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Abstract

The specific field of inverse problems, where the unknown obtains apart from its spatial
dimensions at least one additional dimension, is of major interest for many applications
in imaging, natural sciences and medicine. Enforcing certain sparsity priors on such
unknowns, which can be written as a matrix, has thus become current state of research.
This thesis deals with a special type of sparsity prior, which enforces a certain structure
on the unknown matrix. Furthermore, we consider the asymptotics of spatial sparsity

priors. Therefore, this thesis can be roughly divided into two parts accordingly.

In the first part we present and analyze a novel regularization technique promoting
so-called local sparsity by minimizing the ¢1*°-norm as a regularization functional in
a variational approach. This regularization can be used for dictionary based matrix
completion problems, where the unknown dynamic image can be written as a product of
a certain known dictionary and a coefficient matrix, which we would like to reconstruct.
Typical areas of application are for instance in dynamic positron emission tomography
or spectral imaging. In this context we have the a-priori knowledge that every pixel of
the dynamic image should consist of a linear combination of the basis vectors with as
few nonzero components as possible. This can be realized by using the above-mentioned
regularization functional. Due to the rather involved mathematical structure of this
regularization functional, we provide an equivalent formulation, which facilitates its
analysis and simplifies its computation. We not only analyze these different formulations,
but also present algorithms for the solution of this variational model on the basis of the
alternating direction method of multipliers (cf. ROCKAFELLAR 1976). Our numerical
results, gained by applying these algorithms to synthetic data, validate our method and

illustrate its potential.

The second part of this thesis is concerned with the theoretical analysis of the asymptotics
of certain sparsity priors. We consider discrete sparsity promoting functionals and
analyze their behavior as the discretization becomes finer. In so doing, we are able
to compute some I'-limits. We not only consider usual /’-norms for p > 1, but also
analyze the asymptotics of the /°~“norm”. On the basis of these insights, we moreover
deduce some I'-limits for certain types of mixed norms. In order to verify our results
numerically, we furthermore consider the deconvolution of a sparse spike pattern for

different discretizations as the step size of the grid becomes smaller.



Keywords: Local Sparsity, ¢*°-Regularization, Sparsity, ¢*-Regularization, Com-
pressed Sensing, Mixed Norms, Augmented Lagrangian, Inverse Problems, Regular-
ization Theory, Imaging, Image Processing, Image Reconstruction, Dynamic Positron

Emission Tomography, Asymptotic Sparsity, Super-Resolution, Radon Measures



ACKNOWLEDGEMENTS

I would like to thank

Martin Burger first of all for offering me an interesting job as a student assistant and
consequently asking me to continue my research as a PhD student and for supervising
this thesis. Moreover, for giving me the opportunity to sometimes but regularly work
from home (which is about 200km from Miinster), for taking the time to patiently
answer my questions, for many interesting discussions and furthermore for answering

e-mails quite quickly, even if the answer contains only a word.

Samuli Siltanen for co-reviewing my thesis. For making many conferences greatly en-
joyable and for introducing me to the world of Finnish walrus-wrestling, a competition

even took place at our skiseminar in Kleinwalsertal, Austria.

Carola-Bibiane Schonlieb for kindly inviting me to Cambridge, for being an admirable

role model and for bringing the mentoring program to Miinster.
Xiaoqun Zhang for interesting discussions and for inviting me to Shanghai.
Caterina Ida Zeppieri for her kind help on I'-convergence.

my colleagues and ex-colleagues from the imaging work group and the whole Institute

for Computational and Applied Mathematics, in particular

e Hendrik Dirks for being a really good friend for many years, for sharing the office
with me, for many conversations (interesting and silly), for sharing my dedication
to vegetable gardening and for sometimes taking care of my apartment and my

plants when I am not at home.

o Feliz Lucka for accompanying me to many conferences, for being quite funny



while trying to eat with chopsticks, for proofreading and especially for introducing

me to my boyfriend Florian.

Rachel Hegemann for being a good friend, for helping me out with some language

problems and for joint painting (almost without painting at all).

Jan Hegemann for his advice on nerdy TV shows and for sometimes startling me

with his sneezing.

Michael Méller for many fruitful discussions, for proofreading and, of course,
for his great Lego robots, which make mathematics much more applicable and

enjoyable.

Martin Benning for his bad jokes, for being the cause of the expression “That was

a classical Benning!” and for being a good mentor.

Jahn Miiller for organizing those awesome skiseminars, for helping me with any
Apple-related question and for making a funny face when something does not

work at all.

Frank Wiibbeling for always having a good advice, for forthrightly speaking his

mind, for usually being in a good mood and, of course, for his laugh.

Alex Sawatzky for his high spirits and his costume during snowboarding at the

skiseminar.
Christoph Brune for useful advices, for many answers and for good discussions.

Ralf Engbers for being a quite talented snowboard student and for tumbling on

purpose after seeing me jumping to the snow.

Lena Frerking for proofreading, for being a MINT-mentor as well and for co-

organizing our large mentoring get-togethers.

FEva-Maria Brinkmann and Joana Grah for proofreading and for reminding me of

my beginning as a PhD-student.

Ole Loseth Elvetun for improving my German, since I had to get used to speak

clearly and grammatically correct, and for sharing the office with me.

René Milk for almost always having a solution for any kind of technical problem

and for patiently explaining it in an understandable way.

Claudia Giesbert and Carolin Gietz for magically always having a solution for

any kind of organizational problem.



Hanne Kekkonen for meeting with me on so many conferences, for making a good time

out of them and for introducing me to Finnish culture.

Sarah Jane Hamilton for making conferences much more enjoyable and for demonstrat-

ing that a mathematical talk does not have to send the audience to sleep.

my parents and their partners Ulrike Grabe, Dirk Heins, Hartmut Grabe, Sabine Herzog
for always believing in me, for building me up in times of doubt and for supporting me

unconditionally.

Jannis Heins for being the best brother I could ever imagine, for sometimes making
me miss my childhood, for turning me into a proud big sister and for being better in

catching the quoit than I am.

Meinen Grofeltern Ursula und Friedel Lechtleitner fiir ihre Liebe und Unterstiitzung,
fiir alles was ich von ihnen lernen durfte und fiir jegliche gutgemeinten Ratschlége. Ihr

seid grofsartig!

Meiner Grofimutter Sofia Heins fiir ihre Liebe und Unterstiitzung und weil sie der
grofherzigste und gutmiitigste Mensch ist, den ich jemals kennen lernen durfte. Ich

bewundere dich zutiefst!

Florian Knigge for believing in me, supporting me and always being there for me, for
building me up, when I am sometimes dispirited. For being patient with me, when my
memory is playing tricks on me. For always being able to make me laugh and, of course,

for being the best and irreplaceable travel mate ever!

All my friends for supporting me and being there for me when I need them, especially
Michelle Bouanane, Nora Gdrtner, Carolin Wirtz, Josephine Soei, Claudia Denecke,

Antje Friedrich, Jennifer Schulz and many many more.

and of course everybody, who deserves to be mentioned here, but has been forgotten.

Sorry for that!






Contents

11

1

CONTENTS

Introduction

1.1 Motivation . . . . ...
1.2 Inverse Problems . . . . . . . ... ...
1.3 Contributions . . . . . ...
1.4 Organization of thisWork . . . . . . . . . . ... ... ... ... .. ..

Mathematical Preliminaries

2.1

2.2

2.3

2.4

Variational Calculus . . . . . . . . . ...
2.1.1  Introduction . . . . . ...
2.1.2 [-Convergence . . . . . . . . . . .. ... ...
Function Spaces and Sequence Spaces . . . . . . ... ... ... ...
2.2.1 BasicMeasureTheory . . . . . . . ... ... ... ...
2.2.2 LlebesgueSpaces . . . . ... ...
2.2.3 SequenceSpaces P . . . . ...
2.2.4 SobolevSpaces . . . . .. ...
2.2.5 Space of Functions with Bounded Variation . . . . .. ... ...
2.2.6 Space of Finite Radon Measures . . . . . . .. ... ... ....
Convex Analysis . . . . . . . . . .
2.3.1 Subdifferential Calculus . . . . . . . . .. ... ... ...
2.3.2 Legendre-FenchelDuality . . . . . ... .. ... ... ... ...
Introductionto Sparsity . . . . . . ...
2.4.1 (Y-Regularization . . . . .. ... ...
2.4.2 ('-Regularization . . . . . . .. ...,
2.4.3 Regularization with Radon Measures . . . . . . . .. .. .. ...

Mixed Norms and Structured Sparsity

3.1
3.2

Introduction to Mixed />2-Norms . . . . . . . . . ... ... ... ....
Sparsity and Mixed Norms . . . . . .. ...
3.2.1 Joint Sparsity via ¢»!-Regularizations . . . . . . . ... ... ...
3.2.2 Local Sparsity via ¢*9-Regularizations . . . . . . . ... ... ..

21
21
23
25
27



12

Contents

4 Analysis of /- Related Formulations

5

7

4.1

4.3

Basic Properties and Formulations . . . . . .. .. .. ... ...
4.1.1  Problem Formulations . . . . . . . ... .. ... ...
4.1.2 Existence and Uniqueness . . . . . . . .. ... ... ...
4.1.3 Subdifferentials and Source Conditions . . . . . . . ... .. ..
4.1.4 Equivalence of Formulations . . . . . . .. ...
4.1.5 Asymptotic1-Sparsity . . . . ..o
Exact Recovery of Locally 1-Sparse Solutions . . . . . . . ... ... ...
4.2.1 Lagrange Functional and Optimality Conditions . . . . . . . . ..
4.2.2 Scaling Conditions for Exact Recovery . . . . . . . .. ... ...
Further Improvement by Including Total Variation . . . . . . ... .. ..

