8+ = (-6, 6;) denotes an orthogonal vector to 6 = (6, ;). Using the symmetry of
the above integral we further get with y = 16,

R R f (x) = f f ) f(x +10)dt do
Sh+ J-oo

XW(ﬁ(y)
=2~f f(x+y) dy
R2 [Iyll2

Xw3
= 2-( *f)(x). .
- 1l2

In the following, we shall use Theorem [3.2]in order to derive a representation of the Gram
operator Ry, Ro in the Fourier domain. For this purpose, we first note some auxiliary results.

Proposition 3.3. Let b > 0 and 8%, be the function defined by
1,
§b(x) = — f €TV 4. (3.7)
- 2 —_b

For c,d € RU {-0c0,00}, ¢ < d, let ¢ € L'((¢c,d)) such that p € CY(B.(0)), where B:(0) =
[—&, el N [c,d] for some & > 0. Then, we have

5-9(0+), =0,
3

Jim f 820 dx = i (©) {1 - 9(0-), d =0, (3.8)
‘ ©(0), else. 4
Proof. A simple calculation yields
1 sin(bx)

60 (x) = .
T X

To show the assertion we first assume that either ¢ > 0 or d < 0. In both cases, the function
g(x) = xa(x) - @(x)/x is in L'(R) and it follows from the Riemann-Lebesgue Lemma, cf.
Appendix [A] that

d
1 2
lim f 6ﬁ(x)cp(x) dx = - lim f sin(bx)g(x)dx = \/j lim Im(g(b)) = 0. 3.9)
b—oo ). - T b—oo JRr T b>oo
Next, we consider the cases ¢ = 0 and d = 0. Because

0 —C
f 8% (0)p(x)dx = f 6% (x)p(—x) dx,
: 0

&

we may assume without loss of generality that ¢ = 0 and d > 0. Then, it follows from (3.9)) that

d & d &
lim f 6% (x)p(x)dx = lim ( f + f )5’;(x)<p(x) dx = lim f 6% (x)(x) dx
b—oo Jo b—o0 0 e b—oo Jo
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for some £ > 0. By assumption, ¢ can be extended to a continuously differentiable function ¢ on
the closed interval [0, £] such that we can use the Taylor expansion, @(x) = ¢(0) + ¢ ’(£,)x with
x € [0,¢&) and &, € [0, x]. By assumption, the derivative ¢’ is bounded and, hence, it follows that
¢’ (&) is integrable. Using the Riemann-Lebesgue Lemma we get

lim f 82 (X)p(x)dx = lim f 88 (X)@(x) dx
b—oo Jog T b—oo Jog T

= @l}im f S drs - fim SSin(bX)ZE'(fx)dx
- Jo

T X T b—oo Jo
—_— hS .
= @ lim f w dx.
T b—oo Jo X

The asymptotics for the sine integral, limy_,o fox sint/tdt = n/2, yield
. ‘b | 1
lim 0. (Xp(x)dx = = - (0) = = - @(0+). (3.10)
b—ooo Jg T 2 2

Finally, if O € (¢, d) we consider (c,d) = (c,—&] U (-&, &) U [, d) and use (3.9) to get

}Tblimf sin(bx) o(x )dx— - hm (f f fd) Sm(bx)go( Jdx

_ —l f sin(bx) o(x) dx

T b—oo

= 1 lim f sm(bx) (p(x) + ¢(—x)) dx.
0

T b—oo

Now, we can apply (3.10) to the function (¢(x) + ¢(—x)) to get

L jim fd Sinibx)go(x) dx = ¢(0). .

T b—oo

As a consequence of Proposition [3.3] we get the following result, which is well known in the
classical Fourier analysis.

Corollary 3.4. Let b > 0 and 8" as in Proposition Then, 62 — 6 in S'(R) as b — , i.e.,
for each ¢ € S(R) we have

Jim f 2 (x)p(x) dx = @(0). (3.11)
— 00 R

.

Remark. The classical proof of Corollary[3.4]is more succinct than the proof of Proposition
It is based on the L?>-Theory of the Fourier transform. In this case, the crucial observation is that
6% € L*>(R) and 8%(¢) = V%?X[_b’b] in L>(R). Then, the assertion follows by applying Parseval’s
identity (cf. Proposition[A.4),

. b _ 1 Sh e £ - L F =
Jim fR 62(x)f(x) dx = lim fR L@ = = fR f(& de = 0.
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Another essential ingredient in the classical proof is the continuity of test functions around the
origin. In our setting, however, we neither suppose the test functions to be continuous around the
origin nor we assume the test functions to belong to an L>-space. Therefore, the classical proof
(as stated above) cannot be applied directly in our situation. The setting of Proposition [3.3 will
be used to prove Theorem [3.6] J

Lemma 3.5. Let f : [-1,1] — R be bounded and integrable. Then, for anyn € S,

1
(@)

dr. 3.12

-1 V1 =72 G412

|, rr-00e =2

-

Proof. The assertion is a special case of the well known Funk-Hecke theorem, cf. [Gro96, The-
orem 3.4.1]. .

We are now able to characterize the action of the operator Ry;R¢ in the Fourier domain.
Theorem 3.6. Let 0 < ® < /2 and f € S(R?). Then,

XW([)(é:) A
— ) 3.13
1l = G149

for almost all ¢ € R?. J

F(RyRo f)E) = 4r

Proof. We use the representation to compute the Fourier transform of RyRq f. Using the
convolution theorem for the Fourier transform, Proposition[A.T5] we first note that

F (RyRof) = 47 - F Qews 1151 - - (3.14)

It is therefore sufficient to compute the (distributional) Fourier transform of T := (XW$ =115 h. To

this end, we further note that 7" can be written as T = T}, + R, with T}, = xu<pT € L'(R?) and
Ry = x>0y T € L*(R?), b > 0. This means that T an element of L'(R?) + L*(R?) aI}El, therefore,
the distributional Fourier transform of 7" belongs to Co(R?) + L*(R?). In particular, 7' € Ll (R?).

loc
On the other hand, the pointwise convergence T, — T, b — oo, implies the distributional
convergence T, — T in 8'(R?) as b — co. In turn, the continuity of the Fourier transform in S’
entails the convergence T, — T in S’'(R?).

In summary, the above considerations show that in order to compute the distributional Fourier
transform of 7', it is sufficient to compute the pointwise limit limy_,«, T5(£), where T}, denotes the
ordinary Fourier transform.

To do so, we evaluate the Fourier transform 7 € LIIOC(Rz) using polar coordinates & = ré, r > 0,
andfeS!,

Xwi 1 Xw(x)
T( W“’)(re)z—lim f Vo 7 mirxt g (3.15)
I+l 27 >0 Jyp<ey Xl
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In addition, we also use polar coordinates x = s{, s € R,and { € § L of. (3.1), to evaluate the
integral on the right-hand side. To this end, note that Wg; = R - Ap, where

Ap={0eS": 0=(cosgsing),lp-n/2| < D}

is the rotation of S(II)’Jr by 7/2 (cf. (3.1))). Then,

Xwi 1 N T
T( q’)(r&):—limf f — 7S¢ |5 dsd¢
-1l 27 b—eo Ju Jop 11411,

= Jim fs X8 (r - 60) dL.

Now let
m(0) = inf (£ - ) and M(6) = sup({ - 9).
{€Ao LeAq

Then,

Xwg I . b
F (r6) = ~ lim f Xim@m@n (& - 6) 88 - 6) dL.
I« 1l 2 b—>oo Jgi

Applying Lemmato the function f(f) = xm@),m(6)() 6°(rt) and substituting x = rt, we get

Xw+ rM(6) 1
?( o )(re) = lim 8 (X) —— dx (3.16)
-1l b= J () r2—x

and by Proposition [3.3 we eventually deduce

Xw3 1
7 -1l (r6) = C(O) - Xm(o),mon(0) - P

where C(0) € {1/2, 1}, according to (3.8)). Now it is easy to see that,

1/2, 0edWenS!

CO) - Xim@©),m©)1(0) = xg1(0) - . , (3.17)
4 1, otherwise

where S | is defined in (3-I). Now note that the right hand side in (317 is equal to x 1 almost
everywhere, and Wo = R - S . Hence, the assertion follows from (3:14) together with

Xwi\ o xwe(@
¢(||-||2)(§)‘ I, )

Remark. It was communicated by E. T. Quinto that a similar version of the Theorem was
published in [Tuy81]]. However, Theorem[3.6|and its proof that we presented here were developed
without knowledge of this work.

An inspection of [Tuy81]] shows that both proofs follows a similar idea, whereas our realization
seems to be more elementary and complete in its argumentation. More precisely, the author of
[Tuy81]| arrives at an expression which is similar to (3.16)) (by using a different technique) and
concludes the proof by simply noting that §° — ¢ in S’(R?) as b — 0, cf. [Tuy81}, p. 610]. This
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argumentation is however incomplete, since on the one hand the function (#*> — x*)~!/2 does not
belong to S(R?) and, on the other hand, the evaluation of the limit

1
lim fd & () ——=dx
b—oo . V2 — x2
depends on the interval of integration [c, d]. Moreover, the convergence 8 = 6 in &'(R?) does
not imply the Proposition [3.3](cf. remark after Corollary [3.4)). In contrast to the proof of H. Tuy,
we have treated both of these issues in Proposition [3.3] which was an essential ingredient for the
proof of Theorem 3.6 J

As an immediate consequence of Theorem [3.6] we note the following null space characteriza-
tion of the Gram operator R;Rq and the limited angle Radon transform.

Corollary 3.7. Let f € S such that supp f € R?\ W, then RoRof =0and Rof = 0. J

If we consider the limited angle Radon transform as an operator between Schwartz spaces, i.e.,
Ro : S(R?) — S(S ED X R), then Corollaryimplies that

ker (Rgp) = ker (RZ‘DR@) = {f € S(RZ) : suppf C W([)}.

In view of the limited angle reconstruction problem, this result also characterizes functions that
can be perfectly reconstructed from a limited angle data set. These are those functions f € S(R?)
whose Fourier transform satisfies supp f C Wo.

Example. To illustrate the functions in the kernel of the limited angle Radon transform let us
assume that we are given a function f; € S(R?) such that supp fi € R?> \ We. By Corollary
this function lies in the kernel of Ry, i.e., Rpfi = 0. Now consider a rotated version of fi,
namely f>(x) = fi(0,x), where g, denotes the rotation matrix in R? with respect to the angle
¢ € [0,27). Assume that ¢ is chosen in such a way that supp f» N Wo # 0, Then, /> ¢ ker (Ro).
As a consequence, we see that kernel functions of Re are directional and that the orientation
determines whether the function belongs to the kernel of the limited angle Radon transform Rg
or not. These considerations also show up in the corresponding practical experiment that is
presented in Figure [3.3] J

In order to understand the appearance of practical reconstructions in Figure [3.1] let us now
consider the reconstruction problem which is given by the equation Ref = y. In practice, the

reconstruction is often obtained by computing a least squares solution f € arg min ||[Re f — ylli2 @

or by computing a best approximate solution f7 = Rg)y, cf. Appendix [C| In both cases the
reconstruction satisfies the normal equation

RoRaof = Ryy.
To characterize the solutions of this normal equation, we reformulate the result of Theorem [3.6]

in the following way
RiRof = 4nl' Pof, (3.18)
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60

-60
(e) Ro fi () Ro /2

-60

Figure 3.3: Illustration of the null space ker (Re) for @ = 80°. The top row shows two functions fi(x;,x,) and
fo(x1, x2) in the spatial domain, whose Fourier and Radon transforms are depicted in the middle and the
bottom row, respectively. The dashed lines in the middle row indicate the boundary of the wedge Wy and,
hence, do not belong to fi(£1,&), f2(£1,&). One can see that the function f; satisfies supp f; € R? \ W,
whereas f; is a rotation of f; such that supp 5 € Wy. According to Corollary it holds that f; €
ker (Re) but f> ¢ ker (Rg) which is also reflected by the images of the corresponding limited angle Radon
transforms, R f1(0, s) and Rq f>(0, s), that are shown in the bottom row. As can be observed from the top
row, both functions f; and f, are directional and their orientation determines whether they belong to the
kernel of Rg or not.
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where I! denotes the Riesz potential (cf. (2.14))) and Pg is the projection operator defined by
Pof =F 'xw, £). Inserting this into the normal equation and applying 7! to both sides yields

|
Pof = EI 'R y.
Assuming that we are given perfect data, i.e., y = Ro f, we get
1 1
Pof=—I'R: = — I 'R Rop(Po f).
of = I RoRof = -1 RoRo(Pof)
Thus, the set of all least squares solutions is given by
Lo = {Pof : f € S®?), <0 <n/2}. (3.19)

Since the best approximate solution f7 is a least squares solution of minimal L2-norm, it is not
hard to see that 7 = Pgf = 4%1] ‘IRZ‘DR@ f. We summarize the above discussion in the following
theorem.

Theorem 3.8. Let 0 < ® < 71/2, fo € SR?) and y = Ra fo. Then, the set of all least squares
solutions of the equation Ref =y is given by (3.19). In particular, the approximate inverse is
given by

|
1 =Pof= =7 'R Ro f. (3.20)

.

Note that the approximate inverse f7 in (3.20) is obtained by applying the inversion formula
for the full angular (2.16) (with @ = 1) to the limited angle data y = Re f. More generally, we get
that the approximate inverse f may be computed by applying each of the inversion formulae in
(2.16)) to the limited angle Radon transform.

Theorem 3.9. Let f € S(R?) and « < 2. Then,
1
Pof = EI‘“R},J“*R@ f, (3.21)

where Pof = F-1 (/\,/Wq)fA)- ¥

Proof. The proof follows from the Fourier slice theorem (Theorem[2.3]) by a simple computation:
| 1 _
R Ref() = fs s, O Rof(0, x-6)d0
1 « =
=0 f xs1,(0) f r0 ! R f(r)e™ dr do
S —00
1 ©0 R .
=5 f f Xwo(rO) |17 f(r0)e”™ r dr do
T Jst Jo

1 - Ao i
— 5 [ con@f@ne o
T JR2
= (I"Po f)(x).
The application of the Riesz potential 7 =% (cf. (2.14)) to both sides yields the assertion. .
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Theorem [3.9]also shows that the naive application of the inversion formulas (2.16) to y = Ro f
reconstructs Pg f rather than the unknown function f. Since f = Pof + (id — Po)f, that part
of f that cannot be recovered from limited angle data is given by (id — Pg)f. In particular, only
those functions can be perfectly recovered from limited angle data, whose Fourier transform is
supported inside the wedge Wp.

In Section [2.4) we have outlined that the filtered backprojection algorithm may be regarded as
an implementation of the inversion formula (2.18). Theorem [3.9]justifies the application of the
filtered backprojection (FBP) algorithm in limited angle tomography only if the Fourier transform
of the unknown function is supported inside the wedge Weg. In this case, the unknown function
can be perfectly recovered from the limited angle data. However, if supp f ¢ We, then Theorem
[3.9implies that the FBP reconstruction is equal to Pg f which is equal to the approximate inverse
at a limited angular range. This explains why the objects cannot be perfectly reconstructed from
a limited angular range, cf. Figure[3.1]

Remark. Throughout this section we have assumed that the available angular range is given by
[-®, ®]. In this case, the corresponding polar wedge Wy is oriented along the the x-axis, cf.
Figure[3.2] However, the results of this section can be easily adapted for arbitrary orientations of
Wo and thus for arbitrary angular ranges. J

3.3 Microlocal characterization of limited angle reconstructions

In the previous section we have shown that, at a limited angular range [-®, @], the approximate
inverse as well as the filtered backprojection reconstruction are given by Pof = F ! (xw, £). This
implies that, in general, the unknown function cannot be recovered perfectly and also explains to
some extent the discrepancy between the original and the reconstructed image in Figure [3.1]

The goal of this section is to give a more detailed characterization of features that can be
reconstructed from limited angle Radon transform data. To this end, we shall use the concept of
singularities as a mathematical tool for describing those features. The characterization will be
presented within the mathematical framework of microlocal analysis that enables us to describe
locations and directions of singularities (features) simultaneously.

3.3.1 Basic facts from microlocal analysis

In this subsection, we summarize some of the basic principles of microlocal analysis, where we
mainly follow the expositions [Hor03], [Fri98]]. To fix the notation, we recall that DR?) = {p €
C*[R?) : supp ¢ is compact} and E(R) = C*(R?). The corresponding sets of distributions will
be denoted by 9’ (R2) and &' (R?) (distributions with compact support), respectively. Throughout
this chapter we will denote the action of distributions f on test functions ¢ by (f, ¢), and use the
notation R? = R\ {0} forn =1, 2.

We start by giving the basic definitions.

Definition 3.10 (conic neighborhood). A conic neighborhood of a set A C R? is an open subset
N C RZ with A C N and the property that t¢& € N for all t > 0 whenever & € N. a
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Definition 3.11. A function f is said to decay rapidly in a conic neighborhood N if for all ¢ € N
and all N € N it holds that f(¢) = O(|§|_N), |£] — oo, ie.,

YN eNICy >0: [fE)<Cn(+ €DV as & — oo, £€ N. 2

We now define the singular support of a distribution as the set of all singular locations.

Definition 3.12 (singular support). The singular support of a distribution f € D'(R?) is defined
as the set
sing supp(f) = {x € R? : Vg € DR?), ¢(x) # 0, 0f ¢ DR?)} J

It follows directly form the definition that sing supp(f) € supp(f), and sing supp(f) = 0 if and
only if f € C®(R?).

Definition 3.13 (frequency set). Let f € &' (R?). We define the frequency set X(f) of f as the set
of all directions & € R% in which f does not decay rapidly in any conic neighborhood of &. More
precisely,

£¢X(f) o Aconicneighborhood N of € : YN € N: f(n) =O(n™) in N. (3.22)

.

Remark. Since the frequency set 2(f) is conic, we will sometimes identify it with the quotient
frequency set X(f)/~, where the equivalence relation ~ is defined via

E~n e At£0: n=t& (3.23)

This identification is justified since for each real valued distribution f € & (R?) (thatis (f, @) € R
for each real valued ¢ € C®(R2)), f does not decay rapidly in a conic neighborhood of & if and
only if f does not decay rapidly a conic neighborhood of —&.

This identification justifies the nomenclature directions for the elements ¢ € X(f). In this
context, we will call the directions &, { € X(f) different if the corresponding equivalence classes
[£] and [{] are disjoint. J

We note a fundamental property of the frequency set.

Lemma 3.14 ([H6r03, Lemma 8.1.1]). Let f € & (R?) and ¢ € D(R?). Then,

X(ef) € Z(f)- 4

The singular support sing supp(f) of a distribution gives the location of the singularities,
whereas, the frequency set Z(f) describes all directions in which f is singular. However, both
concepts are not yet correlated. That is, if Z(f) # 0, then f ¢ C*(R?), but we do not know the
singular location corresponding to & € X(f).

The notion of the wavefront set combines both of these concepts and simultaneously describes
the location and the direction of a singularity. In order to define the wavefront set, we first need
the following notion of a localized frequency set.
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Definition 3.15 (localized frequency set). Let f € D'(R?). The localized frequency set of f at
x € R? is defined as

() = [ {Z@h) : g€ DER?), p(x) # 0} (3.24)

.

We first note that by Lemma [3.14]it holds X,(f) € Z(f). Therefore, the localized frequency
set X,(f) of f at x can be interpreted as the set of directions in which f is singular at x. This
gives us a precise correspondence of singularities and its directions. We are now able to define
the wavefront set.

Definition 3.16 (wavefront set). Let f € D'(R?). The wavefront set of f is given by
WE(f) = {(x.6) e R* X RZ : £ € Z.(f)}. (3.25)

If (x,&) ¢ WE(f) one also says that f is microlocally near (x, &). J

As a consequence of (3.25)), the wavefront set WF(f) can be expressed as a union of sets of the
form {x} X Z,(f). Since X,(f) = 0 if x ¢ sing supp(f), we get the following expression

WEH = (] XU, (3.26)
xesing supp(f)

Remark. From Definition [3.16] it follows that (x,&) € WF(f) if and only if for each cut off
function ¢ € D(R?) with ¢(x) # 0 the Fourier transform g;j\" does not decay rapidly in any open
conic neighborhood of the ray {¢t£ : ¢ > 0}. In this context, one first localizes the distribution f
near x by multiplying with ¢ and then microlocalizes gﬁ near the direction &. J

The following proposition shows that the wavefront set indeed contains the information of
both, sing supp(f) and Z(f). An element (x, &) € WE(f) gives the information about the location
x of a singularity and its direction &.