Algorithms Promoting Local Sparsity

5.1

5.2

Algorithm for ¢1>°-¢*1-Regularized Problems . . . . . . . . . . . ... ..
5.1.1  Optimality Conditions . . . . . . . . . .. ... ... ... ....
5.1.2 Stopping Criteria . . . . . . . .. ...
5.1.3 Adaptive Parameter Choice . . . . . . . ... ... ... ... ..
5.1.4 Solving the ¢1>-¢%1-Regularized Problem . . . . . ... ... ..
Algorithms for ¢%°°-¢Y1-TV-Regularized Problems . . . . . . . . .. .. ..
5.2.1 Additional TV-Regularization onthelmage . . . . . . . . . .. ..
5.2.2 Additional TV-Regularization on the Coefficient Matrices . . . . .

Computational Experiments

6.1
6.2
6.3

Application to Dynamic Positron Emission Tomography . . . . . . . . ..
Results for Synthetic Examples . . . . . . . .. .. ... ... ... ...
Reconstruction Including Total Variation . . . . . . .. . ... ... ...
6.3.1 Additional Total Variation onthelmage . . . .. ... ... ...
6.3.2 Additional Total Variation on the Coefficient Matrices . . . . . . .

Asymptotics of Spatial Sparsity Priors

7.1
7.2

73

Introduction . . . . ...
Spatial Sparsity underI'-Convergence . . . . . . . . . . .. ... ....
7.2.1  Convergence forthe ConvexCasep>1 . .. .. .. ... .. ..
7.2.2 Convergence forthe NonconvexCasep=0 . .. ... ... ...
Asymptotics of Mixed Norms . . . . . . . ...
7.3.1  Convergence forthe General ConvexCase . . . . . ... ... ..
7.3.2 Asymptotic Local Sparsity . . . . ... ..o

73
74
75

77
80

86

93
97
98
98
103

127
127
131
135

135
138



Contents 13
8 Deconvolution of Sparse Spikes 161
8.1 Introduction . . . . ... 162
8.2 Deconvolution of a Single -Spike . . . . . . .. ... ... 163
8.3 Algorithm for Sparse Spikes Deconvolution . . . . . . . ... ... ... 167
8.4 Numerical Deconvolution of Three 6-Spikes . . . . . . . . . .. .. ... 170
9 Conclusions and Outlook 173
9.1 LocalSparsity . . . . . . ... 173
9.2 Sparsity Asymptotics . . . ... 175
A Solving the Positive (1> — ¢1:'-Projection-Problem 177
B Inequality for Stopping Criteria 183
C Computation Of The Kinetic Modeling Matrix 187
D Exact /*-Reconstruction of 1-Sparse Signals in 1D 189
Bibliography 191






List of Figures 15

1.1
1.2

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

5.1

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11

LIST OF FIGURES

Allegory ofthecave . . . . . . . . .. ... ... ... 22
Organization of thisthesis . . . . . . . . .. ... ... .. ... .... 30
Sublevel sets of different functions . . . . . . ... ... ... 33
Monotonicity ofameasure . . . . .. ... 39
Unit circles in different /-norms . . . . . . . . .. ... ... ... 42
Functions with bounded total variation . . . . . . . . ... .. ... ... 44
Functions with unbounded total variation . . . . . . ... ... ... .. 44
The Heaviside function and its weak derivative . . . . . ... ... ... 45
Strictly convex function . . . . . .. .. 51
Subgradient of the absolute value function . . . . ... ... ... ... 53
Construction of the convex conjugate of a function . . . . . . ... . .. 55
Convex hullofa function . . . . . ... ... ... ... .. ....... 56
Hard shrinkage operator . . . . . . . . . . .. ... ... ... 59
Soft shrinkage operator . . . . . . . . . ... ... 61
Relation between the regularization parameter and the nonnegative ¢1>°-

norm of the corresponding minimizer . . . . . . .. .. ... ... ... 91
Overview of the alternating direction method of multipliers ADMM) . . . 110
Atherosclerosis and heartattack . . . . ... ... ... ... ... 128
PET reconstructionschema . . . . . . . . ... ... ... ... ..... 128
Capillary microcirculation and kinetic modeling . . . . . . . ... .. .. 129
Ground truth of syntheticdata . . . . . . ... ... ... ... ..... 131
Kinetic modeling basis functions . . . . . .. ... ... ... . ..... 131
Reconstructed coefficient matrices . . . . . .. ... ... ... ... .. 132
Reconstructed coefficient matrices including secondrun . . . . . . . .. 132
Reconstruction including Gaussian noise . . . . . . ... .. ... ... 133
Examples of differently strong influences of the total variation . . . . . . 136
Wrongly reconstructed coefficients of the support for differentvand v . . 137
Exact reconstruction of the support . . . . . . . . .. ... 138



16

List of Figures

6.12 Reconstruction including Gaussian noise with o = 0.0l and o = 0.05 . . 140
6.13 Reconstruction including Gaussian noise witho =0.1andoc=0.2. . . . 142
7.1 Illustration of a part of the proof for the convergence of the /°-functional . 152
8.1 Reconstruction of sparse spikes . . . . . ... 166
8.2 Exactrecovery of the positions of the spikes . . . . . . . . ... .. ... 170
8.3 Three spikes at irrational positions and their continuous convolution . . 171
8.4 Deconvolution of three spikes with locations in between the nodes . . . 172
8.5 Results for different discretizations . . . . . . . .. ... ... 172



List of Algorithms 17

LIST OF ALGORITHMS

¢1>-¢b1-regularized problem via ADMM with double splitting
(hoo-(B1TV (U BT)-regularized problem via ADMM with triple splitting . . 117
(hoo-fBLTV(U)-regularized problem via ADMM with triple splitting . . . . 124

¢*-regularized problem via ADMM . . . . . ... ... 169
Positive ¢1>°-¢11-projection

Euler method for kinetic modeling . . . . . . ... ... ... ... ... 188






List of Tables 19

2.1

3.1

6.1
6.2
6.3
6.4

6.5
6.6

6.7

LIST OF TABLES

Examples of minimization problems and their corresponding duals . . . 57
Equalities of mixednorms . . . . .. .. ... 67
Evaluation of Algorithm1 . . . . . . .. .. ... .. ... ... ... .. 134
Evaluation of Algorithm 1 including Gaussian noise . . . . . . . . . . .. 134
Evaluation of Algorithm 1 including more Gaussian noise . . . . . . . .. 134
Rough overview about the wrongly reconstructed coefficients for different

regularization parameters . . . . . ... .. 135
Rough overview about the error for different regularization parameters . . 138

Rough overview about the error for different regularization parameters for
noisydata;c =0.0landoc=0.05 . . .. ... ... ... ... ... .. 139
Rough overview about the error for different regularization parameters for
noisydata;o =0.1andoc=0.2 . . ... ... ... ... ... ..., 141






1 Introduction 21

INTRODUCTION

In the course of this thesis, we will propose a new model for dictionary-based matrix
completion problems, which promotes local sparsity. Furthermore, we will discuss the
asymptotics of spatial sparsity priors.

Before going into the details, we firstly want to motivate our principal topic. Afterwards,
we give an introduction to inverse problems and their method of resolution, namely
variational models. Finally, we state our contributions and summarize the organization

of this work.

1.1. Motivation

First of all, let us motivate our work by introducing applications we have in mind and
explaining the general problem, which emerges from these applications.

For a moment let us put ourselves into the position of one of the poor human beings
trapped in the cave of PLATO’s Allegory of the Cave, (cf. for instance PLATO 2010),
which the Greek philosopher presented in his work “The Republic (514a-520a)” around
380 BC. We have lived our whole lives chained to the wall of a cave facing a blank wall.
We can only watch shadows projected onto the wall by things passing in between a fire
and ourselves behind us, cf. Figure 1.1.

Now let us assume there is an elephant standing between the fire and our backs. We
have never seen an elephant before and have no idea what this object could be, which
is projected onto the wall in front of us. We are not able to identify the object by only
having the information of its shadow. However, there is one fellow prisoner, who has
been outside the cave before and has seen an elephant in real life. Due to his prior
knowledge about the shape of an elephant, he is able to directly identify the object as

such.



22 1 Introduction

Figure 1.1.: Detail of the allegory of the cave by GOTHIKA (2008)

Luckily, we are not captive in a cave facing the shadows on the wall. However, many
real life problems are not solvable without prior knowledge of the subject. Humans
usually intuitively include their prior knowledge into their decisions and problem solving.
In order to teach a computer reasonable problem solving, we thus have to offer a way of
including a-priori knowledge to the model.

As a real life application, let us consider medical imaging and as an example thereof
computerized tomography (CT). In order to obtain an image of the inside of a human
body, the patient is x-ray scanned from different angles. Then a 3-dimensional image of
the inside of the body is reconstructed by using these 2-dimensional x-ray images. The
more images from different angles we have, the better is the quality of the reconstructed
image. Unfortunately, in this case the patient would be exposed to a lot of x-ray
radiation, which is a danger to his health. Thus it is desirable to use fewer angles to
preserve the health of the patient. These types of problems are called inverse problems
and are usually hard to solve.

In order to still be able to solve certain problems, we include a-priori knowledge about
the application. For instance we could incorporate that the edges in the images should
be sharp and the area in between should be homogeneous. Another type of including
a-priori knowledge is to provide a so called dictionary for the reconstruction process.
The reconstructed image is supposed to be a linear combination of these dictionary
elements using as few elements as possible. This signal or image processing technique
is called compressed sensing and promotes sparse solutions, i.e. solutions with few
nonzero entries.

Let us now mathematically introduce inverse problems and variational models, i.e.

methods for the solution of these problems.
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1.2. Inverse Problems

Applications in imaging, natural sciences and medicine frequently tend to result in
so called inverse problems, that is determining an unknown cause zZ € U(£2) only by
measuring its effect @ € V(X). In the mathematical modelling behind these problems
U() and V(X)) denote Banach spaces of functions on bounded and compact sets €,
respectively . In the attempt of solving such an inverse problem, the cause Z and its
effect w, i.e. the ideally measured data, have to be connected by a mathematical model

A. Thus solving an inverse problem yields solving the operator equation
Az =w, (1.1)

where A : U(2) — V(X)) denotes a linear and compact operator.
Inverse problems usually do not fulfill HADAMARD’s postulates of well-posedness and thus
are called #ll-posed. This characterization of a problem, which we present subsequently,

traces back to the French mathematician JACQUES HADAMARD (1902).