Proposition 3.17 ([Hor03|, Prop. 8.1.3]). Let mry be the projection onto the first variable, m1(x, &) =
x, and m be the projection onto the second variable, my(x, &) = &, respectively. Then, the follow-
ing relations hold

m1 (WE(f)) = sing supp(f), (3.27)
m (WE(f)) = Z(f). (3.28)

.

The next proposition gives an upper bound for the wavefront set.

Proposition 3.18. For each f € & (R?) we have

WE(f) C sing supp f X Z(f). (3.29)

Proof. This is an immediate consequence of Lemma [3.14]and (3.26). .
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£
1

(%, &) € WF(f)

Figure 3.4: The Shepp-Logan head phantom (left) with its singular support, indicated by the black solid line (right).
The direction ¢ of the singularity at x is given by the normal to the boundary, cf. (3.30).

We note a very important example that illustrates the concept of the wavefront set and which
will be of importance for us later.

Example. Let Q C R? be such that the boundary Q is a smooth manifold. Then, the wavefront
set of yq is characterized by

(x, &) e WF(xao) © x€0Q, £ €N, (¢£1sanormal vector to 0Q at x), (3.30)

where yqo denotes the characteristic function of Q and N, is the normal space to Q2 at x € 9Q.
The proof of this fact is non-trivial and we refer the reader to [Hor0O3, p. 265]. J

The relationship (3.30) provides an intuitive understanding of the wavefront set of a function.
It motivates to think of a singularity (x, &) € WF(f) in terms of an oriented infinitesimally small
line segment which is located at x and has the normal direction £. This way of thinking gives us
an idea how to visualize the wavefront set of a given function and, on the other hand, to visualize
the singularities of an unknown function if only the wavefront set WF(f) is known.

We conclude visualizing the wavefront set of the well-known Shepp-Logan head phantom in
Figure 3.4] By (3.30) and discussion above, it is easy to see that the singularities are located
along the boundaries of the elliptic regions, whereas the singular directions are given by the
normal directions (except at intersections), cf. the Figure[3.4]

3.3.2 Microlocal characterizations of limited angle reconstructions

Recall that the approximate inverse solution as well as the filtered backprojection reconstruction
at the limited angular range [-®, ®] is given by Pof = F ' (xw, - £), cf. Section In the
following theorem we note a simple observation about the wavefront set of Pg f.

Theorem 3.19. For f € L*(R?) we have
WEFE(Po f) C sing supp(Pof) X Wo. (3.31)
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Proof. Since X(Pgf) C Wg, the assertion follows from Proposition [3.18] .

As a consequence of Theorem [3.19] we conclude that Pg f has no singularities in directions
e Wg := R? \ Wo. Therefore, the reconstruction Pg f is smooth in directions & € Wg at every
point x € R2. This observation explains the appearance of limited angle FBP reconstructions in
Figure[3.1] where we can clearly observe the directional smoothing.

In order to get a characterization which is independent of the reconstruction method, we need
to relate the singularities of the Radon transform R f to the singularities of f. A correspondence
between the wavefront set WE(Rf) and WF(f) was established by E.T. Quinto. We cite this in
the following theorem.

Theorem 3.20 ([Qui93|]). Let f € EMR?Y, a+0 and x € LO,s) = {x € R : x-0 = s} with
0, s) € Z=S"'xR. Moreover, we denote { = (—=x - 6*,1)7. Then,

(8, 5),al) e WERf) & (x,ab) € WE(f). (3.32)

.

We use Theorem [3.20| to investigate the relationship between the wavefront set of the limited
angle Radon transform, WF(Rg f), and the sought function f. Apparently, we have the same
correspondence as in (332) if (6, s) lies in the interior of Zg = S ¢ X R, which in turn is the case
when 6 belongs to the interior of S (11). On the other hand, since there is no data point for (6, s) ¢ Zo,
the wavefront set WF(Rq f) contains no element ((6, s), al) for 6 ¢ S (ID. Consequently, the limited
angle data y = R f does not carry enough information about the singularities (x, &) € WE(f),
where £ ¢ Wg. As a result, we cannot stably recover these singularities. This is in accordance
with Theorem [3.19]and the subsequent discussion.

Example. Let f(x) = yq be the characteristic function of the unit ball Q € R?. Then,

2(1 - )2 for |s| < 1,

0 otherwise.

Rf(G,s) = {

The Radon transform R (6, s) is therefore smooth on § I'x (-1, 1), whereas R f(6, s) is singular at
each point (6, +1),0 € S!, cf. Figure That is, singularities appear exactly for those (6, s) € Z,
for which the line L(6, s) is tangent to the boundary of the unit ball Q. J

The above discussion motivates the following definition, which was originally given in [Qui06].

Definition 3.21 (visible singularity). A singularity (x,0) € WE(f), 8 € S, is called visible from
a limited data set if the value Rof(6,x - 0) is in the data set. Other singularities are called
invisible. J

The characterization of visible singularities at a given angular range is of great importance
for practical applications since it describes precisely the information content of an incomplete
tomographic data set. Thus, visible singularities provide information about features that can be
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Figure 3.5: Radon transform of the characteristic function of the unit disc. For s # 1, Rf(6, s) is smooth. Exactly at
lines tangent to the boundary of f, L(6, 1), Rf(0, s) is not smooth (the first derivative is infinite).

reconstructed at a limited angular range and, in particular, about those features which cannot be
reconstructed from the given data (cf. discussion at the end of Subsection [3.3.1).

Let us draw some conclusions for the case of the limited angular range [-®, @]. In this case, the
visible singularities (x, &) of an unknown function f are exactly those with & € W, cf. Theorem
[3.20] We therefore know a-priori that any reconstruction fie. from the limited angle data y = R f
will satisfy

WE(fiee) € R? X Wo. (3.33)

This observation is also reflected by practical reconstructions which are shown in Figure
Since the above relation (3.33) does not depend on a particular reconstruction algorithm, the in-
clusion (3.33) may be interpreted as an inherent a-priori information of limited angle tomography.

Remark. A result similar to Theorem|3.20|is also available for the three-dimensional case, which
is formulated with respect to the divergent x-ray transform 9 (cf. Theorem in R with
sources on a smooth curve y in R?, cf. [Qui93]: Let f be a distribution with compact support,
x € supp(f). Then any singularity (x, &) € WFE(f) is stably detected from data Df if and only if

the plane P(x, £) through x with normal direction &, intersects y transversallyﬂ (3.34)

If data are taken over an open set of rays with sources on 7, then a ray in P(x, &) from v to x must
be in the data set for (3.34) to apply.

Note that condition (3.34)) is necessary for every tomographic reconstruction method in three
dimensions which deals with x-ray data Df. Indeed, the requirement that “each plane which

I"Two submanifolds of a given finite dimensional smooth manifold are said to intersect transversally if at every
point of intersection, their separate tangent spaces at that point together generate the tangent space of the ambient
manifold at that point.
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Figure 3.6: The Shepp-Logan head phantom (left) and its reconstruction at the angular range [—45°,45°] (right). The
red lines in the left image indicate visible singularities at the given angular range. In the reconstructed
image on the right, the visible singularities are clearly visible, however, the invisible singularities are
smoothed out. In addition to the visible singularities, the reconstruction (right) shows the appearance of
some streak artifacts.

meets supp f intersects the curve transversally” is part of the Tuy’s condition (2.21)) in Theo-
rem [2.11} which is the standard inversion formula for the x-ray transform in R3. In turn, Tuy’s
condition ensures that all singularities of the imaged object f are visible. J

3.4 Characterization and reduction of limited angle artifacts

In the previous section we have shown that only visible singularities of a function can be recon-
structed from a limited angular range, whereas the invisible singularities are smoothed or dis-
torted. However, the practical reconstructions in Figure [3.6|reveal another phenomenon. Besides
the visible singularities, the reconstruction shows the appearance of some additional singularities
that seem to be located on straight lines. Motivated by this observation, the goal of this section is
to present an exact characterization of these additional singularities. To this end, we will derive
another microlocal characterization of Pg f (which is considered as limited angle reconstruction,
cf. Section [3.2). Based on this characterization, we will present a novel strategy for artifact
reduction. In addition, we will show that this strategy can be easily integrated into the filtered
backprojection algorithm.

3.4.1 Characterization of limited angle artifacts

To gain knowledge about the limited angle artifacts we again consider Pof = F ' (xw, f), cf.
Theorem [3.9] Our goal is derive a more precise characterization of the wavefront set WF(Pg f).
To this end, we need some more facts about the wavefront sets.
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Theorem 3.22 ([H6r03, p. 270]). Let f € D'(R?) and g € & (R?). Then,

WE(f # ) € {(x+,6) € R* X RZ : (x,€) € WE(f), (1,4) € WF(g)}. ;

In what follows, we call a distribution f € S’(R?) homogeneous if f is homogeneous of some
degree a € R, cf. Proposition The next lemma shows that the wavefront set WF(f) of a
homogeneous distributions f € S’(R?) is determined by the wavefront set of its Fourier transform.

Lemma 3.23 ([H6r03, Theorem 8.1.8]). Let f € S'(R?) be homogeneous in R2, then
(x,6) € WE(f) & (£,-x) € WF(f),
whenever & # 0 and x # 0. J

We are now able to prove our main result of this section.

Theorem 3.24. Let 0 < ® < n/2 and let f € L*(R?) have compact support. Denote int(Wg)
the interior of the polar wedge Wq and let £, = (cos(¢), sin(¢))T, f; = (—sin(p), cos(p))T for
¢ € [—m, 7). Then

WE(Po f) € WFo(f) U Ag, (3.35)
where
WFo(f) = {(x.£) € R X RZ : (x,£) € WE(f), £ € int(Wo)] (3.36)
is the set of visible singularities of f and
Ap = ((x + réf.0b,) 1 (x.£,) € WE(f), r.a €R,, ¢ = 0 (3.37)
is the set of additional singularities. a

Proof. In what follows we let ug(x) = xw, (x) and iip = F'(uo). Then ug, itp € S’(R?) and
1 .
Pof = —f *lio.
n
Moreover, by Theorem [3.22] we have

WF(Pof) C {(x+y.6) € R xR : (x,£) € WF(f), (7.€) € WF(ii)} . (3.38)

Thus, we need to compute WF(iigp). Now observe that iig is homogeneous (since ug is homoge-
neous), cf. Proposition[A.T7] Therefore, by Lemma[3.23] it suffices to compute the wavefront set
WF(ug). To this end, we first note that

sing supp (ug) = OWo = (R- o) UR - €_9).

In order to compute the localized frequency sets Z,(uq) for each x € sing supp(ue), we note that
the singular directions at each x.. € R-£.9\{0} are given by the normals to £.¢, cf. correspondence
(3.30). Hence, we have

in(utb) =R, fi_q),
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and thus
WF(ue) = {(réy, a€)T : rya € Re, @ = +@} U {0} X Zo(ug).

By Lemma[3.23] we therefore have

WF(ite) = {(ré}, a&p) - ra €R.,
c &t ab,) : raeR.,

= i(D} U {0} X Zo(itop)
= i(I)} U {0} X W, (3.39)

where the last inclusion is due to X (itp) € We, which in turn follows from supp F (&ip) € We by
Proposition [3.18] The assertion follows now by inserting (3.39) into (3.38). .

Theorem [3.24]is of particular interest for limited angle tomography since it provides a precise
characterization of the wavefront set of the filtered backprojection reconstruction at the angular
range [—®, @]. In particular, it explains all effects that can be observed in practical reconstructions
in Figure[3.I} On the one hand, there is the effect of cancellation or smoothing of singularities of f
that is expressed by the fact that WF(Pg f) € WFo(f)UAe C R?XWq. Therefore, only the visible
singularities are reconstructed, other singularities are smoothed. On the other hand, Theorem
[3.24] characterizes the limited angle artifacts that can be observed in every filtered backprojection
reconstruction, cf. Figures 3.1] These artifacts, are described by those singularities (x,&) €
WEF(Pof) that belong to the set Agp, cf. (3.37). We call these singularities additional since
(x,&) € Ao, in general, does not imply that (x, &) € WE(f).

Let us take a closer look at the additional singularities (x, &) € Ag. First of all, note that by
(3.37) we have Agp # 0 if and only if £.9 € X(f). In this case, (xf, @é:0) € WF(f) for some

x¢ € sing supp(f). Now let (x7, apé.a) € WE(f) for some ag # 0. Then, by (3.37),
(xf + rfi‘q), aéiop) € Ao

for each r,a € R.. That is, only the existence of a singularity (xr, @oé+p) € WF(f) induces
new singularities that have the same direction and are located on the line I(r) = xy + rfiq). This
fact describes exactly the streak artifacts that are visible in reconstructions in Figures 3.1 An
illustration of the above discussion is shown in Figure [3.7]

We conclude this section by noting that a good reconstruction algorithm should be, on the one
hand, able to reliably reconstruct visible singularities and, on the other hand, should avoid the
production of the added singularities.
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Figure 3.7: Filtered backprojection reconstruction (left) of yq at an angular range [-®, ®], ® = 45° and an illus-
tration of additional singularities (right). According to Theorem[3.24] the additional singularities (streak
artifacts) are located on lines I(r) = x; + ré.q, where x; is such that (xy, aé.e) € WE(f) for @ # 0. The
correspondence of the theoretical description (right) and practical reconstruction (left) is remarkable.

3.4.2 Reduction of limited angle artifacts

Our aim in this subsection is to derive an artifact reduction strategy for the filtered backprojection
(FBP) algorithm in limited angle tomography. To this end, let us recall that the basis of the limited
angle FBP is the inversion formula (3.21)

1
Pof = —RyI 'Rof. (3.40)
4
In order to reduce artifacts, our idea consists in modifying the above inversion formula in such a
way that it outputs a function T f which
(i) does not include additional singularities, i.e., WF(T¢ f) € WFa(f),
(i1) is a good approximation to Pg f.

Let us first point out the reason why Pof = F ' (xw, - £) may contain singularities (x, &) which
do not belong to the wavefront set of f. To this end, we write

1
Pof = P VRS
T

where itgp = F ' (yw,). Then, by examining the proof of Theorem it is easy to see that the
set of additional singularities Ap may be written as

Ap = {(x+y,6) € R? X R : (x,6) € WF(f), (1,€) € WF(iig), y # 0} .

Consequently, the additional singularities appear only if there are singularities y € sing supp(iie)
with y # 0. In order to avoid the production of additional singularities it is therefore canonical to
aim at reconstructing

1
Tof = 5-f *ke (3.41)
n
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instead of Po f, where k¢ € S’(R?) is assumed to be homogeneous sucht that sing supp(ke) = {0}.
This ensures the requirement (1) to hold. To summarize the above discussion we record the
following lemma.

Lemma 3.25. Let kp € C®(R?) be bounded and homogeneous of degree 0 such that

K¢|W((I)_g) = 1’ K(I)|R2\W¢, =0 (342)

for some 0 < € < ®. Moreover, let

ko = F (ko).
Then, for T f defined in (3.41), we have
WE(To f) € WEg(f).
In particular, this relation ensures that no additional singularities are produced. J
Proof. Note that k¢ = F (ko) is homogeneous because kg is homogeneous, cf. Proposition

Moreover, by Lemma [3.23] we have that sing supp&p C {0}. The assertion follows now
from Theorem [3.22]since X(kp) € Wq (cf. Proposition [3.18)). .

The next theorem shows that a simple modification of the inversion formula (3.40) leads to an
artifact-free reconstruction 7o f.

Theorem 3.26. Let ko fulfill the assumptions of Lemma In addition, assume that kg sym-
metric, i.e, kp(0) = kp(—0) forall 0 € S L Then,

1
Tof = ER;;I‘“K(DR f, (3.43)

where To f is defined in (3.41)), and

KoRf (0, 5) = kao(0) - Rf(, 3).
In particular, the inversion formula (3.43) does not produce additional artifacts, i.e.,
WE(Tf) € WE(f). J
Proof. First note that 7~' and Ky commute since 7' acts on the second variable of Ry f,

whereas K¢ acts on the first variable of Rpf. Moreover, because k¢ is homogeneous of de-
gree 0, we have kg(r) = ko(6) for all 6 € S Lr#o0. Following the proof of Theorem for
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a = 0, we therefore get

1 1
ZTR:;I_IW@R(D]C(X) = ZT ‘L‘] )(S&’(H)quf_lﬁ@f(e, x-6)do

1 > —
= — f Xs1 () f ko (0) Il Ro f(r)e"™ dr do
dr Jo1 5o )

- Lf f ) ko(r6) f(r)e"™r dr de
21 Jst Jo
1 ~ .
- z_f ko (&) f(&)e™ ¢ d¢
T JRr2
= F ko - f)(x)
1
= 2—(f * ko) (x) = To f(x).
JT

The last statement follows from Lemma [3.231 .

The above Theorem [3.26] shows that a simple preprocessing of the data yp = Re f, namely the
multiplication of the data y¢ by the function «g, i.€.,

Yo(b, 5) = ka(0) - yo (8, 5), (3.44)

and the subsequent application of the limited angle FBP leads to a reconstruction that does not
contain additional singularities. We note that the authors of [KLQ12|] applied a similar smooth
data truncation in the case of the elliptical Radon transform in order to reduce limited angle
artifacts.

Remark. Let us give a different view on the artifact reduction strategy. To this end, we interpret
the limited angle Radon transform data yp = Re f as a truncated version of y = Rf via

)’<I>(9, S) :XS(]D(G) : )’(9, S),

where (0,s) € S' x R. Assuming that y(z®, s) # O for some s € R, this hard truncation in
the Radon domain introduces additional singularities in the data yg which are located at (+, s)
for each s € R. These additional singularities in the Radon domain entail added singularities
in the reconstruction. In order to avoid the additional singularities in the Radon domain, it is
therefore reasonable to use a smoothly truncated data yq(6, s) = ko(6)y(6, s). In that regard, only
those singularities are reconstructed which belong to the original object f. In particular, no added
singularities are generated.

Though it is not a formal proof, the above discussion gives an intuitive understanding of the
artifact reduction strategy that we presented in Theorem [3.26] J

Example. Let ¢, : [-7, 7] — [0, 1] be defined by ¢.(x) = exp(xz%zgz) for |x| < £ and ¢.(x) = 0
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Figure 3.8: The characteristic function y, (left) and the smooth truncation function ¢ (right) as defined in (3.43)
for ® = 45° and & = 35°.

for |x| > &. Denote & = (cos 6, sin 0) for 6 € [—nx, ]. Then, the function

‘PS(Q + ((D - ‘9))7 0¢€ [_q), _(q) - 8)]a

W R 6e[~(®-e),d -], 345
Kp\ ¥ = .
P p0- @ —g), e [(@-e), D],

0, otherwise.

satisfies the assumptions of Lemma[3.25]and Theorem [3.26] and therefore can be used for artifact
reduction according to (3.43). A plot of such kg is given in Figure[3.§] 4

We have implemented this artifact reduction strategy in Matlab using the function ¢ as defined
in (3.43). The resulting reconstructions for @ = 45° and & = 35° are shown in Figure [3.9] Here,
one can clearly observe the effect of artifact reduction: While the limited angle artifacts are visible
in the FBP reconstructions (middle column), the implementation of the artifact reduction strategy
avoids the production of the additional singularities (right column).

Finally, let us comment on the choice of the parameter & € (0, ®] in (cf. also (3.43)).
First note that, according to Lemma [3.25] and Theorem [3.26] every choice of the parameter & €
(0, @] leads to a reconstruction T f which does not contain additional artifacts as opposed to
Pgf. Secondly, the function kg - = ke converges pointwise to yw,, as & — 0 (according to (3.42)).
Therefore, a small value of the parameter € ensures that Tq f is close to Pg f (cf. requirement
(). That is, a small parameter ¢ leads to a reconstruction T¢ f which is a good approximation
to Pof and which does not contain additional artifacts. However, in practice, small values of
€ lead to artifacts in the reconstruction as can be observed in Figure [3.10] This is because «o
decays very fast near the boundary 0W¢ for small values of &. Therefore, the parameter & has to
be chosen appropriately. For the experiment in Figure[3.9] the choice of this parameter was based
on a visual inspection of reconstructions for different values of .
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Figure 3.9: Limited angle reconstructions at the angular range [-®, @], ® = 45°. Original images (left column), FBP
reconstructions (middle column) and FBP reconstruction with artifact reduction (right column).

3.5 A microlocal approach to stabilization of limited angle
tomography

In the last section of this chapter we draw our attention to the ill-posedness of the limited angle
tomography. We will discuss that, in this case, the reconstruction problem is severely ill-posed.
In particular, we will relate the severe ill-posedness of limited tomography to the existence of
invisible singularities. Moreover, we will show that by integrating the inherent a-priori infor-
mation about visible singularities (3.33) into the reconstruction, the inversion procedure can be
stabilized. As a result, the degree of ill-posedness is reduced to 1/2 (in the sense of Definition
[C.6) which equals to the degree of ill-posedness of the reconstruction problem at a full angular
range, cf. Theorem[2.13]

3.5.1 A microlocal principle behind the severe ill-posedness

Our goal of this section is to understand the severe ill-posedness of limited angle tomography
within the framework of microlocal analysis. Though most of the results about the severely ill-
posed nature of limited angle tomography are well-known, we present them here for the sake
of completeness. For more details we refer to the classical literature [Dav&3], Lou86],
[Nat86, NWOT].

In order to study well-posedness of a problem it is the first task to check whether a unique
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(a) e =10° (b) e =25° (©)e=35°

Figure 3.10: FBP reconstructions with artifact reduction. The effect of the parameter € in the definition of k¢ on
artifact reduction, cf. (3:42) and (3:43). Small values of ¢ lead to artifacts in the reconstruction.

reconstruction exists, cf. Definition [C.I We begin by noting that the reconstruction cannot
be unique if the sought function has a non-compact support. This is due to the non-injectivity
of the limited angle Radon transform Re which was shown in Corollary Therefore, the
severe ill-posedness in the case of non-compact support is reflected by the non-uniqueness of the
reconstruction.

In what follows we consider the reconstruction problem for functions with compact support. In
contrast to the case of non-compact support, the reconstruction is unique for every angular range
[-D,P],0 <D < 7/2:

Theorem 3.27 ([Nat86, Theorem I1.3.5]). Let f € L*(R?) have compact support, and suppose
Rof(0,-) =0 for0 e Sy. Then, f=0. 2

Proof. The compact support of f implies that the Fourier transform f is analytic. By assumption
and the Fourier slice theorem we get f (00) = 2n) 2Ry f@,0)=0forallc e Randf € S (11).
Since no non-trivial analytic function can vanish on a set with a limit point, we get f = 0 and
thus f = 0. .

The result of Theorem [3.27] seems at the very first glance surprising since it guarantees a
unique reconstruction even from a very small angular range. In particular, it guarantees that even
invisible singularities (cf. Definition[3.21)) can be reconstructed. However, the proof of the above
theorem reveals that the reconstruction is highly unstable. Namely, it shows that reconstructing
f from a limited angle data is equivalent to analytic continuation of f, which is known to be
extremely unstable. To see this, let us assume that £, § are two analytic functions. Then, observe
that the difference f—2 is analytic as well, and therefore unbounded if f-2 is not constant. Hence,
if we are given perturbed data fn := f +n, where |Ill, < & € > 0, on some region U C R,
the analytic continuation £ y of f,, differs from the analytic continuation £ of f. Accordingly, the
difference F — F' » 1s unbounded which means that the reconstruction error might be arbitrarily
large. This conclusion is true for every £ > 0. As a result, the analytic continuation and, hence,
limited angle tomography is extremely unstable.

In particular, the above discussion shows that the reconstruction becomes extremely unstable
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when trying to extrapolate values f(&) for & ¢ Wg. Note that these are exactly those values
which contain the information about the invisible singularities. It seems therefore reasonable to
conclude that the main instabilities of limited angle reconstruction occur due to the presence of
invisible singularities.

Remark. Assuming the unknown function f to have compact support, the above discussion
shows that, in order to get a perfect reconstruction from a limited angle data, the reconstruction
algorithm has to perform analytic continuation in the Fourier domain. However, as we have shown
in Theorem [3.9] the application of the filtered backprojection (FBP) algorithm to the limited
angle data does not recover f but Pe f. In this context, the FBP algorithm is not an appropriate
reconstruction algorithm for limited angle tomography. J

To quantify the degree of ill-posedness of the limited angle problem we first note the charac-
terization via the singular value decomposition, cf. Definition [C.5]

Theorem 3.28 (Singular values of the limited angle Radon transform, [Nat86, Sec. VI.2]).
Assume that 0 < ® < /2 and let Q C R? be the unit ball of R2. Then, the singular values oy,
(cf. Theorem|[B.7) of the limited angle Radon transform

Ro : LXH(Q) — L*(Zg, (1 — sH)1?)

are given by
1/2

2
O'mJ:( n Am+1,®/7)| , meNy 0</<m,
m+1

where A;(m + 1, ®/n) satisfies the following condition: for each 0 < ¥ < 1 there are constants
¢ =c(®) > 0andb = b(}) such that
—-bm 20
0<1-A4(m+1,®/n) <ce™™, for | <G—m, (3.46)
s

20
—m.

0<(m+1,0/7) < ce™™, for 1>97! - (3.47)

In particular, the singular values o, with | > 9~'(2®/m)m decay exponentially as m — co.

Let us take a closer look at Theorem [3.28] To this end, let (071, fint> gmmper denote the
singular value decomposition of Re and let 7 = {(m,[) : m € Ny, 0 <[ < m} be the index set of
all singular values. Then, by Theorem [3.28]and Theorem [B.7] we can write

f: Z Cm,lfm,l+ Z Cm,lfm,ls (3.48)

(m,)el\Ig (m,))ely

where the coefficients ¢, are given by
Cm,l = Om,] <R(Df7 gm,l>L2(Z(D’(1_52)l/2) >

and
Io={mDel: 1207 Q0/mm),
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for some 0 < ¢ < 1. Now observe that, by (3.47), all but a small finite number of coefficients
cmy With (m,l) € Iy are very close to 0. Therefore, the information content of these small
coeflicients is lost if the data y = R f is corrupted by noise. In this case, the right hand sum in
(3.48)) consists only of a small (finite) number of summands. Since all singular functions f,,; are
smooth, [Lou86], this sum represents a function which does not contain singularities. As a result,
only those singularities of f can be reconstructed which have a representation with respect to the
system { fi.1},,,./c 1\7,- In turn, these are exactly the visible singularities. This observation reflects
again the microlocal correspondence that was noted in Theorem [3.20

Finally, we note that the limited angle problem is also severely ill-posed in the sense of Defi-
nition [C.6] cf. [Nat86 Sec. VI.2]. Also in this context, we will see that the reason for the severe
ill-posedness can be explained within the framework of microlocal analysis.

Theorem 3.29. Leta € R, 0 < ® < 71/2 and let Q C R? be the unit ball ofRZ. Then there is a
Jfunction f such that, for some Cqy > 0,

1 2@ £ Co R fllgesrzzy) » (3.49)

where
gl e zy) = f f (1+ 036, 0) dordb.
Sy JR

That is, the left-hand side Sobolev space estimate (cf. Theorem[2.13)) does not hold for the limited
angle Radon transform. J

Proof. In order to show that an estimate of the form (3.49) cannot hold, it is sufficient to choose
a function f € H’g (Q2) with 8 < a such that f has a singularity only with respect to an invisible
direction. Then, according to Theorem [3.20} the limited angle Radon transform is R f is smooth
(i.e. Rof € C*(Zp)) such that [[Ro fllga+12(z,) < 0. However, since f ¢ HE(Q), ||f||Hg(Q) = 00,
For a concrete example of such a function we refer to [Nat86, Sec. VI.2]. .

To sum up, we again emphasize that the main reason for the severe ill-posedness of limited angle
tomography is the existence of invisible singularities.

3.5.2 A stabilization strategy for limited angle tomography

In the previous subsection we have shown that the reconstruction procedure becomes extremely
unstable as soon as we are trying to reconstruct invisible singularities. In order to stabilize the
inversion, it is therefore natural to reconstruct only that part of the sought function f which merely
contains the visible singularities. For that reason, we aim at reconstructing functions f that satisfy
WF(f) € R? X Wy, cf. (3:33). In order to integrate this a-priori information into a reconstruction
procedure, we shall assume that

supp f € Wo. (3.50)

That is, our goal is to reconstruct P f = F ! (ywe £) from the limited angle data y = Rg f, rather
than f. Note that (3.50) implies WF(f) € R? x Wq, but not vice versa.
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According to the above discussion, we formulate the stabilized limited angle reconstruction
problem as follows:

giveny’ = Rof +1, find an approximation to P f. (3.51)

In this case, we can restore the Sobolev space estimate (3.49).

Theorem 3.30. Let f € C°(QQ). Then, for each o € R we have

VAr 1P fll ooy < R0 fllgesinzy) - (3.52)

.

Proof. The proof is according to [Nat86, Theorem II.5.1]. By using the Fourier slice Theorem
2.3] we first note that

RafByiniy = [ [0+ 2 Rapio. o dords
S R

(]

:47rf f (1 + 022 | foo) do do.
S5 J0

Substituting ¢ = 06 we get
o RSNV,
IR fl3gesinzy) = 47 f (1 + P27 | fo)|” de, (3.53)
Wo

> 4n fR A+ Pew @ F ) e (3.54)

Remark. For f € C2(Q), it is straightforward to prove the right-hand side Sobolev estimate

1R fllga+112(z,) < Ca Hf”Hg(R?) )

with some constant C, > 0. In order to prove this inequality, it is essential that f has compact
support, [Nat86, Theorem 5.1]. However, an estimate of the form

IR> fllge+12z4) < Co llPo fllgreg2) s

cannot be proven using the same technique. This is due to the fact that the support of Pg f cannot
be compact even though f has compact support. J

Theorem [3.30] shows that the reformulation of the limited angle reconstruction problem (3.3))
according to (3.571)) indeed stabilizes the reconstruction procedure. In this case, the degree of
ill-posedness equals 1/2 (in the sense of Definition [C.6) which is the same as in the case of the
full angular range, cf. Theorem 2.13] An appropriate reconstruction algorithm for the stabilized
problem (3.571)) is given by the filtered backprojection algorithm. This is due to the fact that
the limited angle FBP implements an inversion formula for Pg f, cf. Theorem[3.9] An artifact
reduced version of the FBP algorithm for the problem (3.5T)) was derived in Section [3.4]
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3.6 Summary and concluding remarks

The main goal of this chapter was to understand the image formation principle in limited an-
gle tomography, and to explain all effects that can be observed in practical reconstructions, cf.
Figure For this purpose, we presented a detailed analysis of the limited angle backprojection
operator and characterized the kernel of the limited angle Radon transform in S(R?), cf. Theo-
rem [3.6) and Corollary respectively. In addition, we derived an exact formula for filtered
backprojection reconstructions at a limited angular range in Theorem [3.9] These characteriza-
tions showed that, given tomographic data at the limited angular range [-®, ®], only the part
Pof = F '(xwe f) can be reconstructed. In particular, these results explain why limited angle
FBP does not perfectly recover the unknown function f.

In Section [3.3] we gave an interpretation of these characterizations in terms visible and invisi-
ble singularities at the limited angular range [-®, ®]. In particular, we showed that a meaningful
a-priori information can be extracted from the limited angle data, cf. (3.33). Section [3.4] was
devoted to the characterization of limited angle artifacts and the development of an artifact reduc-
tion strategy for the filtered backprojection algorithm. These results were stated in Theorem [3.24]
and Theorem [3.26] We also presented some numerical experiments on artifact reduction.

In Section[3.5] we discussed three aspects of the severe ill-posedness of limited angle tomogra-
phy in the context of microlocal analysis. In particular, we showed that the existence of invisible
singularities at a limited angular range is mainly responsible for the severe ill-posedness of the
limited angle reconstruction problem. Based on this insight, we derived a stabilization strategy
for limited angle tomography in Subsection[3.5.2] Basically, this is nothing but the integration of
the inherent a-priori information (3.33)) into the reconstruction problem.



CHAPTER 4

An adapted and edge-preserving reconstruction
method for limited angle tomography

Thus far, we mainly studied the filtered backprojection (FBP) algorithm at a limited angular
range. Its main advantage consists in the ability to produce efficacious reconstructions at a small
cost. However, the FBP algorithm does not perform well in the presence of noise, [NWO1],
[Her09], [MS12]]. Depending on the choice of the regularization parameter (cf. Subsection[2.4.1),
the reconstructions appear either noisy or tend to oversmooth the edges, see Figure[d.T However,
it is of particular importance for medical imaging purposes to reliably reconstruct edges. The
need for edge-preserving reconstruction in computed tomography is documented by various pub-
lications, see e.g. [DB95], [CDOQ, [CG02], [YF02], [HHK*12], [Klalll, [KRR11l], most of which
use a variant of the total variation reconstruction to preserve edges.

In the present chapter we develop a novel reconstruction algorithm for limited angle tomo-
graphy that is stable and edge-preserving. We show that this algorithm may be adapted to the
limited angle geometry by integrating the inherent a-priori information (3.33) into the recon-
struction. As a result, the dimension of the problem can be significantly reduced yielding a
considerable speedup of the algorithm while preserving the reconstruction quality.

This chapter is organized as follows. In Section[4.T|we briefly introduce the technique of sparse
regularization and recall the definition of curvelets. In particular, we show that the combination
of these mathematical tools yields a stable and edge-preserving reconstruction method which we
call curvelet sparse regularization (CSR). In Section #.2] we formulate an adapted version of
curvelet sparse regularization (A-CSR) by integrating the inherent a-priori information of limited
angle tomography into the CSR method. Our main results are presented in Section 4.3]
where we first derive an explicit formula for the Radon transform of curvelets and, in particular,
prove a characterization of the kernel of the limited angle Radon transform in terms of curvelets.
These results are presented in Theorem [4.7) and Theorem [4.8] In Theorem .10} we characterize
CSR reconstructions at limited angular range. In particular, we show that the adapted approach
(A-CSR) leads to the same reconstructions as the non-adapted curvelet sparse regularization.
Finally, in Section #.4] we derive an explicit formula for CSR reconstructions at a full angular
range and discuss the relation of CSR to the “curvelet thresholding” approach of [CD02].

57
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Figure 4.1: Filtered backprojection reconstructions from a noisy data set (noiselevel=2%) at the angular range
[-®,®], ® = 45° using the Ram-Lak filter with different bandwidths, cf. Section 241} Top left im-
age was reconstructed using a large bandwidth, whereas the top right image was generated by using a
small bandwidth. The second row shows a zoom of the white rectangular regions of the reconstructions in
the top row. Reconstructions on the left show poor noise performance while the edges are well preserved.
However, the images on the right reveal the opposite phenomenon: The noise performance seems to be
quite good, whereas the edges appear to be blurred.

Essential parts of the present chapter were published in the Journal of Applied and Computa-
tional Harmonic Analysis [Fril2]]. Moreover, the results of Section @ were announced in the
Proceedings in Applied Mathematics and Mechanics, [Frill]. We also note that an alternative
approach to adapted curvelet sparse regularization was published in the Proceedings of IEEE
International Symposium on Biomedical Imaging, [Fril0].

4.1 A stable and edge-preserving reconstruction method

In this section we develop a stable and edge-preserving reconstruction method for the limited
angle reconstruction problem

Y =Rof +1, 4.1)

where 77 denotes the noise level 6 > 0, i.e., ||77||% = ¢. In order to stabilize the inversion, it is neces-
sary to integrate additional prior knowledge about the solution into the reconstruction procedure,
[EHNO96], [Kir96]. A common approach is to use variational formulation of the reconstruction
problem, [SGG09]. In this context, a regularized solution f;, is obtained as a minimizer of the
so-called Tikhonov functional,

fo = arg;nin {”R@f - y‘5||§ + aA(f)} , 4.2)
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where @ > 0 denotes the regularization parameter and A : dom(A) — [0, o] is the so-called
prior (or regularization) functional. The first term in (4.2)) controls the data error, whereas the
second term encodes the prior information about the sought object f.

The choice among various prior terms A and, thus, regularization techniques, depends on the
specific object (which is imaged) and, to some extent, on the desire to preserve or emphasize
particular features. A classical strategy is to enforce smoothness of the solution. In this case, it is
appropriate to choose A to be a smoothness (semi-) norm, [EHN96], [Kir96|]. For example, the
Besov norm, which allows to adjust the smoothness of the solution at a very fine scale [KSJ*03],
[LTO08], [RVI*06].

In what follows, our goal is to design a penalty functional which does not smooth edges. The
most prominent prior functional A that is used for edge-preserving reconstruction is the total
variation (TV) seminorm, see e.g. [HSPI11l], [HKK"12]. However, as it was pointed out in
[HDOS]], TV reconstruction may not be an appropriate choice for medical imaging purposes. One
reason for this is that TV regularization favors piecewise constant functions and, hence, produces
staircase effects which may destroy relevant information [[CCNO7|], [Rin0O0]. To overcome this
problem, higher order total variation priors were considered by some authors, see for example
(BKP10].

In this section, we apply a different regularization strategy, where instead of enforcing smooth-
ness, sparsity of the solution is enforced with respect to some dictionary (function system),
[DDDMO04]. Moreover, we will show that by using the curvelet dictionary, [CDO5b], this reg-
ularization method gives rise to an edge-preserving reconstruction technique.

4.1.1 Regularization by sparsity constraints

In what follows we assume {¢,},; to be a frame of L%(Q) with a countable index set 7, cf.
[ChrO3]]. That is, for some constants A, B > 0 we assume that

ANFIB < Y KEulP < BIFIR,  forall f € LX(Q).
nel
Moreover, we define the analysis operator T : L*(Q) — ¢>(I) and the synthesis operator T* :
2(I) - LX(Q) by
Tf =AW Dher» T'¢= ) cuthn: (4.3)
nel
Then, the reconstruction problem (&.I]) can expressed with respect to the frame coefficients ¢ via

Y =Kc+n, K:=ReT" (4.4)

We are therefore interested in the recovery of the frame coefficients ¢ = (¢;),er of f rather than
the function f itself.

In order to stabilize the reconstruction problem (4.4)), we will assume that the sought function
f is sparse with respect to the frame {¢,},,c;. That is, we assume that the coefficients ¢ € £2(1) in
the representation f = T*c have only finitely many entries which are different from zero. Thus,
our regularization strategy is to determine a solution of the problem (4.1)) such that it is sparse with
respect to the frame {,},.r. The integration of the sparsity assumptions into the reconstruction
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procedure can be achieved by using variational formulation (4.2)) with the following regularization
term [DDDMO4], [BLO8b], [GHSO08], [Lor09al,
Ay p(e) = llellyp = an Kf I, (4.5)
nel
where w = (wp,),er 1S a weight sequence satisfying w, > &£ > 0 for some £ > 0,and 1 < p < 2.

To sum up, regularization by sparsity constraints yields a solution of (4.4) by minimizing the
following Tikhonov type functional,

.1 2
Cy,p = arg mln{i HKC —y5||L2(SlxR) + ||c||fv’p}. (4.6)
ceCl

A regularized reconstruction f;, , for the original problem (4.1)) is then obtained by applying the
synthesis operator to the regularized coefficients ¢y, p, i.€., fu.p = T ¢y p.

We shall now show that sparse regularization (4.6) of the reconstruction problem (#.1) is well-
posed in the sense that a minimizer c,, , exists and continuously depends on the data y°. To this
end, for 1 < p < 2, we define the following shrinkage operator S, : £2(I) — ¢*(I) by

sgn(c,) max {0, [c,| =w,}, p=1
(Sh()n =Sk, (x) := G;l,p(cn) l<p<2, 4.7)
/(1 +2wy,) p=2,

where Gv‘vi’p denotes the inverse function of G,,, ,(y) = y+w,p sgn(y) ly/P~!, [Lor09al). For p = 1,
the operator S., is the well-known soft-thresholding operator and will be denoted by S,,.
The following proposition follows from results in [GHS08]], [Lor0O9al.

Proposition 4.1. For every y° € L*(Q) the Tikhonov functional

1
To©) = 5 1Ke =321z + Nl (4.8)

has a minimizer in L*(Q). Furthermore, for anyy > 0, the minimizer c,, p Of Tw,p is characterized
by the fixed point equation

Cwp = Shy (Cwp = YK (Keyp = 3%)). (4.9)

-

The following proposition shows that regularization by sparsity constraints (.6) indeed en-
forces sparsity of the solution.