Definition 1.1.
A problem is called well-posed, if

e there exists a solution of the problem,

e the solution is unique,

e the solution depends continuously on the input data.
If a problem is not well-posed, it is called ill-posed.

Since the operator A is compact, it usually cannot be inverted continuously (cf. ENGL
et al. (1996)). Thus in the majority of the cases the third point is violated, i.e. the
solution does not depend continuously on the input data. In addition, we usually
encounter the difficulty that the exact data w are not available in real life. This
condition complicates the problem even further. Thus considering (1.1) might not even
be possible, since we face measurement errors. In practice we more often encounter the

inverse problem
Az =w , (1.2)

with z € U(Q2) and w € V(X). Here w are the actually measured data, which differ to
some extent from w = AZ, which could be derived if the exact cause Z was known. This

difference between the ideal data w and the real data w is termed noise. Thus (1.2) is
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an approximation of the exact inverse problem (1.1). In the discrete and linear case the

inverse problem (1.2) reduces to a linear system
Az =w,

where z € RM and w € R are vectors and A € RF*M ig a matrix, often referred to
as the observation matriz. Including an additional dimension such as time or spectral

information, we can even consider the matrix equation
AZ =W | (1.3)

with A € RIM 7 ¢ RM*T and W € RY*T, where Z again is unknown. This is
the case in many applications, for instance dynamic positron emission tomography or
spectral imaging.

Since in (1.2) the operator A is often not invertible, one seeks for an approximate
solution Z close to the true solution 2. In order to work with problems like (1.2), the

variational approach

Z = argmin {D,(Az) +aR(z)} (1.4)
zedomR

is quite convenient. Since it is easier to claim the distance of Az and w being minimal,
instead of asking for equality in (1.2), D,, should be a suitable distance measure. In
order to include problem dependent a-priori information and to promote solutions
with certain properties, the regularization functional R should be small, in case the
solution fits best to the a-priori knowledge and it should be highly increasing, if the
solution deviates from the prior. In (1.4) « is called regularization parameter and acts
as weighting between the data fidelity term D,, and the prior R. It should be chosen
depending on the noise level.

When it comes to choosing a suitable data term D,, the quadratic L? data fidelity term
1 2
Dy(A2) = 5 Az — wlta (15)

is quite common, especially in the presence of additive Gaussian noise. Depending on
the type of noise, different data terms can be derived by using a statistical approach

often referred to as Bayesian modeling. Apart from (1.5) the following exemplary data
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fidelity terms can be derived:

additive Laplacian noise ~ Dy(Az) = [| Az — w| 11 (g
Poisson noise ~ D, (Az) = / <w log Sy w) dz
Q AZ

The latter is also known as Kullback-Leibler divergence. The interested reader may
find further information on the derivation of these data fidelity terms in HEINS (2011,
Section 2.2), BRUNE (2010, Section 2.2) or in BENNING (2011, Section 2.3).

In (1.4) convex regularization terms are typically quadratic functionals of the form
R(z) = Hf‘zHiz(Q) with a linear operator I'. This regularization term in combination
with (1.5) yields the classical TIKHONOV regularization, which traces back to the
Russian mathematician ANDREY TIKHONOV (1943). In case the solution is expected
to be smooth, using HFzHiQ(Q) with [' = V seems to be a reasonable choice.

However, this is certainly not always the case. Especially in imaging or image processing

the solutions are rather expected to have sharp edges. Thus R(z) = ||Vz||ig(ﬂ) would
be a disadvantageous choice.
In contrast to R(z) = ||Vz||iQ(Q), the total variation semi-norm
TV(z) :==  sup /z Vepde &~ [[Vz g (1.6)
pec(@) Ja
Pl Loo (@) <1

promotes the recovery of functions with discontinuities, i.e. sharp edges. Nowadays it is

very common to use the so-called Rudin-Osher-Fatemi (ROF) model for denoising, i.e.
1 2
ROF(z) := 2 12 = w2y + TV(2)

cf. RUDIN, OSHER AND FATEMI (1992). The idea of total variation minimization makes
use of the fact that the L'-norm itself promotes sparse solutions, i.e. solutions with
only a few nonzero entries. Taking the L'-norm of the gradient of a function promotes
solutions with derivatives, which have only a few nonzero entries. Hence regularizing

with (1.6) favors solutions with sharp edges and constant parts between the edges.

1.3. Contributions

In signal and image processing sparse reconstruction using standard ¢!-minimization is
a very useful and versatile tool and by now it is quite well understood. The basic idea
behind this is the knowledge of the /!-norm being the convex relaxation of the £°~“norm”

(cf. DONOHO AND ELAD (2003)). Recent research went further in this direction by
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adapting this concept to problems with unknowns being matrices. The outcome of this

were even more advanced sparsity promoting methods.

Instead of considering usual sparsity regularizations componentwise on the unknown
matrix such as minimizing the ¢'!-norm, YUAN AND LIN (2006) considered for instance
a generalization of the lasso method (cf. TIBSHIRANI (1996)), which they call group lasso.
The original lasso method (cf. also the review TIBSHIRANI (2011)) is a shrinkage and
selection method for linear regression, i.e. it basically minimizes the sum of a squared
¢? data term and an ('-regularization term. The group lasso, however, generalizes
this method by using a slightly different regularization term, i.e. it minimizes the
¢t-norm of a weighted ¢?>-norm. Later this ¢*!-regularization was further generalized
by FORNASIER AND RAUHUT (2008) and TESCHKE AND RAMLAU (2007), which then
became known under the term joint sparsity. This method mainly consists of minimizing
¢P'-norms, which are used to include even more prior knowledge about the unknown

such as additional structures like block sparsity (or collaborative sparsity).

However, for many applications, such as dynamic positron emission tomography or
unmixing problems, it turns out to be useful to incorporate another type of sparsity.
Enhancing the idea of usual £*-sparsity to what we call local sparsity is one of the main
contributions of this thesis. Local sparsity turns out to be beneficial when working on
problems including inversion with some spatial dimensions and at least one additional
dimension such as time or spectral information.

gl,oo

In order to incorporate the idea of local sparsity, we motivate the use of the -norm as

regularization functional in a variational framework for dictionary based reconstruction

/L _norm turns out to be rather

of matrix completion problems. Working with the
difficult, which is why we additionally propose alternative formulations of the problem.
By accompanying the ¢*°-regularization with total variation minimization, we include
even more prior knowledge and thus improve the results even further.

Besides this, we discuss basic properties of the ¢Y*°-functional and potential exact
recovery. In addition, we propose different algorithms for the solution of ¢1*°-regularized

problems and show computational results for synthetic examples.

Sparsity promoting regularizations are usually finite-dimensional and therefore highly
dependent on their discretization. Due to this reason, the solutions of corresponding
variational problems rely on the same discretization and may therefore not even be
stable for different grid sizes. Moreover, in many applications an infinite-dimensional
modeling seems to be more reasonable and thus it would be disadvantageous to consider

its discrete counterpart instead.
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The establishment of an appropriate asymptotic theory behind these discrete approaches
is thus of particular importance. Having an underlying asymptotic theory permits the
analysis of variational problems independent of their discretization and thus yields
robustness. In order to analyze sparsity regularizations in an infinite dimensional
setting, recent research investigates approaches in the space of finite Radon measures,
cf. for instance BREDIES AND PIKKARAINEN (2013), DUVAL AND PEYRE (2013) and
SCHERZER AND WALCH (2009).

This thesis contributes to this topic by analyzing the asymptotics of regularization
methods applicable for instance to spatial sparsity. By working in the space of finite
Radon measures and utilizing I'-convergence, we aim to make variational problems
independent of their discretization. This analysis can be performed by considering the
priors only. We not only investigate (P-norms for p > 1 and p = 0, but also examine
mixed /P%-norms as the step size of the grid vanishes.

Furthermore, we consider the deconvolution of a sparse spike pattern and investigate
the structure of a solution in case the exact spikes are located at the nodes as well as in
between the grid points. We verify our results by numerically computing a deconvolution

of a few sparse spikes for different discretizations as the grid becomes finer.

1.4. Organization of this Work

In the last sections we motivated this work, briefly introduced the field of inverse
problems and emphasized our contributions to this topic. In order to complete this

introductory chapter, we now give an overview on how this work is organized.

Chapter 2 will provide the mathematical background needed for the sequel of this thesis.
We will start by recalling some basic calculus of variations and some fundamentals
about I'-convergence, before we will introduce important function and sequence spaces
such as the Lebesgue spaces LP(£2), the sequence spaces (?(£2) and the Sobolev spaces
WHrP(Q). Furthermore, we will introduce the space of functions with bounded variation
BV(Q), which is fundamental in imaging. The space BV (2) will be relevant for Chapter
5 and 6, since total variation regularization will be used as an additional regularization
on the main problem, in order to promote sharp edges in the reconstructed images.
Moreover, we will introduce the space of finite Radon measures, which will be of
particular importance for a theoretical investigation about the asymptotics of spatial
sparsity regularizations, which can be found in Chapter 7. Afterwards, we will review
some basic convex analysis and recall the concept of subdifferential calculus and the

Legendre-Fenchel duality. We will end this chapter of mathematical preliminaries by
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giving an introduction to sparsity regularization, which builds the basis for other sparsity
promoting regularization techniques, c.f. for instance Chapters 3 and 4. Starting with
the °-~“norm”, which is not a norm in the classical sense, we will afterwards continue
with its convex relaxation, which will lead us to the well known sparsity-promoting £!-
regularization. Furthermore, we will shortly discuss regularization with Radon measures,

which will become relevant for Chapter 7.