Proposition 4.2 ([GLO8]). For p = 1, each minimizer ¢, of (@.8) is finitely supported. For
1 < p <2, it holds that c,,, € ffv(zp_l), where ﬁfvz ={c: ||c||fvzq < oo} for g = 2(p — 1) and

w? = (W2)ner. 4

Finally, we note that sparse regularization is a regularization method in the sense of Ap-
pendix [C Definition [C.7] The following theorem follows directly by applying [GHSO08|, Remark
3 and Proposition 7] to the limited angle Radon transform.
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Theorem 4.3. Let 1 < p < 2. Assume that the operator equation Kc = y attains a solution in
e ={ceCl: |cll,, < o}, and that @ : Ry — Ry satisfies

. . oP
fma® 0. lig 5 =0

Let 6 — 0 and let yy € [*(S!' xR) satisfy |ly = Yill2s1xr) < Ok Moreover, let ay = a(6x) and

1
k : 2
Cw,p € arg min {5 ”KC - yk”LZ(SlXR) + ”C“{t)/,p} .

. . .. kj
Then, there exists a solution ¢’ of K¢ = y of minimal || - Il ,-norm and a subsequence c,; , such
that
Nk
lim fic,, , —c'|| = 0. a

Jj—oo 2

4.1.2 A multiscale dictionary for sparse and edge-preserving representations

In the previous section we have shown that imposing sparsity constraints on the solution stabi-
lizes the reconstruction problem of limited angle tomography. However, in order to make this
method applicable in practice, we still need to specify the dictionary {y,},.r. An essential re-
quirement on the dictionary {i,},.r is the ability to provide sparse representation of a large class
of functions, cf. Subsection 4.1.1] This is necessary in order that the regularized solution is a
good approximation of the sought function, cf. Proposition [4.2] In addition to the stabilizing
property of the reconstruction method, it is our goal to design an inversion technique that is edge-
preserving. To achieve this, our idea consists in combining the technique of sparse regularization
with a dictionary that provides sparse and edge-preserving representations. In this subsection, we
introduce curvelets, [CDO5b], [MP10], to address the problem of finding an appropriate dictio-
nary. Moreover, we give an adequate definition of a class of functions with edges and show that
these function can be efficiently approximated by curvelets, [CDO4]].

The curvelet dictionary

We briefly recall the definition of the curvelet frame. For details we refer to [CDO5b], [MP10].
Conceptually, the curvelet dictionary is a wavelet type dictionary that has a multiscale structure
and whose elements are highly directional functions. As opposed to wavelets, the curvelet dic-
tionary is not generated by a single mother curvelet. Rather, the generating functions vary from
one scale to another.

At scale 27/, j € Ny, the generating curvelets ¥, : R* — R are defined in the frequency
domain by using polar coordinates (7, w) as follows:

— , _ 2 j/21+1
Wioo(r,w) = 27394 W@ . p).- v(— -w), (4.10)
T

where W(r) is a radial window and V(w) is an angular window, respectively. The windows W and
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Figure 4.2: Support of curvelets in the Fourier domain for j = 1 (dark gray), j = 3 (gray) and j = 5 (light gray). A
similar image can be found in [MP10].

V are assumed to be real and smooth (W, V € C*(R)), such that

suppW C (1/2,2), suppV C (—1,1).

Moreover, we assume the following admissibility conditions to be satisfied,

Z W2Q2/r) =1, re(3/4,3/2);

j=—

w0 4.11)
Z Viw-D=1, we(=1/2,1/2).
[=—00

The family of curvelets {4} .« is now constructed by translation and rotation of generating
curvelets ¢;00. That is, at scale 27/, the curvelet i is defined via

W 4(x) = ¥ j0,0(Ra, (x = b)), (4.12)

where

cosfj; —sinfj;
Ry;, = (4.13)
sinf;; cosf;;

denotes the rotation matrix with respect to the scale-dependent rotation angles 6;; and the scale-
dependent locations bi’l which are defined by

0,0 = 1.2 1211 Q2T < o pli/1+,

ki ko

. 4.14)
Bl _ p-1 _ 2 (
bk = jo,l (5, W) , k=(ki,k)T € Z°.

Since the window functions W and V are compactly supported, and in particular, since the
support of W(2/+) is contained in (1/2, o), it follows from (#.10) and (#.12) that each curvelet
is supported on a polar wedge in the Fourier domain which has a positive distance to the origin,
cf. Figure Thus, we have i k(& = 0 for all |€] < 1/2 and all admissible indices (j,/, k)
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(@) ¥s00 (b) ¥ss0

Figure 4.3: Curvelets at different scales and different orientations. Left image shows a curvelet with orientation 65y =
0° whereas the right image shows a curvelet with orientation 6g s = 56.25°.

according to @.T4). As a result, the region (J;; 4 supp ¥« does not cover all of the R? and the
system {1/ x} does not contain any low-pass element.

To finish the definition of the curvelet system we define the generating low-pass function y_ o o
in the Fourier domain by

Uoroo(nw) = Wo(r),  Wo(r) =1 WX27r)
j=0

and complete the curvelet system by all of its translates {/_10x};cz2. Then, the index set of the
(completed) curvelet dictionary is given by

I={(-1,0,k): ke ZJU{(jLk): jeNo, kez? -2+ <1<l (4.15)

Note that each index (j, [, k) € 1 has a 3 parameter structure, where j denotes the scale-parameter,
k = (k1, k) is the location parameter and [ is the orientation parameter.

Remark. In the spatial domain, the support of curvelets is concentrated around an ellipse which
is located near bi’l and oriented along the orthogonal direction 9]%1 = 0j; + /2. The directional
localization becomes higher when the scale parameter j increases. Consequently, curvelets are
highly oriented at fine scales, see Figure .3 J

The curvelet dictionary {;x}(;1ker now provides a tiling of the frequency plane, cf. Figure
and is complete in the sense that it constitutes a tight frame for L*>(R?), [CD05b]. That is, for
each f € L2(R?) there is a curvelet representation

f= Z Wt W 1k (4.16)
(Loer

and a Parseval relation

oy = > N D

(jil.k)el
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Figure 4.4: Tiling of the frequency plane corresponding to the curvelet dictionary, [CD04].

We conclude our exposition on curvelets with the following example of curvelet window func-

tions W and V that satisfy the admissibility conditions (@.1T).

Example. For an explicit construction of a curvelet according to {@.11)), the following window

functions may be used, [MP10]:

cos(gv(5—6r)) % <r< %,
W) 1 % <r< %‘,
r)=
cos(gv(3r—4)) ‘3—‘ <r< %,
0 else,
1 lwl < 1,
V(w) = {cos(3vBlwl- 1) § <l <3,
0 else,
where
0 x <0,
_ s(x—1) : _ 1
v(x) = S =1+ 5@ O<x<1, with s(x)= exp( T2
1 x>1
The corresponding low-pass window Wy is given by
1 0<r<3
Wo(r) = sin(gv(S - 6r)) % <r< %,

0 else.

- )
(1-2?)
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Efficient representation of edges via curvelets

We finally note that the curvelet dictionary provides a sparse representation of functions with
edges. The following results were proven in [CD0O4]. We summarize these results in order to
make this work self-contained. First of all, we need to formally specify the notion of an edge.

For this purpose, let o : [0, 27) — [0, 1] be a radius function and consider the following subsets
of R2,

Bz{xeR2 : x=(rcos6,rsinf), rSQ(H)}. “4.17)

In particular, the boundary 0B is parametrized by the curve y(6) = (0() cos 8, o(6) sin 6). In what

follows, we are interested in those sets B C R? (defined by (#.17)) whose curvature is bounded
by a constant A > 0, i.e.,

sup |o”(0)] <A, o0<oo< L (4.18)
6e[0,27)
Furthermore, we define
STAR*(A) = {B C [0,1]% : Bis a translate of a set obeying (.17) and } 4.19)

We are now able to define the set of functions which are C* away from C? edges as
E(A) = {fi + fxs : B e STARY(A), fi, o € CA(R?), supp(f1), supp(f2) € [0, 117}
For this class of functions, the following approximation result holds.

Theorem 4.4 ([CDO4]]). Let f € E2(A) and N € N. Then, the curvelet dictionary (¥ 1} (j1per
exhibits the following approximation rate

Ilf - fN||% = O(N%(log N)*), as N — oo,

where

In= Z SoljnW ik
(LKl y
is the best N-term approximation and Iy C 1 is the index set corresponding to the N largest
magnitudes of curvelet coefficients [{ f, ). J

The function class E*(A) will serve us as a model for functions with edges. By Theorem
A.4] the curvelet dictionary provides a nearly optimal approximation rate (compare to the remark
below) for this class of functions. For the same class of functions, wavelet dictionaries typically
exhibit an approximation rate, [MPO7],

If = fvll3 = O(N™Y), as N — oo,

which is far away from the optimal theoretical approximation rate described in the following
remark.
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Remark. Under weak technical assumptions, the optimal approximation rate is given by

If = full; = O(N™),

and can be achieved theoretically using adaptive triangulations, see e.g. [[CDO04]] and references
therein. However, there is no practical algorithm that can achieve this approximation rate for
relatively complex images f, [MPO7]. J

4.1.3 Curvelet sparse regularization (CSR)

In previous Subsections {.1.1] and [4.1.2] we have separately introduced a stabilization strategy
which is based on sparsity assumptions and a multiscale dictionary that provides an efficient
sparse representation of functions that are C> away from C? edges. In this subsection we shall
combine both of these techniques in order to get a stable and edge-preserving reconstruction
method for limited angle tomography which we will refer by the term curvelet sparse regulariza-
tion or CSR.

Since we are interested in applying the reconstruction technique to a practical situation, we
consider the discrete version of the reconstruction problem. To this end, we model f as a finite
linear combination of curvelets, i.e.,

N
F= cathn, (4.20)
n=1

where Iy € 7, |[ZIy| = N € N, denotes a finite subset of the curvelet index I set, cf. (@.13),
and n = n(j, [, k) is an enumeration of J 5. Moreover, we assume to be given a finite number of
measurements y,, = Rof(On, Sm), | < m < M € N. Then, by (4.20), each measurement y,, can

be expressed as
N

Ym = Ro f(Om, Sm) = Z cnRon(Om, Sm)- 4.21)

n=1

Now, by defining the so-called system matrix K € CM*N,
Kinn = Ron(Omy sm), 1<m<M,1<n<N, (4.22)
the discrete version of the limited angle problem (4.4)) can be expressed as
' =Ke+1, (4.23)

where y5 € RM denotes the vector of noisy measurements, and ¢ € CN is a vector of curvelet
coefficients. Note that the matrix K is the discrete version of the continuous operator K = Re 7™,
cf. (@.4), where T* denotes the synthesis operator with respect to the curvelet frame, i.e., f = T*c,

cf. @.3).

To solve the discrete problem (4.23), we propose the use of curvelet sparse regularization
technique, where a regularized vector of curvelet coefficients ¢, , € CV is computed by solving
the minimization problem, cf. Subsection

.1 2
Cw,p € arg min {5 [Ke = ||}z + ||c||¢‘;,,,} : (CSR)
ceCN
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A regularized reconstruction f,, , for the original limited angle problem (2.25)) is subsequently
obtained by applying the synthesis operator T to the vector ¢, p, i.€.,

N
fw,p = T*Cw,p = Z(Cw,p)n Yn.
n=1

Eventually, we point out that curvelet sparse regularization is a stable and edge-preserving
reconstruction method. This is because of the fact that, on the one hand, the technique of sparse
regularization is a regularization method which enforces sparsity with respect to the curvelet
frame and, on the other hand, sparse representations with respect to curvelets are edge-preserving,
cf. Subsections @.1.1] and #.1.2] However, we have to note that curvelet sparse regularization
(CSR) preserves only those edges which have visible directions. This is due to the fact that the
limited angle Radon transform smoothes invisible singularities, cf. Section [3.3] Moreover, we
note that CSR is not yet adapted to the limited angular range. That is, in order to solve the discrete
problem (4.23)), we need to compute (¢, »)n for all possible curvelet indices n € 7. Hence, the
dimension of the reconstruction problem (4.23)), which is given by N = |7 /|, does not depend
on the available angular range. In the next section, we shall show that it is possible to make the
dimension of the reconstruction problem (4.23)) dependent on the angular range, and hence to
adapt the method of sparse regularization to the limited angle tomography.

4.2 Adapted curvelet sparse regularization (A-CSR)

The goal of this section is to formulate an adapted curvelet sparse regularization (A-CSR) for
the limited angle tomography. To this end, we will apply the stabilization strategy of Section [3.5]
which consists in determining a solution fgp of the limited angle problem R f = y, such that fo
is an approximation to Pof = F~'(yws/ ). To achieve that, we aim at reconstructing a vector
of curvelet coefficients cq € CV Via such that the Fourier transform of fp = 2,11\/: (ca)nthy is
supported near the wedge W, i.e., Wo C supp fp and such that the area | supp fp \ Wol is small.

First, we need to formulate the constraint “f is supported near Wo™ in terms of curvelet coef-
ficients. To this end, note that a function f = 3,7, c.¥, is supported near Wy if the following
condition is satisfied, cf. Figure d.5]

¢p =0 for all n € Ty with supp i, N We = 0. (4.24)

Therefore, we have to ensure that the adapted CSR reconstructions curvelet coefficients which
satisfy the condition (4.24).

Before integrating the constraint (4.24)) into the curvelet sparse regularization, we further note
that functions f whose Fourier transform is supported near Wy may only contain singularities
(x,€) € WE(f) with directions ¢ € Wg. These are exactly the visible singularities at the angular
range [-®, @], cf. Subsection 3.3.2] In accordance with Definition [3.21f we now make the
following definition.



68 Chapter 4 An adapted and edge-preserving reconstruction method for limited angletomography

Figure 4.5: The support of the adapted CSR reconstructions in the frequency plane (gray shaded area enclosed in a
solid line) for the angular range [-®, @], ® = 30°. The polar wedge Wy, is indicated by the gray shaded
area enclosed in a dotted line.

Definition 4.5. Let 0 < ® < /2. Then, we define the index set of visible curvelet coefficients at
the angular range [-®, @] by

To={(ji.l.kye Iy : suppdjun Wo # 0}. (4.25)

The corresponding index set of invisible curvelet coefficients at the angular range [—®, —®] is
defined by o
ginvisible — 73\ Tg. (4.26)

Accordingly, the curvelets ;i as well as the curvelet coefficients ¢ are called visible at the
angular range [—®, @], if their indices satisfy (J,1,k) € 1. Otherwise they are called invisible. .

Let us get back to the formulation of the adapted curvelet sparse regularization. We need to
integrate the condition (4.24) into the CSR reconstruction method. Since, we a-priori assume
that ¢, = Oforalln € I iqr)‘ViSible, we have to reconstruct only the visible curvelet coefficients
(¢n)ner,- To this end, we reformulate the non-adapted problem (4.23) with respect to visible
curvelet coefficients, i.e. , we assume that the unknown function has a representation with respect
to visible curvelets such that f = 3,7, ¢ ¥,. Proceeding as in Subsection we define an
adapted system matrix K¢ with respect to the visible index set 7 ¢ by

(KCD)m,n = R(Dl//n(gma Sm)’ 1<m<M, 1<n< Ny, (427)

where No = |7 ¢|, and n = n(j, [, k) denotes an enumeration of 7¢. We are now able to formulate
the adapted (or reduced) limited angle problem as

y0 = Koc + 1. (4.28)
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Consequently, the adapted curvelet sparse regularization (A-CSR) is given by the application of
the CSR method to the problem (.28), i.e.,

(1 2
ety = ang min {3 Ko [ el ) (ACSR)

ceCo

An adapted reconstruction fff , may be computed by,

1= . (4.29)

I’lGIq;

We conclude this section with some remarks on the A-CSR method.

Remarks.

e First of all, let us point out that the adaption of the problem (4.28) is reflected by the
fact that the reconstruction problem is formulated with respect to an adaptively selected
curvelet subdictionary {¢,},c7,, where the size of the dictionary depends on the angular
range. Thus, the adapted system matrix K¢ is a submatrix of the non-adapted system matrix
#.22). Moreover, since the problem is formulated with respect to a smaller dictionary,
this entails a dimensionality reduction in the curvelet domain, where the dimension of
the problem (4.28) is highly dependent on the angular range [-®, ®]. Apparently, the
dimension of the adapted problem increases as the angular range increases, and vice
versa. As a consequence, the computational amount decreases significantly by using the
A-CSR framework instead of CSR. In Chapter [5] we will present some numerical results
confirming this issue.

e The adapted curvelet sparse regularization (A-CSR) is a stable and edge-preserving re-
construction method. These properties are inherited from the non-adapted curvelet sparse
regularization, cf. Section[d.I] However, we have to remark that the edge-preservation ap-
plies only to those edges (singularities) with have visible directions & € Wy at the angular
range [—®, ®]. Edges that have invisible directions & ¢ Wg are smoothed, which is en-
forced by the assumption that the Fourier transform of the unknown function is supported
near the wedge Wg. Actually, this smoothing property is also inherent in the non-adapted
curvelet sparse regularization, as we have remarked in Subsectioni.1.3]

e Another important property of the A-CSR method is the “reduction of limited angle arti-
facts”. To see this, recall that appearance of limited angle artifacts in reconstruction of the
form Pof = F ' (xw, f) was a consequence of the hard truncation (in angular direction)
in the Fourier transform domain, cf. Section [3.4] However, a function that is reconstructed
via A-CSR has a smooth Fourier transform that is supported near Wg, cf. Figure 4.5 In
particular, there is no hard truncation in angular direction. Hence, the A-CSR gives rise to
an artifact-free reconstruction method. Note that a similar argumentation also shows that
the non-adapted CSR already possesses this property.

e The A-CSR approach was first introduced in [Fril10], where the author combined microlo-
cal analysis and curvelets in order to reduce the dimension of the reconstruction problem
in the curvelet domain. To this end, the author used the “resolution of the wavefront set
property” of continuous curvelet transform, [CDO05al, in order to derive a qualitative char-
acterization of visible curvelets. The rationale behind this approach is basically the same



70 Chapter 4 An adapted and edge-preserving reconstruction method for limited angletomography

as the one presented in Section [3.5] Namely, it aims at reconstructing that part of the un-
known function which contains only the visible singularities. However, the approach of
this section is more direct, since it is formulated with respect to the curvelet frame instead
of the continuous curvelet transform. In particular, it applies more directly to the practical
situation.

4.3 Characterization of curvelet sparse regularizations

In the last Section 4.2 we formulated an adapted curvelet sparse regularization. The basic idea
behind this approach is to reconstruct only the visible curvelet coefficients at a given angular
range. In contrast to the non-adapted CSR, the invisible curvelet coefficients are ignored and,
thus, do not contribute to the reconstruction. It is therefore natural to ask how large the difference
between CSR and A-CSR reconstruction is. In this section we are going to investigate the relation
of curvelet sparse regularization and its adapted version (A-CSR)). To this end, we study
the action of the limited angle Radon transform on curvelets and, in particular, derive a charac-
terization of its kernel in terms of curvelets. Based on this characterization, we finally will show
that reconstructions obtained via curvelet sparse regularization coincide with those obtained via
A-CSR.

We recall that the entries of the system matrix for the discrete problem (4.23) were given by
Kinn = Rovn(Om, Sm), where 1 <m < M and 1 < n < N. By (.27), the system matrix for the
adapted problem (4.28)) is chosen as a submatrix K¢ of K, where only the columns with indices
n € Ig are kept. It is therefore interesting to know, how large the entries K,,, with n € T, gViSible
are. To this end, we are going to derive an exact formula for the Radon transform of curvelets.
We first note an auxiliary result.

Lemma 4.6. Let f € S(R?) and & = (£1,&)T € S'. Moreover, let £+ = (=&, &1)7. Then,

f f(t-&dt = f f(t- &Y de (4.30)
R R

That is, integration in the spatial domain along a line through the origin corresponds to the
integration along a perpendicular line through the origin in the frequency domain. a

Proof. The identity (4.30) follows easily from Corollary [3.4] More specifically, to see (#.30) in
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the case ¢ = (1,0) we deduce the assertion as follows:

fR f@-&di= f f(x1,0)dx; =i f f f@e™ dé dx,

= - lim f [ fereagax
27T b—oo

- zi lim f(g)(fh eM1é dxl) dé¢

b—co

- lim f f e, &6 &) dé dés

_ L (JL“; fR f(fl,&)ab(a)dfl) dé;

- f (0.6 dé = f - ghya.
R R

Above, we have used the function 6? which was defined in (3.7). Moreover, we note that the
change of the integration order as well as the interchange of the limit process and integration
are allowed due to Fubini’s theorem and the dominated convergence theorem, respectively. The
general case follows from an orthogonal change of variables. .

We are now able to derive an exact formula for the Radon transform of curvelets.
Theorem 4.7. Let £(w) = (cosw, sinw)T, w € [—m, 7). Then, for a curvelet i (cf: @.12)),

[j/21+1

Ry j1xEw), s) = 274V (2 (w+ ej,l)) Var W (27 (b éw + 0,0) - 2/s),  (431)

where bi’l and 0;; are defined in (4.14). J

Proof. Let ¢ = é(w), and 7,,f := f(-+ p), p € R2. Note that each curvelet y Lk 1s a Schwartz
function, which is because its Fourier transform is C* and compactly supported (per definition).
Hence, we may apply Lemma[4.6|to get

Row jix(é s) = fR U5 + 15 di = fR (rot )€Y di = fR G ey dr,  (4.32)

where in the last equation we have also applied (A.3)).

According to (#.12)), at scale 27/, each curvelet ¢, is defined via translation and rotation of a
generating curvelet ;¢ o. Using the relations (A.5) and (A.7) we further note that

G aae) = & RO Ry (1)), 4.33)
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Figure 4.6: The symmetric (visible) angular range of the limited angle Radon transform, Ay, and its scale-dependent
version, Ag .

where Ry, is defined in (.13)). By substituting (#.33) into (4.32), we obtain

. _: bj’[,R ) N
Rol 146, 5) = f e RO o o Re, 1)) d,
R
_ ist ~it{b} Ew+0;)) 7 Vd
= | e Yioo(t,w+6;))dt,
R

[7/2]1+1 I .
=273y (2 —(w + 9j,1)) f e/t b @)y iy r,
T R

[j/21+1 o
— 2]/4V(2 J (w + Gj’l)) f e_lr[zj<bi”[7§-‘(w+9j,l)>_x] W(r) dl",
n R

[T+ U .
= 21/4V(T(w + 9,-,,)) Var W (27 (b, &w + 0,)) - 27s). .

Theorem[d.7|provides an exact formula for the entries of the adapted as well as the non-adapted
system matrix defined in (@.22) and {.27)), respectively. Moreover, it enables us to characterize
the kernel of the limited angle Radon transform in terms of curvelets and, thus, to identify zero
entries of the system matrix (4.22)).

Theorem 4.8. Let 0 < @ < 71/2 and denote I H)“’iSible the index set of invisible curvelet coefficients
according to Definition Then,

RoWjk =0 & (il k) e Invisile, (4.34)

-

Proof. To abbreviate the notation we let a; = a~120i721+1 - Moreover, we define the symmetric
(visible) angular range of the limited angle Radon transform Ro, cf. Figure 4.6 by

Ap = [-m, -1+ DU [-D,P]U [ — D, ]
To prove the assertion, according to Theorem[4.7] we have to determine all curvelet directions

0j; € [-m,n] such that V(a;(- + 0;;))la, = 0. To this end, recall that suppV C (=1,1) (cf.
Subsection4.1.2)), whence

VoeAp: Viajw+0)=0 & VYoeAp: 0¢(-a;' —w,a;' - w)



4.3 Characterization of curvelet sparse regularizations 73
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Figure 4.7: Theorem states that a curvelet ¢, lies in the kernel of the limited angle Radon transform whenever
the the support of i lies outside the “visible wedge” Wy = {r(cosn,sinn) : r € R,n € [-®, @]}. That
is, Rot ;14 = 0 whenever supp ¢/, N We = 0.

Therefore, by defining the scale-dependent version of Ag via (cf. Figure 4.6)
Aoj = [-nt, -+ (@ +a; N U[-(@+a;"), @ +a;'TU 1 - (@ +a;"). 7],

we see that V(a;(- + 6;/))la, = 0 holds whenever 6;; ¢ Ag ;. On the other hand, the condition
01 & Ao, is equivalent to supp W ik N Wo = 0, which proves the assertion. .

Remark. The statement of Theorem 4.8 may be reformulated as follows:

Rovjix =0 & lzj,l,k CR? \ Wo.

That is, a curvelet ¢ lies in the kernel of the limited angle Radon transform iff the support of
its Fourier transform does not intersect the wedge Weg, cf. Figure This is in accordance with
the Corollary where we have shown that every f € S(R?) with supp f C W lies in the kernel
of Ro. As curvelets are directional, the Theorem [4.8]also confirms the observation of Section[3.2}
where we noted that kernel functions of the limited angle Radon transform are directional, and
that orientations determine whether a function belongs to the kernel of Rg or not, cf. Figure[3.3].

Theorem [4.8] shows that invisible curvelets (in the sense of Definition d.5)) are in fact invisible
for the limited angle Radon transform. This observation justifies the nomenclature “invisible” in
the context of curvelets, cf. Definition4.5] An even more important fact for us is the identification
of the zero-entries of the system matrix (4.22), namely

Knn=0

forall 1 < m < M and all n = n(j,1,k) with (j,[,k) € T3V Correspondingly, the adapted
system matrix is formed by deleting all zero-columns of the non-adapted system matrix K.
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In this sense, the adapted limited angle problem (#.28) is equivalent to the non-adapted problem
(4.23).

Moreover, the fact that the adapted system matrix does not contain the zero-columns of the non-
adapted system matrix shows that the condition number of the adapted system matrix improves
and, in addition to the dimensionality reduction, stabilizes the limited angle problem.

In what follows, we shall show that the support of a @ reconstruction, denoted by ¢, ,, is
indeed contained in the index set of visible curvelet coefficients, i.e.,

supp Cw.p = {(,Lk) € In : (cup)jik # 0} € Lo

In order to prove this result we will need the notion of a subdifferential of a proper convex func-
tional, [Roc70l]: Let F : H — (—o0, 0] be a proper convex functional on a Hilbert space H, i.e.
F takes values in (—oo0, 00], F # oo and F(Ax + (1 — )y) < AF(x)+ (1 — )F(y) for all x,y € H
and all 0 < A < 1. An x* € H is called subgradient of F at x € H if

Fy)=F(x)+({y—x,x"), forallyeH. (4.35)

The set of all subgradients of F at x € H will be denoted by 0F (x), and is called the subdifferential
of F at x. Before proceeding to the characterization of curvelet sparse regularizations, we note
the following lemma.

Lemma 4.9. Let f : (>(I) — [—o0, 0] be defined by f(x) = Y e ¢(Xn), where ¢ : R — Risa
convex function such that f is proper. Then, it holds that

yeIf(x) & y, € dp(xy)forallne 1. (4.36)

.

Proof. Since f is proper, by the definition of a subgradient (4.35])), we have df(x) = 0 if f(x) = oo.
We may therefore assume without loss of generality that f(x) < co. Now suppose that y, € do(x;)
for all n € 7. Then, by definition of the subgradient (4.35)) we have

Yzn € R 1 @(zn) = @(Xn) + yu(zn — xn).

Summing over n implies
Vze () ) @) 2 ) (@) + 3z — %) = D @) + (02— %),
nel nel nel
which is by definition of f equivalent to y € df(x). This proves the implication “<” of the
statement.

On the other hand, if y € df(x), then f(z) > f(x)+ (y,z — x) for all z € £(T). In particular, this
holds for all z = x+ he,, with h € R and n € 1, where e, = (6;,)ies and 6;,, denotes the Kronecker
delta. Therefore, we have

VheRVnel: f(x+he,) > f(x)+ <y, hey)
& D @i+ 0iah) = Y @(xi) = yuh
iel iel
< <P(Xn + h) - QD(Xn) 2 ynh
& yn € 0p(xy). "
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Finally, we are able to derive the announced characterization of CSR reconstructions at a lim-
ited angular range.

Theorem 4.10. Let 0 < ® < /2, ¥° € ran (Ro) and let T id‘)“’iSible be defined by @.20). Then, for
each 1 < p <2, the minimizer

.1 2
Cy,p € arg min {5 [|Ke - yé”Lz(Z) + ||C“{17/,p}
ceCN
satisfies
(Cw.p)jik = O for all (j k1) € Tvisible, 3
Proof. Since the Tikhonov functional 77, , (cf. (4.8)) is a proper convex functional, each mini-
mizer ¢ € arg min 7, ,(c) is characterized by the the requirement, [Roc70],

0 € 0Twp(0) = K*(Ke - y°) + dlellh,,

which is equivalent to
—-K*(Ke —y*) e alell,, . (4.37)

On the other hand, since y5 € ran(Rep), we have y‘S = Kc® = RpT*c® for some curvelet
coefficient vector ¢® € CV. Thus,

§i= —K'(Ke=)°) = —=K'K(@ - ) = =K*| Y (¢ = ) juxRotjix |-

Jilk

By Theorem[.8] we have o
Rjuk = O for all (j,k, 1) € Timvisivle, (4.38)

To see that (4.38) already implies the assertion, let (j,[,k) € I, g““ble and note that, by (4.37)
and (@38), the Lemma implies that 0 € d(wjx|-1”)(¢jsx). In turn, this means that ¢
minimizes the function f = wj;«|-|[’. However, since wj;x > 0, the only minimum of the
function f(x) = wjx [x” is x = 0 and therefore we get that ¢;;; = 0. .

Theorem[d.10|provides a mathematical justification for the adaption strategy that was presented
in Section [4.2] It shows that only visible curvelet coefficients can be reconstructed by the [CSR]
method and, consequently, that the A-CSR reconstructions coincide with the CSR reconstructions
at a limited angular range. In particular, this shows that the adapted curvelet sparse regularization
inherits all properties of the non-adapted CSR, such as edge-preservation.

4.4 Relation to biorthogonal curvelet decomposition (BCD) for the
Radon transform

In this section we shall show that, if the data is available at a full angular range, a closed form
formula can be derived for the curvelet sparse regularization (CSR). This formula is based on
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the biorthogonal curvelet decomposition (BCD) for the Radon transform [[CDO02]. We will see
that this formula is closely related to a curvelet thresholding approach that was also proposed in
[CDOO0, ICD02|]. Eventually, we will discuss the application of the BCD approach to the case of
limited angle tomography and interpret the curvelet sparse regularization as a natural generaliza-
tion of the BCD reconstruction.

4.4.1 A closed form formula for CSR at a full angular range

We first briefly recall the definition of the BCD for the Radon transform. For details we refer to
[CDO2]. If not otherwise stated, we let n = n(j, [, k) € Iy and denote the curvelet frame by {i,}.
In order to derive the BCD for the Radon transform a pair of frames {U,} and {V,,} is constructed
for ran (R) € L*>(R x S1) such that

R‘ﬁn = Z_jVny R U, = 2_jlr//n9

and a quasi-biorthogonal relation (V,,, Uy ) 2z) = 2J=J (Y, ) holds for all n,n’ € Iy. In
particular, there is a L2-norm equivalence property

D e Ui | = gl y, -

nEIN

for all g € ran (R). Similar relations hold for {V,,}. Using these notations, the BCD of the Radon
transform is given by the following reproducing formula

f= Z 2/ (RS, Un)i2cz) ¥ns (4.39)

l’lEIN

where f € L*(R?) is assumed to be a finite sum of curvelets {,} [CDO2]]. Note that the curvelet
coefficients of f are computed from the Radon transform data Rf.

We now use the above the frames (U,), (V,,) and its relations with R and R*, respectively, to
compute the minimizer of the £!-penalized Tikhonov functional. We assume that y° € ran (R),
and denote (-, ) = (-, '>L2(R2) aswellas [,-] = (-, ~)Lz(Z). Then, with yﬁ = [y‘5, U.l,

”Rf—y(SHiZ(Z) = Z |[Rf_y6’ U"]|2

nEIN

= > IRE U -1 U]

nely

= 3 KER U = 10, Ul
nely

= S 2y -1 u|
nely

= > [e-xil

nely
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Using the definition of ||-|I}; ,, we see that

1 112 » 1 s P2
- _ - — _ =i p
3K =3y, +1elle = 5 Y (190 =27l + awaleal?),
nG[N
where K = RT* and T denotes again the synthesis operator with respect to the curvelet frame.
We now assume that there is an @ > 0 such that

1
Cwp = arcge(g;in{i ||Kc — y‘SHiz(z) + ||C||€v,p}

1. .

= arg min{ Z (— |2_]cn - yﬁ'z + aw, |cn|p) } (4.40)

N 2
ceC nE]N

Then, the functional (.40) can be minimized by minimizing each term separately. Note that

each term in (4.40) is of the form % lax — y|* + b |x|” and that its minimum is given by § Z P v/a),

cf. [Lor04], where S is the thresholding operator defined in (&.7)) with respect to the threshold

w = b/a’. Therefore, the regularized curvelet coefficients ¢ are given by

We summarize the results in the following theorem.

Theorem 4.11. Assume that there is an a > 0 satisfying @.40). Then, the solution of the full
angular problem y° = Rf + n via curvelet sparse regularization is given by the (closed) formula

Fon = D S Y000 (4.41)

22iaw,
nely 1

The relation between the reproducing formula (¢.39) and @.41)) is now clear. Apparently,
(@.47) reduces to {.39) if the thresholding sequence satisfies w = 0. On the other hand, if the data
is corrupted by noise then the curvelet sparse regularized solution is simply a thresholded version
of the BCD reproducing formula. The stabilizing character of the curvelet sparse regularization
is reflected by the inherent thresholding of the curvelet coefficients (compare to (5.2)). Moreover,
if the thresholding sequence w = w(6) in (4.41) satisfies w,(6) — 0 as § — 0, we see that the

fw).p = fasd — 0, cf. Appendix [C3]

Remark. Note the ill-posed nature of the reproducing formula (4.39). This is evident because
the coefficients 2/(Rf, Uy 12(z) corresponding to fine scales (large j) are amplified by the factor
2/. Since noise is a fine scale phenomenon, there will be very large reconstruction errors when
the data is corrupted by noise. J

A closely related reconstruction technique was introduced in [CD02]. Starting form the BCD
reproducing formula (.39)), the authors proposed to use soft-thresholding of curvelet coefficients
with a scale dependent threshold 7}, i.e.,

F= e (200 U ) (4.42)
nely

We see that this formula coincides with (@.41) for p = 1 and a suitably chosen thresholding
sequence T = (7).
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4.4.2 CSR as a generalization of the BCD approach

In order to extend the above observation for curvelet sparse regularization (CSR) at a limited
angular range tomography, a biorthogonal curvelet decomposition (BCD) for the limited angle
Radon transform would be needed. To our knowledge there is no such BCD available for the
limited angle Radon transform. Consequently, in the case of limited angle tomography, the CSR
reconstruction (CSR) can not be expressed explicitly as it was done for the full angular range in
(4.4T)). In particular, the BCD reconstruction of Candes and Donoho [CDO02] can not be applied
in this situation.

In contrast to the BCD approach, a reconstruction of the limited angle problem can be com-
puted by the CSR method. Hence, curvelet sparse regularization can be understood as the natural
generalization of the thresholded BCD reconstruction.

Curvelet sparse regularization offers even more flexibility compared to the BCD method. For
example, the implementation of the thresholded BCD reconstruction is difficult for acquisition
geometries which are different from the parallel-beam geometry. This is because the BCD method
requires discretization of the functions U, which live in the Radon domain. The implementation
of the curvelet sparse regularization approach, however, does not rely on a specific acquisition
geometry. One needs only to implement the system matrix. Moreover, the generalization to
higher dimensions is also easier accessible via curvelet sparse regularization approach.

4.5 Summary and concluding remarks

The objective of this chapter was to design a reconstruction method for limited angle tomography
that is stable, edge-preserving and adapted to the limited angular range. To address the first
two issues, we have developed the method of curvelet sparse regularization (CSR) in Section
M.1] The idea behind this approach was to combine the regularization by sparsity, [DDDMO04],
[BLOS8al, [GHSOS], [Lor09a], with the curvelet dictionary that is known to provide sparse and
edge-preserving representations, [CDO4]. In Section #.2] we presented an adapted version of
curvelet sparse regularization (A-CSR)). The adaptivity was achieved by formulating the limited
angle reconstruction problem with respect to an adaptively selected curvelet subdictionary, where
the selection process was based on the stabilization strategy that we derived in Subsection
In this way, we could significantly reduce the dimension of the limited angle problem in the
curvelet domain (depending on the angular range). In Section 4.3 a justification of the adaption
procedure was given through a comprehensive mathematical analysis of the CSR approach. In
particular, we presented a characterizations of the kernel of the limited angle Radon transform in
terms of curvelets, and derived a precise characterization of CSR reconstructions. The last section
of this chapter was devoted to the study of CSR reconstructions at a full angular range. In this
case, we derived that explicit formula for CSR reconstruction by using the biorthogonal curvelet
decomposition of the Radon transform, [CDQ2]. Finally, we have discussed that curvelet sparse
regularization can be understood as natural generalization of the curvelet thresholding approach
[CDOO0] to the limited angluar range.

We conclude this chapter with some further remarks.
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The role of curvelets in the limited angle tomography. We would like to emphasize that,
in this chapter, we have used curvelets for two different reasons. On the one hand, for the for-
mulation of an adapted limited angle reconstruction problem in Section 4.2} cf. (#.28)), and, on
the other hand, for the developmen of a stable and edge-preserving reconstruction method. In
order to adapt the problem to the limited angular range, we applied the stabilization strategy of
Section [3.5]and performed a dimensionality reduction in the curvelet domain. So far, the adapted
formulation was not related to any reconstruction algorithm (which is the reason why the adapted
formulation can be interpreted as preconditioning procedure). For the development of a sta-
ble and edge-preserving reconstruction method, we exploited the ability of curvelets to provide
sparse representations of functions with an optimal encoding of edges. In this context, curvelets
seem to be optimally suited for the use in limited angle tomography.

General angular ranges. So far, all results of this chapter were formulated with respect to
a symmetric angular range [-®, @], where 0 < ® < /2. We would like to point out that this
assumption is not restrictive. The results of Section [4.3] can be easily formulated for a general
angular range [¢, 2], 0 < @1 < ¢2 < . To this end, note that [¢1, 2] = [¢g — O, o + @] for
some ¢ € [0,7] and 0 < ® < /2. In this case, the corresponding wedge Wo o, = Ry (Wo) is a
rotation of Wg (cf. (3.5)) by the angle ¢y, where R, (Wo) = {Ry,& : & € Wo}. Consequently, the
statements of Theorem [4.8]and Theorem [d.10|are valid with the following definition of the index
set of invisible curvelet coefficients,

TVl = {(j k) € Ty : supp i N Wag = 0},

Computation of the system matrix. In Theorem we have derived an expression for the
Radon transform of a curvelet ;. This expression can be used to compute the entries of the
system matrix K, cf. (4.22), analytically, if both, the angular window V and the Fourier transform
of the radial window W are known analytically. This is useful for practical application since, in
this case, the system matrix can be precomputed and needs not to be set up in every iteration of
the minimization of the £”-penalized Tikhonov functional.

The use of other directional multiscale dictionaries. We also would like to mention that our
approach can be formulated with respect to other “curvelet-like” systems. An important example
in this context are shearlets, see e.g. [LLKWOS], [KLO7], [ELLOS]|, because they exhibit most
of the properties of the curvelet dictionary. More precisely, shearlets are also highly directional,
compactly supported in the Fourier domain, and they provide an optimally sparse representation
of cartoon-like objects, [GLO7]]. Besides, there is also a biorthogonal shearlet decomposition of
the Radon transform [[CEGL10]. Accordingly, the results of this chapter can also be formulated
with respect to the shearlet dictionary. The theorems and proofs can be adopted almost literally
in this situation.

Generalization to 3D. Furthermore, we would like to note that the general idea of this chapter
can be generalized to the three-dimensional setting. The results of this chapter carry over to this
situation, even though, the analysis is more technical in this case. In order to do this, one has
to work with the three-dimensional variant of the curvelet transform, [YDCOS5], or the shearlet
transform, [DST09], [GL12], respectively.
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Related work. The use of curvelets for edge-preserving tomographic reconstructions was
firstly documented in [CDO00, ICD02, ICG02]]. These works develop a reconstruction strategy for
the full angular tomographic problem that is based on the biorthogonal curvelet decomposition of
the Radon transform. An analogical approach was formulated with respect to the shearlet dictio-
nary in [CEGL10], [GL12]. For a detailed discussion of this approach and its relation to curvelet
sparse regularization, we refer to Section .4l To our knowledge, the first method that exploits
sparsity in the curvelet domain and is adapted to the limited angle geometry was presented in
[Fri10]. In this work, the author combines the characterization of visible singularities, according
to [Qui93]], with the “the resolution of wavefront set property” of the continuous curvelet trans-
form [[CDO5all in order to get a characterization of visible curvelets. In this way, he derives an
adapted curvelet sparse regularizaiton (A-CSR) that is closely related to our approach in Section
@ However, the results of [Fril0] are stated without proofs.