After this fundamental chapter, we will introduce mixed ¢7?-norms in Chapter 3. We
will motivate the use of mixed norms to promote sparsity for matrices, which builds
the basis for our analysis in Chapter 4. We will see that not only classical sparsity,
such as using the ¢!!-regularization, is possible. Mixed norms can moreover be used to
promote some kinds of structured sparsity. In particular, we will consider joint sparsity

via ¢P'-norms and local sparsity via ¢'9-norms.

The latter one yields the local sparsity promoting ¢**°-regularization, which will be
the main subject of Chapter 4. We will discuss basic properties of this regularization
such as different problem formulations, existence and uniqueness. Moreover, we will
give attention to subdifferentials and source conditions for these different formulations.
After showing the equivalence of those formulations, we will analyze the asymptotics
in case that the regularization parameter tends to infinity. Another section shall be
devoted to the analysis of exact recovery of locally 1-sparse solutions, where we will
introduce certain conditions for exact recovery. We will end this chapter by including an
additional regularization, which shall further improve the numerical results presented

in Chapter 6, namely total variation regularization.

In Chapter 5 we will propose algorithms for the reconstruction with local sparsity, which
are based upon the alternating direction method of multipliers (ADMM). Computational
experiments using these algorithms can be found later in Chapter 6. First we will
propose an algorithm for the reconstruction including ¢1°°- and ¢'!-regularization.

/b and

Then we will state another two algorithms for the reconstruction including
(Y1 regularization and an additional total variation regularization, both on the images

in every time step as well as on the coefficient matrices for every basis function.

On the basis of the previous chapters, we will apply our model proposed in Chapter 4
to dynamic positron emission tomography, which will be used to visualize myocardial
perfusion, in Chapter 6. We will firstly motivate, why the knowledge about the perfusion
of the heart muscle is of particular importance and give a short introduction to the
medical and technical background of dynamic positron emission tomography. We will

briefly discuss a model for blood flow and tracer exchange, i.e. kinetic modeling, which



1.4 Organization of this Work 29

will then yield the same inverse problem, which we will aspire to solve in Chapter
4. Afterwards, we will apply the algorithms, which will be deduced in Chapter 5, to
artificial data in order to verify our model and illustrate its potential. Moreover, we

will discuss the quality of the proposed algorithms and show some examples.

Chapter 7 is devoted to the analysis of the asymptotics of sparsity promoting regular-
ization functionals. We will motivate the establishment of an appropriate asymptotic
theory behind commonly used sparsity priors. This theory could improve the solution
of inverse problems in applications, where an infinite-dimensional modeling is more
reasonable. Moreover, we aim to make regularization functionals independent of their
discretization. We will discuss spatial sparsity under I'-convergence and consider the
cases of different /P-norms for p > 1 as well as for p = 0. Furthermore, we will discuss the
asymptotics for certain types of mixed /”%-norms, which will thus establish a connection

to the previously examined functionals.

As an application for the theory of Chapter 7, we will examine the deconvolution of a
sparse spike pattern in Chapter 8. We will theoretically investigate the structure of the
discrete deconvolved solutions as the positions of the exact spikes are located firstly
on the nodes and secondly in between the grid points. In order to support our theory
numerically, we will consider a standard variational problem including the sparsity
promoting /!-regularization, which we will implement via the alternating direction
method of multipliers (ADMM). Previously to the reconstruction, we will convolve the
exact d-spikes analytically with a Gaussian kernel and then discretize the convolved
data for different grid sizes. On the basis of this, we will test our algorithm for different
discretizations as the step size of the grid becomes smaller. We will indeed obtain a
certain limit, which will be consistent with our theoretical considerations as well as with

the literature.

Finally we will summarize the content of this thesis in Chapter 9, which will be divided
into two sections, accordingly to the main topics of this thesis. First we will summarize
our work on local sparsity and draw conclusions. We will moreover present questions
and ideas, which still remain to be examined. Afterwards, we will discuss conclusions
for our analysis of the asymptotics of sparsity priors and give an outlook on possible

future work.

In addition to this summary, Figure 1.2 illustrates, how this thesis is organized.
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Figure 1.2.: Overview of the organization of this thesis
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MATHEMATICAL PRELIMINARIES

In this chapter we provide the mathematical background, which is needed in the course
of this thesis.

Starting by summarizing some basic principles of calculus of variations, we proceed with
a section about essential function and sequence spaces. This section not only contains
the definitions of Lebesgue spaces and the sequence spaces (P, but also the definition of
Sobolev spaces. The latter ones are then utilized to motivate the usage of the space of
functions with bounded variation. We end this section by introducing the space of finite
Radon measures, which will be important for the analysis of asymptotic sparsity. The
next section gives a short summary of basic convex analysis including subdifferential
calculus and the concept of Legendre-Fenchel duality. Finally we end this chapter with

a short introduction to sparsity regularization.

2.1. Variational Calculus

In this section we give an introduction to the calculus of variations. We start by
recalling basic definitions and state important theorems. Afterwards, we introduce
convergence for functionals, namely I'-convergence, which will be of importance during

our asymptotic analysis of sparsity regularizations in Chapter 7.

2.1.1. Introduction

Since the minimization of functionals like (1.4) is related to the calculus of variations,
we are going to recall some definitions and results of this subject, which are needed in
this thesis. For the sake of compactness we refer to DACOROGNA (2004), EKELAND
AND TEMAM (1999) or ZEIDLER (1985) for a more detailed introduction on this subject.



32 2 Mathematical Preliminaries

Before getting more into the details, we would like to remind the reader of the difference

between operators and functionals.

Definition 2.1 (Operators & Functionals).
Let U and V denote two Banach spaces with topology 71, T respectively. A mapping
J:(U, ) — (V, 72) between those Banach spaces is called operator.

In the special case that V is a field, J is called functional.

We consider functionals J:U — R with a nonempty domain. Therefore, we recall the

definition of a proper functional.

Definition 2.2 (Proper Functional).
Let U be a Banach space. A functional J:U — R is called proper if J(u) # —oo for
all u € U and if there exists at least one u € U with J(u) # +oo. In this setting

domJ := {u € U|J(u) < o0}

is called effective domain of the functional J.

After recalling these basic definitions we now introduce generalized derivatives in Banach

spaces.

Definition 2.3 (Directional Derivative).
Let J:U C U — V denote an operator between Banach spaces and let U be a non
empty subset. Then the directional derivative at the point v € U in direction v € U is

defined as

A (u,v) = lim J(u+tv) — J(u)
N0 t

Y

if the limit exists. In case the directional derivative exists for all v € U, J is called

directionally differentiable.

Definition 2.4 (Gateaux Differentiability).
An operator J with preconditions as in Definition 2.3 is called Gdteauz differentiable, in

case the directional derivative J'(u):U — V with v — dJ(u,v) is linear and bounded.

Definition 2.5 (Fréchet Differentiability).
Let for a Gateaux differentiable operator J hold

1 (u+v) = J(u) = J'(w)olly, = o[|v]l,) for v]l, =0

Then J is called Fréchet differentiable.
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Remark 2.1.
In the case that J is Gateaux differentiable in a neighborhood of v and J'(u) is continuous

at u, J is Fréchet differentiable at u as well.

In order to state some results about the existence of a minimizer of variational problems
like (1.4), we will first recall some definitions, which will then lead us to the fundamental

theorem of optimization.

Definition 2.6 (Lower semi-continuity).
Let J:(U,7) — R U {oo} be a functional on a Banach space U with metric topology

7. J is called lower semi-continuous at uw € U if

J(u) < liminfJ(uy) (2.1)

k—o00
holds for all sequences (u)reny With ux — u in the topology 7.

Definition 2.7 (Compactness of Sublevel Sets).
Let J:(U,7) — R U {oo} be a functional on a Banach space U with topology 7.
For a ¢ € R the corresponding sublevel set of J is defined as

Se={ueld|J(u) <. (2.2)

Moreover, we call S¢ compact if it is not empty and compact in the topology 7.

An illustration of different sublevel sets can be found in Figure 2.1.

J(u)+ J(u)+

/AN
NV

/ u u

(a) This function does not have compact (b) This function has compact sublevel sets
sublevel sets

Figure 2.1.: Illustration of sublevel sets (red) of two different functions

By using these two definitions, we can now state the fundamental theorem of optimization
(cf. ZEIDLER (1985) or AUBERT AND KORNPROBST (2002)).
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Theorem 2.1 (Fundamental Theorem of Optimization).
Let U be a Banach space with topology 7. Furthermore, let J: (U, 7) — R U {oo} be
a lower semi-continuous functional. In addition, let there exist a £ € R such that the
corresponding sublevel set S¢ of J is compact.
Then there exists a global minimum u € U, i.e.
i) = inf .
J(u) inf J(u)
Proof.
Let (ur)ren be a minimizing sequence, i.e. J(ug) — inzg J(u). We have v, € S¢ for
ue

k > ky sufficiently large and hence (ug)g>k, is contained in a compact set. Thus it has
a convergent subsequence, which we again denote with (uy). Furthermore, let its limit
be 1. Due to the lower semi-continuity (2.1) of J, it follows that

inf J(u) < J(a) < liminfJ(uy) = inzfj J(u)

ue

uelU k—o00
holds. Therefore, u is a global minimum of J. O]

Since boundedness causes compactness in finite dimensions, this theorem easily leads
to a proof of existence in finite-dimensional optimization. However, this does not hold
in function spaces due to their infinite dimension. In order to still be able to conclude

compactness from boundedness, we have to define weak and weak-*topologies.

Definition 2.8 (Weak Topology and Weak-*Topology).
Let U be a Banach space with dual space U*. Let (ug)reny and (vg)ken be two sequences

in U and U* respectively. Let be u € U and v € U*. Then the weak topology on U is
defined by

up — u = (v,u) = (v,u) Voelu".
Furthermore, the weak-*topology on U* is defined by

v =0 = (vg,u) = (v, u) Vuel.

Because we have U C U** the weak-*topology on U* is even weaker than the weak
topology on U. Note that the weak and weak-*topology coincide in reflexive Banach
spaces (l.e. U = U™).