CHAPTER 5

Implementation of curvelet sparse regularization
and numerical experiments

In the previous chapter, we theoretically developed the method of curvelet sparse regularization
(CSR)) and its adapted version (A-CSR)) for limited angle tomography. We argued that this ap-
proach provides stable and edge-preserving reconstructions. In this chapter, we are concerned
with the numerical implementation and performance analysis of CSR and A-CSR in a practical
setting. To this end, we consider only the case p = 1, where [CSR|/ F are obtained by
minimizing the £!-penalized Tikhonov functional, cf. Section In particular, it is our
goal to show that the theoretical results of Chapter [ directly translate into practice.

The present chapter is organized as follows. We start by giving the details of our implemen-
tation in Section [5.1] and proceed with the presentation of numerical experiments in Sections
[5.2] and [5.3] These experiments are basically divided into two parts. The first part, presented
in Section [5.2] is devoted to the illustration of the visibility of curvelets under the limited angle
Radon transform. In particular, this experiment illustrates the result of Theorem .8 and justifies
the dimensionality reduction that was applied in Section #.2] In the second part of our experi-
ments, we analyze the CSR and A-CSR reconstructions in terms of execution times, similarity
and reconstruction quality, cf. Section[5.3] We show that a significant speedup can be achieved
by using the adapted approach (A-CSR)), while preserving the reconstruction quality of the
method. In both cases, the reconstructions are found to be superior to those obtained via filtered
backprojection (FBP). In Section [5.4] we eventually adopt the artifact reduction strategy of Sec-
tion [3.4]to the adapted curvelet sparse regularization and illustrate its performance in numerical
experiments.

Essential parts of this chapter were published in [Fril2].

5.1 Implementation of curvelet sparse regularization

In what follows, we shall describe the implementation of the curvelet sparse regularization (CSR)
and its adapted version (A-CSR]) simultaneously. To this end, the symbol K will be used to denote
the full system matrix K (cf. (4.22)) or the adapted system matrix Kq (cf. (4.27)), respectively,

81
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1.€.,
K e{K, Ko}.

Moreover, in all of our experiments we are going to consider only the case p = 1, such that the
computation of [CSR]and [A-CSR| reconstructions consists essentially in the minimization of the
('-penalized Tikhonov functional #3), i.e.,

. 1 5112
¢y = argminy — ||Kc —y + llclly, }, (5.1)
w eIy {2 “ ”LZ(Z) w

where w = (Wy)uer, 1S @ weight sequence satisfying w, > wy > 0.

In order to formulate an explicit minimization procedure for (5.1]), we first recall that the min-
imizer of the ¢'-penalized Tikhonov functional is characterized by the fixed point equation, cf.
Proposition 4.1},

cw = Sy (cw = YK (Kew —39). (5.2)

where S,,, denotes the soft-thresholding operator
(Sw(E)n = sgn(cn) max {0, [cn| — wn}.

A minimization algorithm for (5.1)) can be now formulated by using a fixed point iteration of the
above equation (5.2). Namely,

™l = S (" = 5, K" (K" = y%)). (5.3)

Thus, the iteration (5.3) consists of a gradient descent step followed by a soft-thresholding with
respect to the thresholding sequence 7 = (7"). It can be shown that this minimizaiton procedure,
known under the name iterated soft-thresholding, converges to a minimizer of (5.1) provided that
the step length s, satisfies

0<s<s,<5<2/IKI*, (5.4)

for all n € N, where s, > 0, cf. [DDDMO04], [BLOSb].

For the purpose of this chapter, we implemented a variant of this soft-thresholding algorithm
in Matlab. We now give the details of our implementation. We start by noting that, instead of
computing the matrix K and storing it in the memory, we implemented the matrix-vector mul-
tiplications ¢ — Kc and y — K™y using the Matlab functions radon and iradon, respectively,
together with the Matlab toolbox CurveLab version 2.1.2, [CDDYO08]], where in the adapted case,
the index set of visible curvelet indices Z¢ was precomputed according to Definition For
the implementation of the iterated soft-thresholding, we shall always use a constant step length
sp = s, 8 > 0, satisfying (5.4).

According to (5.2), the thresholding sequence T = (7(j;k)) may depend on all curvelet param-
eters (j,1,k) € Ty and is given by 7 = sw, where w denotes the £'-norm weight sequence w (cf.
(3.1)) and s is the step length in (5.3). The thresholding sequence is a free parameter and has
to be selected appropriately because it greatly influences the reconstruction quality. In general,
there is no rule for choosing such a thresholding sequence 7. In our experiments, we are going to
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apply basically two different choice rules for 7. First, we will set 7 to be a constant sequence, i.e.,

T(jlk) = @, (5.5)

where @ > 0. In this case, the value of @ will be set manually for each reconstruction and is
based on the visual inspection of the reconstruction quality. Second, the thresholding sequence
T = (1(;1,k)) Will be chosen adaptively and scale-dependent via

T =2 o \21og, Nji, (5.6)

where o is the standard deviation of the noise 17, N;; denotes the number of curvelet coefficients
at scale 27/ and at orientation 0 ;1» and J € N is the largest available scale parameter for the image
size of interestﬂ We note that this thresholding rule was adapted from [CDO02, Sec. 6]. To mimic
practical situations, we will assume throughout this chapter that the data y° = y + 7 is corrupted
by an additive white Gaussian noise € N(0, 0%), where the standard deviation ¢ is not known
a priori. In order to automatize the reconstruction procedure, we will estimate o~ as follows, cf.
[Mal(9, p. 565],

o ~ 1.4826 - MAD(c)). (5.7)

Above, MAD(c’)) denotes the median of the absolute values of curvelet coefficients ¢’; corre-
sponding to the finest scale 27/ at iteration n. Finally, we would like to note that, as opposed to
the first choice rule, the second choice rule yields a reconstruction procedure that is free of any
parameter.

To complete the description of our algorithm we have to specify the choice of an initial guess c°

for the iteration (5.3)). To this end, note that, since the £ 1 -penalized Tikhonov functional is convex,
the iteration (5.3)) always converges to a global minimizer. Therefore, the choice of an initial guess
does not matter in theory. However, in practice it influences the speed of convergence. In all of
our experiments we will make the following choices,

€10, cpgpl, (5.8)

where 0 denotes the zero vector and cggp denotes the vector of curvelet coefficients of a filtered
backprojection reconstruction. To obtain cpgp, we first computed a FBP reconstruction frgp using
the Matlab function iradon and, subsequently, applied the curvelet transform to the vector cggp
of the CurveLab toolbox.

A summarized description of our reconstruction procedure is given in Algorithm I
5.2 Visibility of curvelets and dimensionality reduction

This section is devoted to the illustration of theoretical results that were presented in Section 4.3]
In particular, we are going to investigate the visibility of curvelets under the limited angle Radon



84 Chapter 5 Implementation of curvelet sparse regularization and numerical experiments

Algorithm 1 Reconstruction algorithm

Require: Noisy data y‘s; Angular range [-®, ®]; Image size N X N;
1: T « visible index set at the angular range [-®, @] according to (4.23);
2: K € {K, K¢ } according to (4.22)), 4.27);

3. s « step length, such that (5.4) is satisfied;

4: ¢” « initial guess according to (5.8));

5: T(j1k) < thresholding sequence according to (5.5)), or (5.6)+(5.7);
6: Nmax < mMaximum number of iterations;

7: n« 0;

8: while (n < ) do

9: " — S (" = sK*(Kc" - %)) with S defined in (51):;

10: n<n+l1;

11: end while

12: frec < inverse curvelet transform of ¢ max;

transform in a practical situation, and show how this leads to a dimensionality reduction in the
limited angle reconstruction problem.

In order to illustrate the visibility of curvelets at different angular ranges [-®, @] let us consider
the function

f=y1 +¥o + 3+, (5.9)

where the curvelets ¢;, i € {1,2,3,4}, are chosen at a fixed scale 2~4 with different orientations
6, = 0°, 8, = 20°, 63 = 60° and 64 = 90°. For our experiment, we generated an image of the
function (5.9) in Matlab by using the CurveLab toolbox, cf. Figure[5.1] and computed the lim-
ited angle Radon transform of this function as well as its inverse for two different angular ranges
[-D, @], namely @ € {35°,80°}, using the Matlab functions radon and iradon, respectively.
Within the considered angular range the Radon transform was sampled equidistantly with a sam-
pling distance A8 = 1°. The total number of measurements M¢ was given by M3zse = 51759 and
Mg = 117369.

The results of this experiment are shown in Figure[5.2] The first column shows the limited angle
Radon transforms R f for @ € {35°, 80°}, whereas the second column contains the corresponding
inverse Radon transforms R&)IR@ f. In the first row of Figure we can observe that only two
curvelets are visible in the Radon transform domain. As a result, the corresponding reconstruction
shows only two curvelets, namely those with orientations 6; = 0° and 6, = 20°, i.e.,

Ris-Rase f = w1 + o

!For an image of size N x N the maximum scale parameter J was set to be J = [log, N1 — 2. This is according to
the implementation of CurveLab version 2.1.2, [CDDY08]].
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Figure 5.1: A Matlab generated 512 X 512 image of the function given in (3.9).

In the second row, we can observe a similar phenomenon. Namely, we can see that another
curvelet becomes visible in the Radon transform domain. This curvelet also appears in the corre-
sponding reconstruction in the second column, so that

Reo-Rsoe f = W1 + Y2 + Y3

To explain this effect let us compute the index set of visible curvelets 7 ¢ according to (@.23). It
is not hard to see that
I35 ={1,2} and Zgp- = {1,2,3}.

Consequently, our above observations imply that only visible curvelets appear in limited angle
reconstructions R&)I Rof. This is of course in accordance with Theorem Thus, the numerical
experiments confirm the result of Theorem 48]

Apparently, the above observation generalizes to a slightly more general situation, where a
function f is given as finite linear combination of curvelets f = ) ,crcav,. In this case, we
can separate the visible and invisible parts of this function (from the angular range [-®, ®]) as

follows:
f= Z Cnin + Z Cniin,

nely neJinvisible
()
= fvisible + finvisible-

Note that this separation depends only on the parameter ®. According to Theorem [4.8] and the
above observations, we have RE)IR(D f = fuisible- Accordingly, reconstructing a function f from
limited angle data y = Rg¢f amounts to determining only the visible curvelet coefficients at a
given angular range. This is observation is in accordance with the adaption strategy of Section[.2}
where an adapted limited angle problem was derived (cf. (#.28))). We see that the dimension of
the problem in the curvelet domain may be reduced by the number of invisible curvelets |1’ i(g"iSiblel.

We finally investigate the degree of dimensionality reduction in a practical situation. To this
end, we computed the dimension of the adapted problem, d(®) := | ¢|, for various values of (I)El
The plot of d(®) is shown in Figure [5.3] for an image of size 256 x 256. We can observe that

2Note that the dimension |7 y| of the reconstruction problem depends on the size of the considered image f.
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Limited angle Radon transform Limited angle FBP

® =35°

® = 80°

Figure 5.2: Limited angle Radon transform Ko f and the corresponding reconstructions Ry'Rq f of the function given
in (B9) (cf. Figure[5.1) at an angular range [-®@, @], ® € {35°,80°}, and an angular sampling distance
A® = 1°. Observe that, for ® = 35° (first row), the only visible curvelets are those with orientations
0, = 0° and 6, = 20°. However, after enlarging the angular range to ® = 80° (second row) another
curvelet with orientation 63 = 60° becomes visible.
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the graph of d(®) exhibits the expected behavior: The dimension of the non-adapted problem in
the curvelet domain is constant for all angular ranges. This is of course due to the fact that the
non-adapted problem is formulated with respect to all curvelet coefficients. Hence, it is indepen-
dent of ®. However, the dimension of the adapted problem shows a strong dependence on the
available angular range. We can observe a significant dimensionality reduction for any angular
range parameter satisfying @ < 153°. Moreover, the reduced dimension d(®) seems to exhibit a
piecewise constant behavior. The values of d(®) increase stepwise linearly as the angular range
increases. The reason for this stepwise structure lies in the fact that curvelets remain visible as
long as supp itk N Wo # 0, see also Figure The length of one such step therefore corre-
sponds to the length of the of the support of the angular window V of curvelets at the finest scale
27, ie., to | supp V21T ).

.

S

R 7 |

=

.2

é}

Q

£ 1 full dim
—— reduced dim

0° 20° 40° 60° 80° 100° 120° 140° 160° 180°

Angular range ®

Figure 5.3: Dimension of the full problem (#.23), El and of the adapted problem (#.28), El for an image of size
256 x 256. The plot shows the dependence of the full and reduced dimension on the available angular
range [0, ®]. Because the full problem is formulated in terms of all curvelet coefficients, its dimension
is constant for all angular ranges. The adapted problem, however, is formulated only in terms of visible
curvelet coefficients. Hence, the reduced dimension depends strongly on the available angular range.

5.3 Execution times and reconstruction quality

In the following experiments we are going to investigate execution times and the reconstruction
quality of CSR and A-CSR reconstructions at a limited angular range. We will also compare the
reconstruction quality of CSR and A-CSR reconstructions to those reconstructions obtained via
filtered backprojection.

5.3.1 Experimental setup

In order to minimize the influence of specific image features, we have used three different types
of images for our experiments. These images are shown in Figure[5.4] We note that all of the fol-
lowing computations were done in Matlab. The generation of the limited angle Radon transform
data y = Re f was done by the function radon of the Matlab Image Processing Toolbox.
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(a) Shepp-Logan head phantom (b) Brainstem [Bral0l (c) Radial pattern

Figure 5.4: Original images.

To mimic practical conditions, the generated data was corrupted by an additive white Gaussian
noise, which was generated by the Matlab function randn, i.e., y° = Ro f + 1 with n € N(0, 0?)
and o0 = 0.02 - (maxRef — min Re f) (noise level = 2%). The total number of measurements
y‘S € RM was givenby M = Lo - |'\/§ - (N +2)], where Lg is the number of angles and N X N
denotes the size of the image f. In all of our experiments, the angular sampling distance was
set to A® = 1° and, hence, Ly = 2® + 1 if the angular range is given by [-®,®] and Lep =
® + 1 if the angular range is [0, ®]. The corresponding noisy limited angle data sets y° are
depicted in Figure 5.6 Given these noisy data sets, we computed and filtered
backprojection (FBP) reconstructions at various angular ranges. For the computation of CSR
and A-CSR reconstructions, we have used the Algorithm [T} whereas FBP reconstructions were
computed using the Matlab function iradon of the Image Processing Toolbox. The resulting
reconstructions are presented in Figures [5.8land[5.9

5.3.2 Execution times

We start by examining the execution times of the curvelet sparse regularization and its
adapted version[A-CSR| For this purpose, we computed several CSR and A-CSR reconstructions
of the Shepp-Logan head phantom of size 256 x 256 at different angular ranges [0, ®]. This
experiment was repeated for two different numbers of iterations in the Algorithm In both
cases, the angular range parameter ® was chosen to vary between 1° and 180° (with an angular
increment A® = 1°). The results of these tests are plotted in Figure [5.5] where the dashed lines
(---) indicate the execution times of the CSR reconstructions, and the solid lines (—J) show the
execution times of the adapted approach[A-CSR] The plots in Figure and [(b)] show that the
dependence of the execution times on the available angular range exhibits an linear behavior. In
both cases, the adapted procedure shows a significant speedup, especially, for small angular range
parameters ® < 120°. This behavior is of course a consequence of the dimensionality reduction
and its dependence on the angular range, cf. Figure[5.3]
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Figure 5.5: Reconstruction of the Shepp-Logan head phantom of size 256 x 256 (Figure at different angular
ranges [0, ®], ® € {1°,...,180°}. The plots show the execution times for CSR and A-CSR reconstruction
using 100 iterations [(a)] and 2 iterations [(b)] of Algorithm[I} In both cases a significant speedup of the
reconstruction procedure A-CSR can be observed.

5.3.3 Reconstruction quality

In order to evaluate the reconstruction quality of our method, we performed reconstructions at
two different limited angular ranges, namely [-45°,45°] and [-80°, 80°], using the methods CSR,
A-CSR and FBP. For each computation of CSR and A-CSR reconstruction, we have used an in-
dividual set of parameters in Algorithm|[I] These parameter sets differ in the number of iterations
Nmax, the initial guess ¢ and the thresholding sequence 7 (cf. Section|[5.1). FBP reconstructions
were computed using the Matlab’s function iradon with its default parameters. The resulting
reconstructions are show in Figures [5.8/and[5.9] where the exact values of the reconstruction
parameters are listed in the captions. Each of these figures shows a matrix of images, which is
organized as follows: The upper half of the matrix contains images that were reconstructed at
the angular range [—45°,45°], whereas the lower half shows reconstructions at the angular range
[-80°, 80°]. Moreover, each row of the image matrices contains only those CSR and A-CSR re-
constructions that were generated using the same parameter set for the Algorithm|[I] The original
images can be viewed in Figure[5.4]

The goal of this experiment is twofold: On the one hand, we want to illustrate the similarity of
CSR and A-CSR reconstructions and, on the other hand, to compare the reconstruction quality of
CSR / A-CSR reconstructions to those obtained via FBP.
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i

(b) Angular range [-80°, 80°]

Figure 5.6: Noisy Radon transforms at a noise level of 2%: Shepp-Logan head phantom (left), brainstem (middle)
and radial pattern (right), cf. Figure[5.4}

Similarity of CSR and A-CSR reconstructions. Let’s have a look at the CSR / A-CSR
reconstructions in Figures and[5.9] We compare the reconstructed images that are located
within the same row because these reconstructions were generated using the same parameter set.
We first note that, by visually inspecting the images, no difference in reconstruction quality can
be observed. That is, the CSR and A-CSR reconstruction look visually identical, for which reason
we conclude that curvelet sparse regularization and its adapted version produce reconstructions
of the same visual quality when the same parameters are used in Algorithm [l To make this
observation independent of visual perception, we computed the discrepancy between the CSR
reconstruction fcsr and the A-CSR reconstruction fa_csr with respect to the mean squared error
(MSE),

: (5.10)

N
MSEC(fcsr, fa-csr) = % Z |fesrln, m] = fa—csrln, m]
nm=1
where N € N corresponds to the size N X N of the reconstructed images. This quantity gives the
average difference between gray values of the CSR and A-CSR reconstructions. The MSE values,
corresponding to reconstructions in Figures [5.8land[5.9] are given in Table[5.1] Observe that
these values vary in the range from 10~ to 107°. Since the gray values of the original images (cf.
Figure [5.4) lie between 0 and 1, these MSE values indicate that the average difference between
the gray values of the CSR and A-CSR reconstructions is rather small. Thus, this quantitative
comparison confirms the visual impression, namely that the CSR and A-CSR reconstructions are
of a similar quality.

However, since MSE values are not equal to zero, there is a difference between CSR and A-
CSR reconstructions, depending on the angular range and the particular image. In Table[5.1] the
MSE values at a large angular range are slightly smaller than those at a small angular range. This
phenomenon may be explained as follows: The reconstructed sequence of curvelet coefficients
¢©SR contains visible and invisible components. However, the invisible part of this vector might
be not zero after a finite number of iterations and, hence, create a contribution to the MSE values.
Since there are more invisible curvelet coefficients at a small angular range, this contribution
is larger than in the case of a large angular range. Another source for differences in CSR and
A-CSR reconstructions is the estimation of the standard deviation via (5.7). This is due to the
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Shepp-Logan head phantom Brainstem Radial pattern
constant adaptive constant adaptive constant adaptive
D =45° 2.89-107° 6.72-107° 6.37-10* 3.04-107* 4.03-10* 4.17-10*
® = 80° 478-10° 1.02-107 1.09-10¢ 2.07-107° 7.89-107° 9.08-107°

Table 5.1: The MSE(fcsr, fa-csr) values (cf. (5.10)) corresponding to reconstructions in Figures and
Each row contains values corresponding to the reconstructions from the angular range [-®,®]. The
columns with the label “constant” contain MSE values that correspond to those CSR / A-CSR reconstruc-
tions that were generated by using a constant thresholding sequence (3.3), whereas the column “adaptive”
contains the values where an adaptive threshold (3.6) was used. Small values indicate similarity of recon-
structions fcsg and fa_csr-

fact that the median of absolute values of all curvelet coefficients might be different from the
median of absolute values of the visible curvelet coefficients. The difference in this estimation
procedure is again bigger in the case of a small angular range than in the case of a large angular
range. Of course, the latter explanation applies only if the generic thresholding rule (5.6) is used
in Algorithm[I] As a result, the MSE values are usually larger in this case.

Reconstruction quality. Eventually, we compare the reconstruction quality of CSR / A-CSR
reconstructions to the quality of filtered backprojection reconstruction. In what follows, we shall
not distinguish between CSR and A-CSR reconstructions, because their similarity was already
observed above. We again start by visually inspecting the reconstructions in Figures 5.8 and
[5.9] First of all, we observe that the FBP reconstructions contain more noise than reconstructions
obtained via curvelet sparse regularization. The visual quality of FBP reconstructions seems to
be poor and inferior to the CSR reconstructions. This is particularly evident for reconstructions
that were obtained at the angular range [-80°, 80°]. On the other hand, the visual impression of
curvelet sparse regularizations in the Figures 5.8/ and [5.9]is better than that of FBP recon-
structions. In particular, the CSR / A-CSR reconstructions appear significantly less noisy than the
FBP reconstructions. Besides the better noise performance of CSR reconstructions, we also ob-
serve that all details are well preserved and that the edges are clearly visible. These conclusions
apply to all parameter sets that we used for generating CSR and A-CSR reconstructions.

To verify our visual impression, we have computed the peak signal-to-noise-ratio (PSNR),

1
PSNR(fiec) = 10 - log (MSE(f, frec)) ,
for all reconstructions fiec € { frBP, fCSR,> fa-csr } With respect to the original images f, cf. Fig-
ure [5.4] The PSNR is a quality measure that is expressed on a logarithmic scale, and where
large values indicate a good reconstruction quality. The values corresponding to reconstructions
in Figures [5.7] [5.8] and [5.9] are listed in Table[5.2] Note that the PSNR values of curvelet sparse
regularizations (CSR as well as A-CSR) are considerably larger than those of the FBP reconstruc-
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Shepp-Logan head phantom Brainstem Radial pattern
CSR A-CSR FBP CSR A-CSR FBP CSR A-CSR FBP
18.0736  18.1281 13.8553 18.8445 18.8523 12.6658 15.6230 15.5148 10.8178

D =45° 16.2103 16.1676 13.8553 16.3861 16.1246  12.6658 15.5850 15.5017 10.8178

22.2812 223060 20.5724 21.0306 21.0319 17.5463 16.8074 16.8429 12.7346
d =80° 22.0945 22.1058 20.5724 22.5522 225906 17.5463 16.8025 16.8587 12.7346

Table 5.2: PSNR values corresponding to reconstructions in Figures and The upper half contains PSNR
values of reconstructions at the angular range [—®, ®], where ® = 45°. Whereas, the lower half con-
tains PSNR values of reconstructions corresponding to @ = 80°. For each angular range parameter
O e {45°,80°}, there are two rows of PSNR values. The PSNR values of CSR / A-CSR reconstructions that
are located in the first row correspond to the parameter set 1, whereas the PSNR values of CSR / A-CSR
reconstructions that are located in the second row correspond to the parameter set 2.

tions, independently of test image and angular range. As a result, the PSNR values indicate that
the image quality of CSR / A-CSR reconstructions is considerably better that of FBP reconstruc-
tions. This conclusion applies to every parameter set that we have used in the computation of
CSR and A-CSR reconstructions. Once again, our visual impression is confirmed by the values
of an objective quality measure.

Finally, we would like to comment on the differences of CSR / A-CSR reconstructions when
using different parameter sets. To this end, we first remark that essentially two parameter sets
were used for the CSR / A-CSR reconstructions. The characteristics of these parameter sets are as
follows: On the one hand, parameter set 1 consists of a large number of iterations np,x, a constant
thresholding sequence (5.3)) together with a relatively poor initial guess c” = 0. Reconstructions
that were computed with such a parameter set are located in rows 1 and 3 of Figures [5.7] [5.8]
and [5.9] whereas the corresponding PSNR values are given in rows 1 and 3 of Table [5.2] On
the other hand, the parameter set 2 consists of only a small number of iterations, an adaptive
thresholding sequence (5.6), and a quite good initial guess c® = cppp. These reconstructions are
located in rows 2 and 4 of Figures and and corresponding PSNR values are listed in
rows 2 and 4 of Table[5.2] By visually inspecting the reconstructions, we first of all observe that
the use of different parameter sets results in different quality characteristics of curvelet sparse
regularizations. However, in this case it is difficult to compare the quality of reconstructions on a
visual basis. Comparing the PSNR values in Table[5.2] we observe that parameter set 1 leads to
a slightly better reconstruction quality for the Shepp-Logan head phantom and for the brainstem
image at the angular range [-45°,45°]. In other cases, the PSNR values seem to be comparable.
Nevertheless, there is an advantage in using the parameter set 2, which stems from the fact that
the resulting algorithm is free of any parameters. This is because the thresholding sequence is
chosen automatically for each reconstruction, cf. (5.6), and, thus, has not to be determined in a
series of experiments. In addition, this choice results in a faster computation which is due to the



5.4 Artifact reduction in curvelet sparse regularizations 93

better initial estimate c® = cpgp.

5.4 Artifact reduction in curvelet sparse regularizations

At the end of Section #.2] we have remarked that curvelet sparse regularization and its
adapted version (A-CSR) give rise to artifact-free reconstruction methods. In order to investigate
whether this statement applies to practical CSR / A-CSR reconstructions, let us take a look at
the limited angle reconstructions that are presented in Figures [5.7) and [5.8] Here, it is easy to
observe that reconstructions of the Shepp-Logan head phantom as well as reconstructions of the
brainstem image contain streak artifacts. The artifacts are particularly evident in reconstructions
from the smaller angular range [-45°,45°]. Apparently, these artifacts are a consequence of
the limited angular range, and can be explained analogously to Section Namely, at the
angular range [-®, @], the artifacts appear along straight lines which are tangent to singularities
(x,ép) € WE(f) of the original object f, where é.¢ = (cos(z®), sin(+®))T. This is in accordance
with Theorem [3.24] Note that no limited angle artifacts are visible in reconstructions that are
shown in Figure[5.9] This is due to the fact that the original image, cf. Figure does not
contain singularities (x, £19) for @ € {45°,80°}.

In order to reduce the production of the limited angle artifacts, we applied the artifact reduction
strategy of Subection [3.4.2] to the adapted curvelet sparse regularization. For this purpose, we
modified the definition of the adapted system matrix (4.27) according to

(chp)m,n = kop(Om) - 72(I)lﬁn(em, Sm), 1<m<M,1<n<Ngp, (51 1)

where k¢ = Ko, is a smooth truncation function defined in (3.43)), and used Algorithm|T|together
with the matrix K,, to compute artifact reduced A-CSR reconstructions. The resulting recon-
structions for ® = 45° and & = 35° are shown in Figure Here, we can observe that the
artifacts, that were present in Figures and [5.8] are clearly reduced. However, we can also
observe that singularities (x,€&) € WE(f) with directions £ close to é.p = (cos(x®D), sin(+D))T
were smoothed.

Remark. Basically, the artifact reduction strategy (5.11)) consists in solving a modified limited
angle problem rather than the original one. This modified problem is given by

Y0 = KoRoy +1,
where the operator KoRg is defined by KoRo (6, 5) = ko(0) - Ro f(6, 5), cf. Theorem J

5.5 Summary and concluding remarks

The main part of this chapter was devoted to the numerical analysis of curvelet sparse regulariza-
tion (CSR)) and its adapted version (A-CSR). In particular, our goal was to demonstrate the prac-
tical relevance of these methods. For this purpose, we implemented the CSR / A-CSR approach
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in Matlab, cf. Section[5.1] and investigated its performance in a series of numerical experiments.
In our first experiment, we illustrated the visibility of curvelets in practical reconstructions, cf.
Section [5.2] We found that the theoretical result of Theorem [4.§] directly translates into prac-
tice, and consequently justifies the dimensionality reduction in the adapted approach, cf. Section
[M.2] In the second part of our experiments, we investigated the execution times and the quality
of CSR and A-CSR reconstructions. The experiments in Section [5.3] showed that A-CSR pro-
duces reconstructions that are of the same quality as CSR reconstructions. This observation is
in accordance with the Theorem 4.10] Moreover, our experiments confirmed that the adapted
curvelet sparse regularization is stable and edge-preserving with respect to visible edges. The
reconstruction quality is controlled by the number of iterations, the choice of the initial guess and
the thresholding sequence. However, we observed that the thresholding sequence had the most
crucial impact on the reconstruction quality. According to that, the choice of this sequence should
be made carefully and individually for each reconstruction problem. In practice, this is often done
by trial and error. To overcome this, we introduced an adaptive thresholding rule in Section [5.1]
and found that this procedure leads to good quality reconstructions. In addition to that, the result-
ing reconstruction algorithm is free of any parameter. In the final Section [5.4] we noted that the
limited angle artifacts are still present in CSR / A-CSR reconstructions and presented an artifact
reduction approach for curvelet sparse regularization.

Finally, we would like to point out that the minimization algorithm (Algorithm [I)) that we
used to implement the curvelet sparse regularization is known to be slow, [BLOSDb|, [LorQ9b].
In addition to that, our Matlab implementation is very rudimentary. Accordingly, the execution
times that are presented in Figure [5.5 may be improved by a more elaborate implementation of
Algorithm|[I] or by using a more sophisticated minimization procedure.
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CSR A-CSR FBP

D =45°

Npax = 300
A=0
T=1-10"*

Npax = 300
=0

r=1-10"

Figure 5.7: Reconstructions of the Shepp-Logan head phantom of size 256 x 256 (Figure at the angular range
[—®, @] and noise level 2% by using CSR (left column), A-CSR (middle column) and FBP (right column).
The upper half shows reconstructions corresponding to the angular range parameter ® = 45°, whereas the
lower half contains reconstructions corresponding to @ = 80°. CSR as well as A-CSR reconstructions
were computed by using Algorithmwith the following parameters: Row 1: npy., = 300, ¢® = 0, constant
threshold 7 = 1 - 107*; Row 2: npax = 3, ¢® = cppp, adaptive thresholding rule (B-6); Row 3: nmax = 300,
® = 0, constant threshold 7 = 1 - 107*; Row 4: npux = 2, ¢® = crp, adaptive thresholding rule (5.6).
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CSR A-CSR FBP

® =45°

Npax = 300
=0
r=1-107°

d = 80°

Npax = 300
=0

r=1-107°

Figure 5.8: Reconstructions of the brainstem glioma of size 300 x 300 (Figure at the angular range [—®, @]
and noise level 2% using CSR (left column), A-CSR (middle column) and FBP (right column). The upper
half shows reconstructions corresponding to the angular range parameter ® = 45°, whereas the lower
half contains reconstructions corresponding to ® = 80°. CSR as well as A-CSR reconstructions were
computed by using Algorithm with the following parameters: Row I: ny. = 300, ¢® = 0, constant
threshold 7 = 1 - 107>; Row 2: npax = 3, ¢ = cgp, adaptive thresholding rule @); Row 3: npa = 300,
® = 0, constant threshold 7 = 1 - 107%; Row 4: fipux = 2, ¢ = crpp, adaptive thresholding rule (5.6).
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CSR A-CSR FBP

Npax = 300
=0
T=5.10"*

d = 80°

Npax = 300
=0

7=5-10"*

Figure 5.9: Reconstructions of the radial pattern of size 256 x 256 (Figure at the angular range [-®, @] and
noise level 2% using CSR (left column), A-CSR (middle column) and FBP (right column). The upper
half shows reconstructions corresponding to the angular range parameter ® = 45°, whereas the lower
half contains reconstructions corresponding to ® = 80°. CSR as well as A-CSR reconstructions were
computed by using Algorithm with the following parameters: Row I: npe = 300, ¢® = 0, constant
threshold 7 = 5 - 10™*; Row 2: npax = 5, ¢® = crgp, adaptive thresholding rule @; Row 3: npa = 300,
® = 0, constant threshold 7 = 5 - 107*; Row 4: nyux = 2, ¢® = cppp, adaptive thresholding rule (5.6).
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A-CSR artifact reduced A-CSR

Npax = 300
A =0

r=1-10"*

Npax = 3

® = crpp

Npax = 300
=0

T=1-10"%

Figure 5.10: Limited angle reconstructions at the angular range [-45°,45°]. Each row shows an A-CSR reconstruc-
tion from Figure [5.7) or [5.8] respectively, and a corresponding artifact reduced A-CSR reconstruction.
All reconstructions were computed by using Algorithm|[T] with the parameters that are given in the corre-
sponding rows.



APPENDIX A

The Fourier transform and Sobolev spaces

In this chapter we summarize some basic facts about the regular and the distributional Fourier
transforms and introduce the Sobolev spaces H®. For details on Fourier analysis and distribution
theory we refer to [SW71], [RS72], [Rud91]], [Hor0O3l], for details on Sobolev spaces we refer to
[AFO3].

A.1 The Fourier transform

The Fourier transform is a basic tool in tomography, and hence it is used extensively throughout
this work. In this section we define the Fourier transform on various function spaces such as
L'(R™), L>(R™) and S(R"). Moreover, we will give the basic definitions of tempered distributions
and define the distributional Fourier transform which will be particularly used in Sections[3.3]and

3.4

We state the definition of the Fourier transform first and list some of its properties.

Definition A.1 (Fourier transform). Let f € L'(R"). The Fourier transform of f is defined via

FE) = f& =™ | fx)e ™ dx. .

R2

It is easy to see that the Fourier transform of a function f € L!(R") is well-defined. The first
important observation is that in this case the Fourier transform is even continuous. In particular,
the pointwise evaluation makes sense.

Lemma A.2 (Riemann-Lebesgue, [SW71l Theorem 1.1 + 1.2]). If f € LY(R™), then f s uni-
formly continuous and limjg_, | f(§)| = 0. Furthermore, if Co(R") denotes the space of con-
tinuous functions vanishing at infinity, then the Fourier transform ¥ : L'(R") — Co(R") is a
bounded operator with | F|| < (2m)™"/2. J

Although, by Lemma the Fourier transform of f € L!(R") vanishes at infinity, it does not

necessarily hold that f e L'(R"). In order to define the inverse Fourier transform, we therefore
have to assume that f € L'(R™). In this case we make the following definition.
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Definition A.3 (Inverse Fourier transform). Let g € L'(R"). The inverse Fourier transform of f
is defined via

Fle(x) = g(x) = Q)2 | f(&)e™ dé. 4

R~2

Indeed, if f € L'(R"), it holds that F~'(f)(x) = f(x), cf. [SWTZI] Cor. 1.21]. In this case, by
the lemma of Riemann-Lebesgue, the function f is continuous and the equality holds pointwise.

Another important property is the following.

Proposition A.4 (Parseval’s identity, [SW71, Theorem 1.15]). If f, g € L'(R"), then
i f(x)g(x)dx = fR f(2(x) dx. ’

One of the most fundamental properties of the Fourier transform is the following convolution
theorem that states that the Fourier transform maps convolution into multiplication and vice versa.

Proposition A.5 (Convolution theorem, [SW71l, Theorem 1.4]). The convolution of two functions

f.g € L'R"),
fglx) = fR ) O —xg() dy,
satisfies
F(f*g) =Qm"*f-g. (A.1)
If in addition f, € L'(R"), then
F(f-g) =" fxg. (A.2)

-

In order to define the Fourier transform on L*(R"), we first observe that, for all f € L'(R") N
L*(R™), the following identity holds, [SW7I, Thm. 2.1]

1AL = |7, - (A3)

Since L'(R") N L>(R") C L*(R") is dense, we can continuously extend the Fourier transform
to a unitary operator ¥ : L*(R") — L?>(R"). In the literature, this operator is often called the
Plancherel transform. However, in this work we will always use the term Fourier transform. The
inverse Fourier transform on L>(R") can be defined by letting ¥~ f(x) = F f(—x). We see that
the Fourier transform as well as its inverse are defined the whole of L?>(R") and that according to
(A.3) it is an isometry. However, defining the Fourier transform on L*(R™) has the disadvantage
that the point evaluation ¥ f(£) makes sense only almost everywhere.

A central role in the theory of Fourier transforms is played by the space of Schwartz functions
which we now define.
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Definition A.6 (Schwartz space). The Schwartz space S(R") is defined as a set of all functions
f € C[R") for which
1 fllap = sup D f(x)| < o0 (A.4)
xeR”

for all multi-indices «, 3 € N, where D* = 3% /0x". The natural topology on S(R") is considered
to be the one induced by the family of seminorms || ||, p- J

The importance of the space S(R") is due to the following result, [SW71], Sec. 1.3].

Proposition A.7. The Fourier transform ¥ : S(R") — S(R") is an automorphism and its inverse
is defined in Definition|[A.3) J

We list some more properties of the Fourier transform, [SW71l], [Rud91, Chap. 7].
Proposition A.8. Ler f € S(R").
(i) Fory € R" and 7, f(x) = f(x —y) it holds that
0,/ = @), (A.5)
(ii) Fora > 0 and D,f(x) := f(ax) it holds that
Duf(®) = a™"f@'é). (A6)
(iii) Let R be a rotation and of(x) := f(Rx). Then,
of () = f(r®). (A7)
(iv) Let a € Njj a multi-index and D* = 9% [9&™ or D = 8% |9x?, respectively. Then

DFf) = (=)F(7f), F(Df) = i"e"F £, (A.8)

-

‘We shall now define the Fourier transform for distributions. To this end, we first introduce the
notion of a tempered distribution.

Definition A.9 (Tempered distributions). The topological dual space of S(R") with respect to the
natural topology, denoted by S'(R"), is called the space of tempered distributions. J

We note that LP(R") € S’(R") for 1 < p < oo, in the sense that for each f € LP(R") the
functional Tr : S(R") — R,
10 = [ e
Rn

is a tempered distribution, [Rud91, Chap. 7]. Distributions of the form Ty are called regular.

In what follows, we denote the action of the tempered distributions 7' € S’(R") on test functions
¢ € SR?) by (T, ¢) = T(¢p).
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Definition /1}.10 (Fourier transform of a tempered distribution). Let T € S’(R"). The Fourier
transform T defined by

(T,p) =(T, %), @eSR". ’

We note that the Fourier transform of a tempered distribution is itself a tempered distribution,
[Rud91, Chap. 7]. If T € S'(R") is a regular distribution, i.e., T = Ty for some function f, we
have Tf =T; whenever £ is defined. That is, the definition of the classical and the distributional
Fourier transform coincide.

As in the case of the Schwartz space S(R"), the space of tempered distributions plays also a
central role for Fourier analysis.

Proposition A.11 ([H6r03, Thm. 7.1.5]). The Fourier transform is an automorphism of S'(R")
with respect to the weak topology, and the inverse Fourier transform is given by

(T, ) =(T,¢), ¢e€SRM. 4

Many properties of the ordinary Fourier transform carry over to the distributional Fourier trans-
form. However, in order to do that, corresponding operations must be defined for distributions.
We begin by restating the property (A.8)) for the distributional differentiation. To this end, we
recall that, for T € §’(R"), the tempered distribution D®T is defined via

(DT, ) = (DT, D), (A.9)

for all ¢ € S(R™). With this definition, the property (A.8)) also holds in the distributional setting.
However, in order to understand (A.8) in the distributional setting, we note that the multiplication
of a tempered distribution 7 € §’(R") with a function f € C*(R") of at most polynomial growth
is defined by (T, ¢) = (T, fy) for all ¢ € S(R").

We proceed to the distributional definition of convolution, [H6r03, Chap. IV].

Definition A.12 (Convolution of a tempered distribution with a function). Ler f € S(R"), T €
S’ (R™) and denote ]T(x) = f(=x). Then, the convolution of f and T is the tempered distribution
T = f defined by _

(T = f,0) =<T, = ¢),

forall ¢ € S(R™). J

It is also possible to define convolution of distributions. However, this is possible only if one
of these distributions has compact support.