We now want to propose the theorem of Banach-Alaoglu. This theorem allows us to
deduce compactness from boundedness at least in the weak-*topology and is therefore

a central result concerning compactness.
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Theorem 2.2 (Theorem of Banach-Alaoglu).
Let U be a Banach space and U* its dual space.
Then the set

{vel |l

u- < C}
for C' > 0 is compact in the weak-*topology.

A proof can for instance be found in RUDIN (1973, p. 66-68, Chapter 3, Theorem 3.15).
In case we can prove lower semi-continuity in the weak-*topology, we are able to prove
existence of a global minimum for a given infinite dimensional optimization problem
by using Theorem 2.2 of Banach-Alaoglu. Then we could obtain the minimum by
computing the Fréchet-derivative, however, normally proving lower semi-continuity in

the weak-*topology is not that easy.

2.1.2. ['-Convergence

In order to facilitate the transition from discrete to continuum models, we introduce a
special convergence for functionals, namely I'-convergence. The following definitions
and properties can be found amongst others in BRAIDES (2002) and MASO (1993).

Definition 2.9 (I'-Convergence).

Let U be a topological space. Furthermore, let J, : U — [0, 00] be a sequence of
functionals on U. The sequence (J;)ren converges in the sense of I'-convergence to the
[-limit J:U — [0, 00| in the case that the following conditions hold:

e Lower bound inequality: For every sequence (ug)reny With uy, € U such that u, — u
for £ — oo holds
J(u) < liminf Jy (uy) .

k—o0

e Upper bound inequality: For all u € U exists a sequence (uy)reny With u, — u for
k — oo such that
J(u) > limsup Jg(ug) .
k—00
Note that the meaning of the first condition is that J provides an asymptotic common
lower bound for (Ji)ren. The second condition, however, yields the fact that this lower
bound is optimal.

In case that (Jg)ren I'-converges to J we write
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In order to facilitate the proof of the upper bound inequality, one may use the following
density argument, which we cite from BRAIDES (2002, Remark 1.29, p. 32).

Theorem 2.3 (Upper Bound Inequality by Density).
Let d’ be a distance on the metric space (U, d) with stronger topology than the one
induced by d, i.e. for every sequence u; — u in U holds that

d'(up,u) =0 = d(ug,u) — 0.

Furthermore, let J; : U — [0,00] be a sequence of functionals on U and let the
functional J:U — [0, 00| be continuous with respect to d. Moreover, let D be a dense

subset of U for d' and let for every u € U exist a sequence uy — u for k — oo such that

limsup Ji(ug) < J(u) (2.3)

k—o00

holds on D. Then (2.3) holds on U as well.

In order to obtain convergence of minimizers, we need equi-coercivity of a sequence of

functionals.

Definition 2.10 (Coerciveness Conditions).

Let U be a topological space. A functional J:U — R is called

e coercive if for every ¢ € R holds that the set {J(u) < ¢} is pre-compact,

e mildly coercive if there exists a set K C U, which is non-empty and compact and
it holds
inf .J = inf J )
sl 7 = e T
Furthermore, a sequence (Ji)ren of functionals Jy :U — R is called equi-mildly coercive
or equi-coercive if there exists a set K C U, which is non-empty and compact and for
all kK € N holds
inf Ji(u) = inf Jg(u) .

uel ueK
CICALESE et al. (2009) state an equivalent definition of equi-coercivity for the L%-setting,

which we cite for the general case.

Definition 2.11 (Equi-Coercivity).
Let U be a Banach space. A sequence (Jg)ren of functionals Ji :U — R is called

equi-coercive if for all sequences (ug)reny C U with

sup Ji (ug) < 00,
kEN

up to subsequences, holds that u;, — u in U for £ — oo and u € U.
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Let us now state a fundamental result about the convergence of minimizers under

['-convergence.

Theorem 2.4 (Convergence of Minimizers).
Let (U,d) be a metric space. Moreover, let (Ji)reny be a sequence of equi-coercive
functionals and let J; L J for k — 0.

Then there exists a minimizer of J with

min J(u) = lim inf Jy(u) .

ueU k—o0 ueld

Furthermore, in case that (u)ren is a pre-compact sequence with

lim Ji(ug) = lim inf Ji(u) ,

k—o0 k—o0 ueld

every limit of a subsequence of (uy)ren is a minimizer of J.

A proof can be found in BRAIDES (2002, Section 1.5).

Finally, we give a summary of some properties of I'-convergence.
Remark 2.2 (Properties of I'-Convergence).

e Minimizers converge to minimizers: In case we have J, — J and u;, minimizes Jj

for every k € N, every cluster point of (uy)ren is @ minimizer of J.
e [-limits are always lower semi-continuous.

e [-convergence is stable under continuous perturbations: Let Jj L J and let

H:U — [0, 00] be a continuous functional. Then J, + H I'-converges to J + H.

e Let us consider a constant sequence of functionals, i.e. J; = J for all £ € N. Then
Ji does not necessarily I'-converge to J. However, it ['-converges to the relaxation

of J, i.e. the largest lower semi-continuous functional below J.

2.2. Function Spaces and Sequence Spaces

This section summarizes basic definitions concerning function and sequence spaces,
which are needed for the course of this thesis. For the definition of most of these spaces,
basic measure theory is necessary, which we recall in the first subsection. Subsequently
we shortly give a reminder of Lebesgue spaces and the sequence spaces (P, afterwards
we recall Sobolev spaces. Since neither Lebesgue nor Sobolev spaces are appropriate
for images, we introduce the space of functions with bounded variation. Furthermore,
the space of finite Radon measures will be of particular importance for the analysis of

asymptotic sparsity, whose introduction will end this section.
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2.2.1. Basic Measure Theory

Let us now recall some basic definitions from measure theory. The content of this

subsection is mainly based upon ELSTRODT (2004).

Definition 2.12 (o-Algebra).
Let © be a set and P(€2) its power set. A collection A of subsets of P(£2) is called

o-algebra if the following conditions hold:
1. Non-emptiness: Q € A.

2. Closure under complementation: If A € A holds, then we have A¢ € A, where
A= Q\A.

3. Closure under countable unions: If (A,), .y € A holds, then we have |J A, € A.
neN

Example 2.1 (Borel o-Algebra).

An important example is the Borel o-algebra B(X), which builds a bridge between
measure theory and topology. Every topological space X can be endowed with the
unique Borel g-algebra, which is defined as the smallest o-algebra containing all open
sets of X. The elements of the Borel o-algebra are called Borel sets.

This c-algebra is named after EMILE BOREL (1950, Chapter 3), who implicitly intro-
duced Borel subsets of the unit interval. For these sets he suggested a concept of length,

which complies with the property of o-additivity.

Definition 2.13 (Measure).
Let A be a o-algebra over a non-empty set 2. A function p: A — R is called a measure

if it satisfies the following conditions:
1. Non-negativity: For all sets A € A holds pu(A) > 0.
2. Null empty set: (D) = 0.

3. o-additivity: For all countable collections (A,), .y of pairwise disjoint sets in A

holds that . .
n=1 n=1

Note that a measure is always monotonic, i.e. in case that A C B, we have p(A) < u(B),
cf. Figure 2.2.
The function p is called a signed measure in the case that only the second and third

conditions hold and p takes on at most one of the values 4oc0.
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>
2

0 0

Figure 2.2.: Monotonicity of a measure

Definition 2.14 (Measurable Space & Measure Space).

Let ©Q be a non-empty set and A be a o-algebra on 2. We call the pair (£, A) a
measurable space. The members of A are called measurable sets.

Let in addition z: A — R be a measure. Then the triple (€, A, i) is called measure

space.
Example 2.2.

1. Let (€2, A) be a measurable space, x € 2 and A € A. Then the Dirac measure,
named after the English theoretical physicist PAUL DIRAC (1958), is defined as

1, ifzeA,
0:(A) == n

0, else.

2. Consider the measurable space (R™, B(R™)). The Lebesgue measure on the Borel
o-algebra B(R") relates an geometric object to its content (length, area, volume,

...). It is the unique measure A, which meets the following property:
A([ay, by] X ... X [an, by]) = (b —aqy) -+ (by — an)

i.e. it relates an n-dimensional hyperrectangle to its volume. The French mathe-
matician HENRI LEBESGUE (1902) published this measure as part of his disserta-

tion.

Definition 2.15 (Measurable Function).
Let (£24,.41) and (22, A2) be measurable spaces. A function u:€; — € is called

measurable if the pre-image of every set A € A, under the function u is in A4, i.e.

uw (A ={z € Q |ulx) e A} € A, VAeA,.
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2.2.2. Lebesgue Spaces

We now shortly review the definition of Lebesgue spaces and their norms, namely
LP-norms. For the sake of compactness, we do not recall most of the measure theory
and take the knowledge about Lebesgue integration for granted. We refer the reader to
standard books on measure theory and analysis such as RUDIN (1987) in case further

information should be necessary.

Definition 2.16 (The Lebesgue Spaces LP(€2) and L>(Q2)).
Let be p € RT. The space LP(2) is defined as the set of all measurable functions
u:{) — C on the domain €2, for which holds

/Q lu(z)|Pder < 0o .

In case that we have p = oo, L>(2) is considered to be the space of all measurable

functions u:¢2 — C, for which there exists a constant o > 0 with
A{z e Qlfu(z)] = a}) =0,
where A\ denotes the Lebesgue measure.

For the case that p > 1 holds, those spaces are naturally Banach spaces with the

following norms:

Theorem 2.5 (L”(Q2) and L>°(2) are Banach Spaces).
Let be 1 < p < 400. The space LP(£2) is a Banach space with norm

Jul, = (/Q () dx); |

Furthermore, the space L*({2) is a Banach space with norm
|ul|, = esssup |u(z)] :=inf{a >0 | A({x € Q] |u(z)] > a}) =0} .
e

Remark 2.3.
In the special case of p = 2 the Lebesgue space L?(€) is even a Hilbert space with scalar

product

(1) gy 1= /Q (u(z), v(z)) d . (2.4)
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2.2.3. Sequence Spaces (”

In the course of this thesis sequence spaces are elementary, thus we recall their definitions
in this subsection. We concentrate on (P-spaces for p € RT U {400}, since those are

essential for our further results.

Definition 2.17 (Sequence Spaces (P(£2) and (>°(£2)).
Let 2 be a field and let u = (u,)q,en be a sequence with u,, € Q for all n € N. Let be
0 < p < co. Then the subspace P(Q) of the sequence space Q2 is defined as

o0
Z\un|p<oo} :

n=1

?(Q) = {u e O

Furthermore, ¢>°(€2) denotes the space of bounded sequences, i.e.

>(Q) = {u e QN

sup |u,| < oo} .
neN

Note that we obviously obtain the following relation:
P(Q) C2(Q) .

Similar to the case of LP-spaces, the sequence spaces ((Q2) for p > 1 and ¢*°(Q2) are

Banach spaces.

Theorem 2.6 (/7(£2) and ¢>°(2) are Banach Spaces).
Let be 1 < p < +00. The sequence space ¢P(£2) is a Banach space with norm

1

0 P

IIUIlp=<§ Iunl”) :
n=1

Note that ¢2(Q) is even a Hilbert space. Furthermore, (>°(2) is a Banach space with
norm

[ull oo = sup |un| .
neN

In Figure 2.3 we see unit circles for different /P-norms. Since the unit circles for
P-“norms” with 0 < p < 1 are not convex, we especially learn from this illustration
that P-“norms” with 0 < p < 1 satisfy all of the norm axioms except for the triangle

inequality. However, they fulfill the weaker inequality
lo+yl, <& (lel, +lyl,)  for  k>1

instead and thus are at least quasi-norms.
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Figure 2.3.: Illustration of unit circles in different /P-norms and quasi-norms

2.2.4. Sobolev Spaces

The Lebesgue spaces LP(2) contain many different functions including highly oscillating
functions. In application to inverse problems (cp. Section 1.2) functions with high
oscillation usually mean noise and thus are not desirable. As an alternative one might
search for functions, whose derivatives are additionally Lebesgue integrable. This idea
leads us to so-called Sobolev spaces, which we recall in this chapter. In order to do so,

we first introduce the concept of weak derivatives.

Definition 2.18 (Weak Derivative).
Let Q@ C RY be an open set and let @ € N be a multiindex. Let u be locally
L'-integrable, i.e. u € L{ (). A function w € L _(Q) with

loc loc

/wg& dmz(—l)‘”/uD“gp dr Vel Q)
Q Q

N
is called weak partial derivative of order |a| of u. In this context we have |a| = > a;
i=1

and D = 80‘1“‘?‘%. The weak derivative is often denoted by w = D%u.

Note that a weak derivative does not have to exist.

1

1oc(€2) is not quite convenient, we rather consider functions with weak

Since the space L
derivatives in Lebesgue spaces. This brings us to the definition of so-called Sobolev

spaces.
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Definition 2.19 (Sobolev Spaces).
Let be 1 <p < oo, k € N and Q be an open set. The Sobolev space WHP(Q) is defined

as
Wk?(Q) := {u € LP(Q) | D*u € LF(Q) for all |a| < k}

and is naturally a Banach spaces with Sobolev norm

D=

oy = | Y ID% /o
la|<k
for 1 < p < oo and
HUHW’WO(Q) = ‘IﬁgHDaUHLw(Q) :

Remark 2.4.
By using the scalar product (2.4) of L?(£2), we obtain a scalar product in W"2(Q) by

<U7U>Wk»2(ﬂ) = Z <Dau,DaU>L2(Q) .

| <k

Thus we see that W"?(Q) is a Hilbert space, which is often denoted by

H*(Q) :=W"*(Q) VEkeN.

2.2.5. Space of Functions with Bounded Variation

Let us now introduce the space of functions with bounded variation, which will be
used in the course of this thesis. This function space is used for images with certain
properties. One could ask, why either the Lebesgue spaces L'(€2) and L?(f2) or the
Sobolev space W1(§2) are not appropriate for this assignment. The problem is, however,
that L'(Q) and L*(Q) contain not only the images we have in mind, but also the noise,
which is not desirable. Considering W!(Q) instead is neither advantageous, since
W) does not contain functions with discontinuities. This property, however, would
be recommendable in order to examine reasonable images, which naturally come with
discontinuities, i.e. sharp edges.

In this subsection we only give a short summary of functions with bounded variation.
However, we refer the interested reader to BURGER et al. (2013) and AMBROSIO et al.
(2000) for further details on this subject.

In this subsection we assume 2 C RY to be sufficiently regular and open. We begin by

recalling the definition of the total variation of a function wu.
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Definition 2.20 (Total Variation).
The total variation TV (u) of a function u € L'(Q) is defined as

TV(u):=  sup /u V-pdz. (2.5)
pecee(Q) Ja
Pl Loo (@) <1

In Figures 2.4 and 2.5 we see examples for functions with bounded and unbounded total

variation.

A 4

.v/\ >
AN
(a) f(z) = sin(ax) (b) g(z) = 2 sin (3)

Figure 2.4.: Functions with bounded total variation

‘W{\U/\ /

=

=

(a) h(z) =sin(L) (b) k(x) = xsin(3)
Figure 2.5.: Functions with unbounded total variation

By using this definition, we are able to define the space of functions with bounded

variation.

Definition 2.21 (The Space BV(Q)).
The space of functions with bounded variation BV(2) is defined as the space of all
functions u € L*(€2) with finite total variation TV (u), i.e.

BV(Q) :={ue L'(Q) | TV(u) < 00} .
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BV(Q) is a Banach space equipped with the norm
[ullgvig) == TV(w) + [lull 1 q)

as we can see in GIUSTI (1984).

Remark 2.5.
In case the function of interest is sufficiently smooth, i.e. u € Wh(Q), the definition of

TV(u) can be written in a primal setting as
TV(u) = / |\Vu| dx . (2.6)
Q

In an informal setting this definition is often used for general u € BV(£2).
Furthermore, we see that the Sobolev space W11(Q) is contained in BV(Q2). However,
the Heaviside function

1, ifz>0,

H(z) :=
0, else,

which is contained in BV(2), can be indicative for the fact that this is a strict inclusion,
since its distributional derivative, i.e. the Dirac delta distribution §(x), is singular with

respect to the Lebesgue measure, cf. Figure 2.6.

(a) Heaviside function (b) Dirac delta distribution
Figure 2.6.: The Heaviside function H(z) and its weak derivative §(z)

In addition BV(€2) can be nicely embedded in LP(2), which we see in the following
Lemma. This property is especially useful for N < 2.

Lemma 2.1 (Embedding of BV(Q)).
Let be Q c RN, If 1% > N, then we have

BV(Q) — LP(Q) .
In case that 25 > N, the embedding is compact.
P
A proof can be found in GIUSTI (1984).
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In order to make working with the total variation easier, it is important to note that
TV (u) is lower semi-continuous in BV(Q) with respect to the strong topology in L{ ()
(c.f. AMBROSIO et al. (2000, Proposition 3.6)). If we want to give the optimality
condition in terms of subgradients, we additionally need convexity of the total variation.

However, this can be seen rather easily.

Lemma 2.2 (Convexity of the Total Variation).

The total variation TV (u) with its definition in (2.5) is convex.

Proof.
Let be u, v € L*(Q) and let a € [0,1] hold. Then we have

TV(ou+ (1 —a)v) =  sup /Q(au +(1—a)v) V-pde

[Pl Loo (@) <1
<a sup /uV-pd:zH—(l—a) sup /vV-pdx
lIpll oo ()<L /Q lIpll oo @y <1/ Q

=aTV(u)+ (1 —a)TV(v) .

2.2.6. Space of Finite Radon Measures

In the course of this thesis we will amongst others work with linear functionals with
compact support. In order to examine these functionals in a more theoretical way, we
introduce the space of finite Radon measures. For its definition we previously recall
Radon measures and important representation theorems.

The content of this subsection is mainly based upon ELSTRODT (2004). However, many
of the results can be found in SCHWARTZ (1973) and RUDIN (1987) as well.

In order to introduce Radon measures, we first need some further definitions.

Definition 2.22 ((Locally) Finite Measure).

Let (X, 7) be a topological Hausdorff space and let A D B(X) be a o-algebra on X,
which contains the topology 7. The (signed) measure z: A — R on the measurable
space (X, .A) is called

e finite if |p(X)| < oo,
e o-finite if X is the countable union of measurable sets with finite measure,

e locally finite if for every point x € X exists an open neighbourhood N of x such
that |u(N)| < oco.
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Definition 2.23 (Regular Measure).
Let (X, 7) be a topological Hausdorff space and let A D B(X) be a g-algebra on X,

which contains the topology 7. The measure x: .4 — R on the measurable space
(X, A) is called

1. inner regular if for every set A € A holds that

pu(A) =sup{u(K) | K C A, K compact} ,

2. outer reqular if for every set A € A holds that

p(A) =inf{p(U) | U D A, U open} ,

3. regular if p is inner and outer regular.
Now we have everything that is required for the definition of Radon measures.

Definition 2.24 (Radon Measure).
Let (X, 7) be a topological Hausdorff space and let B(X) be the Borel og-algebra on
X. A Radon measure is a (signed) measure z: B(X) — R on the measurable space

(X, B(X)), which is locally finite and inner regular.

Let us now introduce total variation for signed measures. For this purpose we first
need a decomposition theorem, which traces back the to Austrian mathematician HANS
HAHN (1921).

Theorem 2.7 (Hahn Decomposition Theorem).

Let (€2, A) be a measurable space and let : A — R be a signed measure. Then there
exists a positive measurable set P and a negative measurable set N in A such that
PUN =Qand PN N ={. P and N are unique except for pg-empty sets.
Furthermore, 2 = P U N is called Hahn decomposition.