Definition A.13 (Distributions with compact support). The support of a tempered distribution
T € S'(R"), denoted by supp T, is defined as the complement of the biggest open set U € R"
Sfor which (T, ) = 0 for all p € SR™) with supp ¢ € U. The set of all distributions of compact
support is denoted by & (R"). J

Now we can define the convolution of two distributions, [Hor03), Chap. IV].
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Definition A.14. Let T € S'(R") and S € E'(R"). The convolution A := T = S is the distribution
A € §8’'(R") defined via
Axo=T=(S *¢), ¢eSR". (A.10)

-

Actually, it is not obvious that the convolution of T € §’'(R") and § € & (R") is well-defined
and, in particular, that 7 = S € S’'(R"). For a detailed exposition we refer to [H6r03, Chap. IV].
However, for all distributional convolutions defined above, there is a convolution theorem for the
(distributional) Fourier transform.

Proposition A.15 (Convolution theorem, [Ho6r03, Thm. 7.1.18]). LetT € S'(R") and S € & (R")
or S € S(R"). Then,
F(T*S)=Q2n)"*T-S. (A.11)

-

We remark that the product (A.TT)) is well-defined: In the case S € S(R") this is clear. The
other case, § € &(R"), is due to the following proposition.

Proposition A.16 ([H6r03, Thm. 7.1.14]). The Fourier transform of a distribution S € & (R") is
the function
S =(S.e79). (A.12)

Moreover, the function §(§)Ais defined for every complex number ¢ € C and is a real analytic
function of €. In particular, S € C*(R"). J

Eventually, we note another property that will be used in this work.

Proposition A.17 ([H6r03, Thm. 7.1.16]). Let T € S’ (R") be homogeneousA of degree a. That is,
(T,p) = t*(T, @) for all p € S(R"), where ¢,(x) = "¢(tx), t > 0. Then T is homogeneous of
degree —a — n. J

A.2 Sobolev spaces

We give some basic definitions and facts about Sobolev spaces. These are of particular interest for
the understanding of the ill-posedness of an inverse problem (cf. Chapter|[C) and especially the
ill-posedness of computed tomography (cf. Subsections and Section [3.5). In particular, we
will state the characterization of Sobolev spaces by means of the Fourier transform. For details
we refer to [AFO3].

We begin with the standard definition of Sobolev spaces. For m € N we define the Sobolev
space H™(R") as
H"®R") = {f € P®R") : [Ifllgmqen, < 0} » (A.13)

where

Ay = > 1D (A.14)

|a|<m
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for a multi-index a € Nj and D* = 9%/dx®. We have to remark that in the above definition the
differential D?f of a function f € L*(R") is understood in the distributional sense, cf. (A.9).
In addition, it is assumed that the tempered distribution D®f is actually a function. Then, the
definition together with implies that the space H™(R") consists of all f € L*(R")
whose derivatives D? f, || < m, are also in in L*(R"). In this case, the function f is called weakly
differentiable of order m.

Before stating the properties of Sobolev spaces, we note an equivalent characterization of
spaces H™(R") via the Fourier transform. To this end, we note that

1Al == ( fR f@Fa+ gy e (A.15)

defines an equivalent norm to (A.T4). Observe that this characterization relates the decay proper-
ties of the Fourier transform f to the weak differentiability of f € L*(R"). An essential ingredient
to the proof of this norm equivalence is the property (A.8). So, replacing the norm || - || gm(gn) in
the definition of (A.13]) does not change the space H™.

The characterization of Sobolev spaces by means of the Fourier transform does not only give
a handy tool to investigate smoothness of a function but also offers a possibility to generalize the
definition of Sobolev spaces of integer order H"(R") to spaces H*(R") of arbitrary smoothness
s € R. To this end, we only need to replace the integer m in the definition (A.T5)) by the real
number s. However, if s < 0, we have to enlarge the basic set from L2(R") (cf. (A.13)) to the
space of tempered distributions S’(R"). That is, for s € R", we define

HR™) = {f € S'(R") : fis afunction and ||f|, < oo}, (A.16)
where || - ||; denotes the norm defined in (A.T5) with m replaces by s.
Finally we define the Sobolev spaces H(€2), where Q € R" is an open subset, by
Hy(Q) = {f € H'R") : supp f € Q}. (A.17)

The norm in H3(Q) is the same as in H*(R"), namely (A.15).
We eventually list some properties of Sobolev spaces.

(i) The spaces H*(R") and H(€2) are Hilbert spaces with the following inner product,

= [ ey feneas

(i) H*(R™) C H'(R") if t < s.
(iii) Every distribution with compact support f € & (R") lies in some H*(R").
(iv) The dual of H*(R") is topologically isomorphic to H*(R").



APPENDIX B

Singular value decomposition of compact oper-
ators

In order to make this thesis self-contained, we summarize the basic definitions and properties of
compact operators. In particular, we present the spectral theory and singular value decomposition
of compact operators. For further reading we refer to [RS72] and [RYOS].

B.1 Some properties of compact operators

Definition B.1 (Compact operator). Let X and Y be normed spaces. A linear operatorT : X — Y
is compact if for any bounded set B C X the image T(B) is relatively compact, i.e., the closure
T(B) is compact in Y. The set of compact operators is denoted by K(X,Y). a

Equivalently, an operator T is compact if for any sequence {x,} C X the sequence {T'x,} C Y
contains a convergent subsequence.

The basic properties of compact operators are summarized in the following proposition, [RY0S,
Chapter 7].
Proposition B.2. Let X, Y, Z be normed spaces.

(i) Every compact operator T € K(X,Y) is bounded.

(ii) K(X,Y) is a closed linear subspaces of L(X,Y), where L(X,Y) is the space of all linear
bounded operators. Especially, if {T,} € K(X,Y) convergestoa T € L(X,Y), then T is
compact.

(iii) If S € L(X,Y), T € L(Y,Z) and at least one of the operators S, T is compact, then TS €
KX, 2).

(iv) IfdimX = coand T € K(X, X), then T is not invertible.

(v) If T € K(X,Y) then ran (T) and ran (T') are separable, i.e., even if the space X is big (not
separable), the range of T is still small (not separable).

(vi) A compact operator maps weakly convergent sequences into strongly convergent sequences.

105



106 Appendix B Singular value decomposition of compact operators

(vii) Let X be a normed space and H a Hilbert space. Further, let F(X, H) denote the set of all
operators F € L(X, H) which have a finite rank, i.e., r(F) = dim(ran (F)) < oo. Then, for
every T € K(X, H) there is a sequence {T,} C F(X, H) converging strongly (in L(X, H)) to
T,ie, F(X,H)=K(Y,H). J

Moreover, we have the following properties of compact operators on Hilbert spaces, [RYO0S,
Lem. 7.13, Thm. 7.14].

Proposition B.3. Let H be a Hilbert space and T € L(H) := L(H, H). If T* denotes the Hilbert
spaces adjoint of T, then
(i) r(T) = r(T*). In particular, T has finite rank if and only if T* has finite rank.

(ii) T is compact if and only if T* is compact. a

B.2 Spectral theorem and singular value decomposition of compact
operators

Although we are interested only in the Hilbert space setting, we recall the basic definitions from
the spectral theory of operators on Banach spaces.

Definition B.4. Let X be a Banach space and T € L(X).
(i) The resolvent set of T is defined by

o) ={aeC:(A-T)" exists in L(X)}.

(ii) The spectrum of T is defined by
o(T) =C\ o(T).

(iii) The point spectrum of T is defined by
op(T) ={1 € o(T) : (1 —T) is not injective} .

The elements of o,(T') are called eigenvalues. For A € o ,(T) there is a corresponding
eigenvector or eigenfunction x € X such that x # 0 and Tx = Ax. J

In what follows we let K(H) be the set of all compact operators T : H — H on a Hilbert
space H. The following theorem shows that non-zero elements of the spectrum o (T) are actually
eigenvalues of 7.

Theorem B.5. Let H be a Hilbert space and T € K(H). Then, o(T) is a discrete (countable)
set having no limit points except perhaps A = 0. Further, any nonzero A € o(T) is an eigen-
value of finite multiplicity (i.e., the corresponding space of eigenvectors if finite dimensional). In
particular, if {A,} € 0,(T) is any sequence of distinct eigenvalues of T, then lim, oo 4, =0. .
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We have the following spectral theorem for self-adjoint compact operators, [RS72, Sec. VL.5],
[RYOS, Sec. 7.2].

Theorem B.6 (Spectral theorem for self-adjoint compact operators). Let H be a Hilbert space
and let T € K(H) be self-adjoint. Then, there exists an orthonormal system {y,} € H and a
(maybe finite) sequence {1,} € C\ {0} with lim,, A,, = 0 such that the following relations hold:

H =ker (T) @ span {1, ¥, ...}

and

Tx = Zan (U, VxeH.

Here, the values A, are eigenvalues of T, and \J,, are the corresponding eigenfunctions. Further-
more it holds that
ITIl = sup |4l . 4
n

The above spectral theorem does not apply for general compact operators 7 : X — Y. How-
ever, applying the spectral theorem to the self-adjoint compact operator T*T we get the following
analog to Theorem B.6] cf. [RS72| Sec. VL5], [RYO08] Sec. 7.2].

Theorem B.7 (Singular value decomposition of a compact operator). Let X and Y be Hilbert spaces
and let T € K(X,Y). There exist orthonormal systems {v,} C X, {u,} C Y and a sequence
oy =0y = - > 0with lim, o, = 0, such that the following relations hold:

Tv, = o,u,, (B.1)
T u, = oy, (B.2)
Tx= Z T X, V) Uy, x € X, (B.3)
n
Ty = Z T Vs Un) Vs yevY (B.4)
n

(0 n; Vi, Uy) is called singular system of T; o, are the singular values of T; the representation
is called singular value decomposition (SVD) of T. J






ApPPENDIX C

Basic facts about inverse problems

The goal of this chapter is to recall the basic definitions and notations from the theory of inverse
problems and regularization. For details we refer to [EHN96], [Kir96], [Loug9].

C.1 Ill-posedness

In what follows we assume R : X — Y to be a compact linear operator between Hilbert spaces X
and Y. We consider an inverse problem which is given by the operator equation

v=Rf. (€1

That is, given y, we are interested in determining (or reconstructing) the unknown function f.
Mathematically, the problem consists in solving the operator equation (C.I). In the context of
inverse problems the operator R is called forward operator whereas y is the data or, alternatively,
the measurements of the object f.

In practice, the measurements y € Y are usually corrupted by noise n € Y, ||lly < 6. Hence,
given the noisy data y° = y + n, the goal is to solve the perturbed problem

¥ =Rf +1, (C2)

In this situation it is natural to ask how the measurement errors are propagated through the solu-
tion process. In order to study this behavior, the concept of well-posedness of a problem is used.

Definition C.1. Let X and Y be Hilbert spaces, R : X — Y a linear operator. The problem
Rf =y is called well-posed by Hadamard if the following conditions are satisfied:

(i) Existence: For everyy € Y there is a f € X such that Rf = y.
(ii) Uniqueness: For everyy € Y there is at most one f € X with Rf = y.
(iii) Stability: The solution f depends continuously on y.

Problems for which at least one of the above conditions is violated are called ill-posed. J
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Note that in Definition [C.1] the properties (i) and (ii) are of pure algebraic nature. However,
condition requires the continuity of the solution operator which involves topological structure
of the spaces X and Y.

If the data is corrupted by noise and if ran (R) # Y, we generally have y® ¢ ran(R). In this
case the problem (C.2)) can not be solved in the classical setting. Nevertheless, we can obtain an
approximate solution f by minimizing the error term |ly — Rfl|y. In this case, the approximate
solution is called least-squares solution. Formally, f is a least-squares solution if

Iy = Rflly = inf {lly - Rglly : g € X}. (C3)

Note that, if y € ran(R) @ ran (R)", the set of all least-squares solution is characterized by the

normal equation
R'Rf = R"y. (C4)

Moreover, note that the least-squares solution is not unique if R is not injective. A standard way
to restore uniqueness is to choose a least-squares solution with the smallest norm. Such solutions
are called best approximate solutions or generalized solutions of Rf = y and are denoted by f7.
Formally, 7 is a best approximate solution of Rf =y if

I 1y = inf {||glly : f is aleast-squares solution of Rf = y}. (C.5)

Because of the above considerations it is very natural to study the operator which maps the
data y = Rf to the best approximate solution f7.

Definition C.2 (Moore-Penrose generalized inverse). Let R : X — Y be a bounded linear oper-
ator between Hilbert spaces X and Y. The Moore-Penrose generalized inverse R of R is defined
as

R': DR") :=ran(R)@ran(R)* - X, y+ fT. (C.6)

.

Proposition C.3 (Properties of the Moore-Penrose generalized inverse, [EHN96, Sec. 2.1]). Ler R
be a bounded linear operator between Hilbert spaces X and Y, then

(i) ker (R%) = ran (R)! and ran (RT) = ker (R)*.

(ii) Let P and Q be the orthogonal projections onto ker (R) and ran (R), respectively. Then, the
four Moore-Penrose equations hold:

RR'R =R, (C.7)
R'RR" = R', (C.8)
R'R=1idy - P, (C.9)
RR" = Olpgi),- (C.10)

These equations uniquely characterize R'.
(iii) RY has a closed graph gr(RY).
(iv) R is bounded if and only if ran (R) is closed.
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(v) Fory € DR, fT = Ry is the unique generalized solution of Rf = y. The set of all
least-squares solution is given by T + ker (R). J

The concept of the generalized inverse, though it provides a unique solution, does not remedy
the lack of continuous dependence of the solution on the data, cf. Proposition[C.3|(iv). In general
we have

RY? 45 Ry for 6 — 0. (C.11)

Therefore, if the problem is ill-posed, even small data errors can cause huge reconstruction errors.
A handy tool for the study of ill-posedness is the singular value decomposition (SVD), cf. Chapter
Using the SVD, there is a simple representation of the Moore-Penrose generalized inverse R

Theorem C.4 ([JEHN96, Th. 2.8]). Let R be a compact linear operator between Hilbert spaces
X and Y, and let (oy; vy, uy) be a singular system for R. Then, the following statements hold.

(i) Picard condition:

; ) "
yeZ)(R)@nZ; = . (C.12)

(ii) For anyy € D(R")
Z SILUIN (C.13)

-

The Theorem [C.4] show that a best-approximate solution of the problem Rf = y exists if the
Picard condition is satisfied. Moreover, the representation gives a considerable
insight into the inherent ill-posedness of the problem Rf = y: Since R is compact, it follows from
Theorem [B.7]that o, — 0 for n — co. Hence, the error components are amplified by the factors
1/0p,, which increase without bound. For example, if ys, := y + du,, then Hydn - y” y = 0, but

IR"y = Rysn

1)
“ = soc0asn — oo,
b S

This means that the reconstruction error can be arbitrarily large even if the data error is small. As
a result, the practical reconstruction algorithms are sensitive to noise. To stabilize the reconstruc-
tion a regularization strategy has to be applied, cf. Section|C.3]

C.2 Classification of ill-posedness

Following the above discussion, it is obvious that the amplification of measurement errors de-
pends on the decay properties of the singular values {0} of the operator R. The faster the decay
rate of {0}, the more amplification of the data error is inherent in the problem. This observation
leads to the following classification of the degree of ill-posedness.

Definition C.5. Let R be a compact linear operator between Hilbert spaces X and Y, and let
(O n; Vi, Uy) be a singular system for R. A problem Rf =y is called



112 Appendix C Basic facts about inverse problems

(i) ill-posed of degree « if there exists a > 0 such that o, = O(n™?),

(ii) severely ill-posed if the singular values {0} decay exponentially. J

Another classification of ill-posedness can be defined in terms of Sobolev scales, see for ex-
ample [Lou&9].

Definition C.6. Ler R : L*(R") — L*(R"). A problem Rf = vy is called ill-posed of degree a > 0
if for some C1,Co > 0
Cillfll <lIRfllge < C2 A1l -

The problem is called severely ill-posed if there are no such estimates. J

The above classification of the degree of ill-posedness is based on the smoothing properties of the
operator R. Definition [C.6| states that the operator R is a smoothing operator of order «, i.e., the
data y is @ times smoother than f. The ill-posedness is therefore pronounced by the fact that, in
order to solve the problem Rf = y one has to invert this smoothing, i.e., one has to restore the non-
smooth parts of f from smooth data y. For example, Theorem [2.13] shows that the tomographic
problem Rf =y, where R denotes the Radon transform, is ill-posed of order @ = 1/2 in the sense
of Definition

If a problem is severely ill-posed in the sense of the above definition, one can think of the
involved operator R as a smoothing operator of order co. As a result, there is a dramatic loss
of information in this situation. Unfortunately, this is exactly the case in limited angle tomog-
raphy, since no Sobolev space estimate is available for the limited angle Radon transform, cf.
Section[3.3

C.3 Regularization

In order to get stable numerical algorithms, continuous dependence of the solution operator on
the data is of great importance. To this end, regularization methods are used to compute an
approximation, say f,,s, to T which depend continuously on the data and tends to /T as § — 0.

Definition C.7. Let R : X — Y be a bounded linear operator between Hilbert spaces X and Y.
A regularization for R is a family of linear bounded operators

{Raas0, Re: Y =& X (C.14)
if for all y € D(R") there exists a parameter choice rule
a: Ry xY >R, (C.15)

such that
liI;’I S(l)lp{”Ra((;’yé)yé - RTy”X ey, ||y - y‘SHY < (5} =0 (C.16)

and

lim sup {a(é, )y e Y,’

-9, <st=0. C.17
st y=y|, <4} (C.17)
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For a specific y € D(RY), a pair (R,, @) is called a regularization method for solving Rf = y;
a is the regularizaiton parameter and f := R,)° is called regularized solution.

If the parameter choice rule a does not depend on y°, but only on 6, i.e., @ = a(6), then « is
called a-priori parameter choice rule. Otherwise, « is called a-posteriori parameter choice rule. .

Remark. It follows directly from Definition that for all y € D(R") it holds

lim Rusy0)’ =Ry (C.18)

In particular, {R,}, converges pointwise to R on D(R") as @ — 0. As a consequence of the
uniform boundedness principle (theorem of Banach-Steinhaus), we have for any regularization
{R,}, that ||R,|| = oo as @ — 0, whenever ran (R) is non-closed. a

Having introduced the notion of a regularization it is very natural to ask how to construct such
regularizations for R'. A preliminary answer to that question is given by the next proposition.

Proposition C.8 ([EHN96, Prop. 3.4]). Let R, be a continuous operator for all @ > 0. Then, the
family {R,} is a regularization for R' if

R, — R pointwise on Z)(RT) as a — 0. (C.19)

In this case, there exists, for every y € D(R"), an a-priori parameter choice rule a such that
(Ry, @) is a regularization method for solving Rf = y. a

According to Proposition the construction of regularizations for R' may be split into the
construction of continuous pointwise approximations {R,}, of R' and the construction of appro-
priate parameter choice rules @ = a(6). In what follows, a family of bounded operators {R,},
that converges pointwise to R" will be called a regularization strategy for RY, [Kir96]]. Now let
us assume that we have constructed a regularization strategy {R,}, for R. In order to derive an
appropriate parameter choice rule, let us consider the error || f(‘f - f Tllx, where f(‘f = Rayé. Now,
we can observe that the reconstruction error of a (linear) regularization is composed of a data
error and an approximation error:

172 = £l = IRey” = RT¥]l
< [IRe0” =)l + [|Ray - Ryl
data error approximation error

< S1IRall + ||Ray = R -

Assuming that the a-priori parameter choice rule satisfies @(6) — 0 as § — 0, we can observe
that, on the one hand, the approximation error tends to zero as 6 — 0. However, the data error
can be arbitrarily large since ||R,|| — o0 as @ — 0. In order to turn a regularization strategy into
a regularization method, we have to design an appropriate parameter choice rule @ = a(5). A
sufficient condition is given by the next proposition.
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Proposition C.9 ([EHNOG, Prop. 3.7]). Let {R,} be a linear regularization for R'. For every

y e DR leta : RY — R* be an a-priori parameter choice rule. Then, (Ry, @) is a regularization
method if and only if

lim a(6) = 0 (C.20)
6—0
and
lim & [[Race)| = 0 (C21)
holds. J

Eventually, we want to point out that the notion of regularization depends on the concept of
the solution for Rf = y. In Definition we formulated the regularization with respect to the
Moore-Penrose generalized inverse RT. However, it is straightforward to reformulate Definition
with respect to a general notion of a solution. To this end, one merely has to replace R' in
the Definition by a different (more general) solution operator. For example, one possibility
is to choose a least-squares solution of Rf = y which has minimum (semi-) norm on a certain
(convex) subset C of X. This leads to a different notion of the solution of Rf = y. In this work,
we will use the concept of least-squares solutions which has a minimal £!-norm in an appropriate
coefficient space, cf. Chapter {4}
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