Definition 2.25 (Variation of Measures).
Let (€2, A) be a measurable space and let 1:. A — R be a signed measure with Hahn
decomposition Q2 = PUN. For A € A we call

1. pt: A — R with
p(A) = p(ANP)

positive variation,

2. u~: A — R with
§(A) = —p(A N N)

negative variation and



48 2 Mathematical Preliminaries

3. (Al py A — R with

(Al py = 1T (A) + ™ (A)

total variation of p.

Definition 2.26 (Regular Signed Measure).

Let X be a locally compact Hausdorff space and B(X) the Borel o-algebra on X. A
signed measure p:B(X) — R is called reqular if for all A € B(X) and £ > 0 exists a
compact set K and an open set U such that K C A C U and ||[p(U\K)||1, < €.
Furthermore, we define M (X) as the set of finite regular signed measures p: 5(X) — R.

Remark 2.6.

M(X) is even a Banach space with norm [[p[|lpy ) = [[(X)]|py-

Note that a finite regular signed measure is the same as a finite signed Radon measure,
since a finite Radon measure is always regular in case that X is locally compact. In the
literature these terms are used interchangeably. However, we act in accordance with
the literature used in the ongoing chapters and call M(X) the space of finite Radon
measures.

In a more general setting we could consider the space M(X,R™) of finite vector-valued

Radon measures p: B(X) — R™, however, in this chapter it is sufficient to use M(X).

Definition 2.27 (Absolutely Continuous Measure).
Let p and v be two measures on the measurable space (€2, A). Then we call p absolutely

continuous with respect to v if for every set A € A holds
v(A)=0 = pu(A)=0.

Absolute continuity of measures is a preorder and we write y < v. The measures u

and v are said to be equivalent if it holds p < v and v < p.

Note that if we consider the case of signed measures, p is absolutely continuous with

respect to v if its total variation ||| pyq,) satisfies [|pl|pyg) < v

Another important term in measure theory is the concept of density functions of
measures. Thus in order to shortly introduce density functions for measures, we recall
the Radon-Nikodym theorem, which the Polish mathematician OTTO NIKODYM (1930)

proofed in its general version.
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Theorem 2.8 (Radon-Nikodym Theorem).
Let p and v be two o-finite measures on the measurable space (2, A). Let u be absolutely
continuous with respect to v. Then there exists a measurable function p:Q — [0, c0)

such that for any measurable subset A € A holds

u(4) = [ pav

The function p is called Radon-Nikodym derivative or density function and is also
d

denoted by .

Note that p is uniquely defined up to a r-null set.

Let us now consider Radon measures on locally compact spaces. The idea is to consider
a locally compact topological space X as underlying measure space. By doing so Radon
measures can be expressed in terms of continuous linear functionals on the space of
continuous functions with compact support, i.e C.(X). This approach, which has
amongst others been taken by BOURBAKI (2004), allows the development of measure
and integration theory in terms of functional analysis. However, in order to identify
continuous linear functionals on C.(X) with Radon measures, we recall an essential
result. The following theorem traces back to the Hungarian mathematician FRIGYES
RiESZ (1909), who stated the theorem for continuous functions on the unit interval.
Then ANDREY MARKOV (1938) extended the result to some non-compact spaces.
Finally, SHIZUO KAKUTANI (1941) further extended the assertion to compact Hausdorff

spaces.

Theorem 2.9 (Riesz-Markov-Kakutani Representation Theorem).
Let X be a locally compact Hausdorff space and B(X) the Borel o-algebra on X. Let
furthermore 7:C.(X) — R be a non-negative linear functional. Then there exists a

unique Radon measure p:B(X) — [0, 0o such that
10) = [ v
b
for all ¢ € C.(X) with

W(K) = nf{I($) | ¢ € Co(X), & > xae, K compact}
p(A) =sup{u(K) | K C A, K compact, A€ B(X)}.

This theorem can be extended in several ways. We just want to give a brief summary

about representations of non-negative linear functionals.
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Lemma 2.3 (Summary Representation Theorems).
Let X be a locally compact Hausdorff space and B(X) the Borel o-algebra on X. Then

we have equivalence between the non-negative linear functionals on
1. C.(X) and Radon measures on B(X),
2. Cy(X) and finite Radon measures on B(X),

3. C(X) and Radon measures with compact support in case that X is o-compact.

By using Banach spaces of finite signed Radon measures, these representation theorems
allow the description of certain Banach spaces of continuous functions. However, the
general introduction to the theory using signed or complex Radon measures is quite
challenging. For lack of space further details shall be omitted and we concentrate on
(Co(X), Il oo)- The interested reader may find further information in SCHWARTZ (1973).
For our purposes it shall be sufficient to consider Theorem 2.9 for finite signed Radon
measures. In so doing, we will determine the dual space of Cy(X), where X is a locally

compact Hausdorff space.

Theorem 2.10 (Representation Theorem for the Dual of Cy(X)).
Let X be a locally compact Hausdorff space. Then

O M(X) — C§(X) with

D) ::/wdu Ve Cy(X),
X
is a monotonic isometric isomorphism, for which holds

1Ll = [l vy -

For lack of space, we omit further deductions and proofs of this subsection and refer

again to ELSTRODT (2004) and SCHWARTZ (1973).

Remark 2.7.
Concluding, we note that the total variation of a measure may equivalently be defined

as

[T/ E—— { /X bdu | € Go(X), [0l < 1} |
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2.3. Convex Analysis

In this section we recall some results from convex analysis needed in this thesis. For
the sake of brevity, we will only discuss some subdifferential calculus and end with the
concept of Legendre-Fenchel duality. The reader may find further and more detailed
information on convex analysis in BOYD AND VANDENBERGHE (2004), EKELAND AND
TEMAM (1999), ROCKAFELLAR (1970) or HIRIART-URRUTY AND LEMARECHAL (1993,
Chapter 4).

We start by recalling the definitions of a convex set and subsequently a convex functional.

Definition 2.28 (Convex Set).
Let U be a Banach space. A subset U C U is called convez if for all u, v € U holds

A+ (1—-MNv e U VYAelo1].

Definition 2.29 (Convex Functional).
Let U be a convex set. A functional J:U — R U {oo} is called convex if for all
u, v € U holds

JOu+ (1= N) < AM(u) + (1= NJ@w) VYrel0,1] . (2.7)

J is called strictly conver if (2.7) is a strict inequality for all A € (0,1) and u # v. In

the case that J and U are convex, the optimization problem (1.4) is also called convex.

In Figure 2.7 we see the illustration of Definition 2.29 for J being a strictly convex

function.

[l

u Au+ (1 —Nv

Figure 2.7.: Strictly convex function
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2.3.1. Subdifferential Calculus

In order to include functionals, which are not Fréchet-differentiable, into our consid-
erations, a generalized concept of differentiability is necessary. Thus we introduce
the subdifferential of a convex functional to gain some insight about the solution of a

variational problem.

Definition 2.30 (Subdifferential).

Let U be a Banach space with dual space U*. Furthermore, let J:U — R U {oc} be a
proper convex functional.

Then J is called subdifferentiable at u € U in case there exists an element p € U* such
that

J(w)—Ju)—(pv—u)y, >0 Vvel. (2.8)

Moreover, p is called subgradient at position wu.

The collection of all subgradients at position u, i.e.
dJ(u) ={peUJ(v) = J(u) — (p,v—u), >0,Yveld} CU",
is called subdifferential of J at w.

In the special case that J is Fréchet-differentiable the subdifferential coincides with the
classical definition, i.e. 0J(u) = {J'(u)}.

Example 2.3 (Subdifferential of the /*-Norm).
Let J:R — RT be the absolute value function, i.e. J(u) = |u|. Since J(u) is
differentiable for u # 0 the subdifferential of the absolute value function in this case is

obviously given by

{1}, for u >0

0J(u) = :
{—=1}, foru<O

By using Definition 2.30, we see that 9|0| = [—1, 1] holds. Therefore, the subdifferential

of the £*-norm can be characterized componentwise like the absolute value function, i.e.

pE€I|ul, & -
pi = sign(u;), else.

A subgradient of the absolute value function is displayed in Figure 2.8.
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|ul -]
‘Ul iiiiiiiiiiiiiiiiiiii :
" (p,-) with
! —1.1
(D, V) f-mmmmmm - ‘ pe[-11]
0 v u

Figure 2.8.: Visualization of a subgradient p € 0|0| of the absolute value function.

In variational methods the functionals, which shall be minimized, usually consist of
the sum of a data fidelity term and at least one regularization functional. Computing
the subdifferential of such functionals is not always straight forward. To simplify the
work with those types of minimization problems, we additionally recall the following

properties of the subdifferential:

Lemma 2.4 (Additivity of the Subdifferential).
Let U be a real Banach space and let J;, Jo:Ud — RU{o0} be proper convex functionals,
which are furthermore lower semi-continuous. If there exists a point u € domJ; Ndom.Js,

where .J; is continuous, it holds that

O(J1+ Jo) (u) =0J1(u) + 0Jo(u) Vuel.

A proof can be found in EKELAND AND TEMAM (1999, Chapter 1, Proposition 5.6).
Since we are quite often confronted with 1-homogeneous functionals, we characterize

their subdifferential at this point.

Lemma 2.5 (Subdifferential of 1-Homogeneous Functionals).
Let U be a real Banach space with dual space U* and let the proper convex functional
J:U — R U{oo} be 1-homogeneous, ie. J(au) = aJ(u), ¥V a > 0. Then the

subdifferential of J reads as follows:

0J(u) = {p €U| (p,uly, = J(u). (p.v)y < () VveU} .
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Proof.
Using the definition of the subgradient (2.8) yields

pv—uy, <Jw)—Ju) Yveld.
If we choose v = 0, we obtain
(p,u),, > J(u) .
By choosing v = 2u and using the one-homogenity of .J, we furthermore obtain
(p,u),, < JQ2u) — J(u) =2J(u) — J(u) = J(u) .

Hence we have (p,u),, = J(u). Inserting this into the definition of the subgradient (2.8)

we finally obtain
<]),’U>u < J(”) Vvel.

]

The subdifferential is very useful to compute optimality conditions for general convex
variational problems like (1.4). We gain some insight about its optimal solution by

using the following theorem.

Theorem 2.11 (Subdifferential and Optimality).
Let U be a Banach space and let J:U/ — R U {oo} be a proper convex functional.
An element u € U is a minimizer of J if and only if 0 € 9J(u).

Proof.
By Definition 2.30 of the subdifferential we have

0=1(0,v—u), <Jw) —J(u) Voeld

for 0 € 0J(u). Therefore, u is a global minimizer of J.
In case that 0 ¢ 0J(u) holds, there exists at least one v € U with

J(v) = J(u) < (0,v—u), =0.

Hence u cannot be a minimizer of J. OJ

Since our functionals are convex, the first-order optimality condition is not only necessary,

but also sufficient.
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2.3.2. Legendre-Fenchel Duality

In the analysis of variational problems like (1.4) the concept of duality, which we will
recall shortly in this subsection, is very useful. More details on this subject can be
found in ROCKAFELLAR (1970), ROCKAFELLAR AND WETS (1997, Chapter 11) or
BOYD AND VANDENBERGHE (2004, Section 3.3 and 5).

After primarily introducing the concept of the convex conjugate, we are going to give
some results and examples. Finally we end this subsection by stating Fenchel’s duality

theorem, which is one of the main results in convex analysis.

Definition 2.31 (Convex Conjugate).
Let U be a Banach space with dual space U*. The convex conjugate J*:U* — R of a
functional J:U — R is defined by

J*(p) == sup {(p,u),, — J(u)} .

ueld

The biconjugate J**:U — R of .J is defined as
J7 (u) := sup {{u, p)y. — J"(p)} -

peEU*

Note that the convex conjugate is also known as Legendre-Fenchel transform, which

was named after Adrien-Marie Legendre and Werner Fenchel.

(P, u) I J(u) J*(p) ! J(u)
6 6
4 4
2 2

—6 —4 —2 2° 4 6 8 —6 2 4 6 8
—2
sup{(p, u) — J(u)}
—6
(p,u) = J(u)
(a) In this example h,(u) = (p, u) —J(u) is plotted (b) In green we see the maxima of h,(u) as a func-
for p = —2. To obtain the convex conjugate, we tion of p, which is equal to the convex conjugate

have to vary p (red). The green dots indicate J*(p).
the maxima of hy(u) for different values of p,
however, they are are still plotted against u.

Figure 2.9.: Construction of the convex conjugate J*(p) of a function J(u)
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In Figure 2.9 we see how the convex conjugate can be constructed. We especially see
that the distance to the y-axis of mgn J(u) as well as of min J*(p) is equal except for
the sign. Furthermore, the negative y-value of the minimurpn of J*(p) equals the value,
where J(u) intersects the y-axis.

Note that the biconjugate J** is also the closed convex hull of J (cf. Figure 2.10), i.e.
the largest lower semi-continuous convex functional with J** < J. Furthermore, the
Fenchel-Moreau theorem (cf. IOFFE AND TIHOMIROV (1979, Section 3.3)) states that for

proper functionals J holds J = J** if and only if .J is convex and lower semi-continuous.

Figure 2.10.: A nonconvex function can be seen in black and green, whereas its convex
hull consists of the black and red parts

The following theorem, which can be found in ROCKAFELLAR (1970, Theorem 31.1, p.
327), is a very important result in convex analysis, since it allows the reformulation of a
minimization problem into an equivalent dual formulation, which might in some cases

be easier to handle than the original primal problem.

Theorem 2.12 (Fenchel’s Duality Theorem).

Let J;:V — R and J,:W C U — R be proper, lower semi-continuous and convex
functionals for reflexive Banach spaces U, V and W, such that dom.J; N dom.Jy # (.
Furthermore, let A:U/ — V be a continuous linear operator. Moreover, let be o € R
and w € V.

Then the following equality holds:

g {2z =)+ 00} = sup {2 - S A - o b (29)
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Proof.

In this thesis we only want to sketch the proof like it was done in BENNING (2011). For

a detailed proof see EKELAND AND TEMAM (1999, Chapter 3, Sections 1-4).
Starting with

inf {lJl(Az —w) + J2(2>} :

zeW | «u

we can rewrite this expression in terms of a Lagrange functional to

inf  sup {ljl(v)+J2(z)+<p,Az—w—v>v} |

ZEW,UEV pev* «

Due to the assumptions made above, we can exchange infimum and supremum and

obtain

sup | inf {é (J1(v) — (ap, v)v)} +zié11}cv{J2<z) — (=A'p.2) )t — (pw)y,

N

Thus (2.9) holds.

For further illustration of the concept of duality, we cite an interesting example, which

can be found in MOLLER (2012, Section 2.1, Example 2.1.6).

Example 2.4.

Consider Y =R", V =R™, A € R™" z € U and data w € V. Let the characteristic
function of the corresponding set be denoted by x|.|<o. In Table 2.1 we display some

examples of primal minimization problems with their corresponding dual problems.

Primal Problem Dual Problem

sl Az = wl3 + ol slp = w3 + X wza(ATP)
Az = wlf + xpzalz) | 5P — w3 + ol APl
314z = wlf + o]zl 3llp = wll3 + X <a(ATP)
sl Az = wlf + Xezal?) | 3P —wl3 + ATl
sl = w3 + al Az 21 AT — w3 + X jezalp)
XAz=w(2) + R(2) — (w, p) + R*(ATp)

Table 2.1.: Examples of minimization problems and their corresponding duals
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2.4. Introduction to Sparsity

In variational methods such as the one proposed in (1.4), ¢P-norms can be used as
regularization functionals in order to favor solutions with certain properties.

There are many applications, in which the solution may be expressed by only a few
basis vectors. The advantage of this property is that their solution can be recovered
with only few information. On these grounds, algorithms may be accelerated, data can
be highly compressed and thus less storage is needed. For these reasons, we motivate
the usage of certain fP-norms as regularization functionals, which promote solutions
with only few nonzero entries, i.e. sparse solutions. The general theory behind this idea
is called compressed sensing or compressive sensing, see for instance DONOHO (2006).
Recovering sparse solutions has been a widely researched topic over the last years and
found many real life applications, such as the image compression format JPEG-2000 and
the audio compression format MP3, c¢f. MALLAT (2008). These formats use the fact that
images or audio signals can often be well approximated by using sparse representations
of a suitable dictionary.

In this section we introduce sparsity-promoting functionals. We start by presenting the

Ynorm”, which on the one hand enforces sparsity, but on the other hand it is

so-called ¢
highly nonconvex. In order to avoid problems with non-convexity, we moreover propose
the convex relaxation of the ¢°-“norm”, namely the ¢/!-norm. Finally we end this section
by introducing regularization with Radon measures, which results from considering the

¢*-regularization in a continuous manner.

2.4.1. ("-Regularization

The basic idea behind promoting sparsity in reconstruction problems is to consider the

so-called °-norm of a vector z € RM  i.e.

M
Izlly =D I=l° (2.10)
i=1

with the convention 0° := 0, which is not a norm in the classical sense and not even a
quasi-norm. Nevertheless, since (2.10) can be interpreted as the limit of the ’-norm
for p — 0, it has been named “norm” anyway. The ¢°-norm is a measure for sparsity,
since it counts the number of nonzero entries of a signal z. Thus it promotes solutions
with only few nonzero entries, in case that it is used as a penalty term. In this context

we consider the following property of a signal:
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Definition 2.32 (s-Sparsity).

A signal z is called s-sparse if it holds
12llo = s -
Ideally we would like to consider problems like
min ||z ||, s. t. Az=w (2.11)
or formulated in an unconstrained way as
1 2
min o |Az —w||; + oz, - (2.12)

By case differentiation we can see that for problem (2.12) with A being the identity
the optimal solution is the hard shrinkage of w with threshold v/2«, i.e. it can be

characterized componentwise as
Wi, if |’LU1| Z \% 2 )
0, else.
An illustration of the hard shrinkage operator can be seen in Figure 2.11.

2 A

Zi

N

e ===

o
5
Qe

g

- -
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Figure 2.11.: Visualization of the hard shrinkage operator as a function of w; with
fixed regularization parameter «

Unfortunately it turns out that the ¢°-norm is extremely non-convex and hence the
computation of global minima for an arbitrary matrix A is very difficult. In fact the
solution of problems (2.11) and (2.12) is even NP-hard (cf. NATARAJAN (1995) and
DAVIS et al. (1997)) and thus this approach is not really applicable in real life.



60 2 Mathematical Preliminaries

2.4.2. ('-Regularization

In the last subsection we have seen that the minimization of problems (2.11) and (2.12)
raises difficulties due to the nonconvexity of the /°-norm.

Basically there are two ways to overcome this problem, either one has to use greedy
algorithms (cf. DONOHO et al. 2006, GILBERT AND TROPP 2007, KUNIS AND RAUHUT
2008, NEEDELL AND VERSHYNIN 2009, RAUHUT 2008, TROPP 2004) or convex relaz-
ation (cf. EKELAND AND TEMAM 1999) of (2.11), which results in the ¢!-minimization

problem
min |||, s. t. Az=w . (2.13)

We concentrate on convex relaxation and develop some regularizations, which are based
upon the fact that the ¢*-norm is the convex relaxation of the /°-norm.

There can be found several sufficient conditions for a solution of (2.11) being the unique
minimizer of (2.13), such as the nullspace property (NSP) (cf. COHEN et al. 2009,
DoNOHO AND Huo 2001), the restricted isometry property (RIP) (cf. CANDES AND
TAO 2005), the mutual incoherence property (MIP) (cf. DONOHO AND HuoO 2001),
the exact recovery condition (ERC) (cf. TROPP 2004) and the property based on the
characteristic v,(A) (cf. JUDITSKY AND NEMIROVSKI 2011). We will not go into the
details of these properties for exact recovery and refer the reader to FORNASIER (2010)

for further information.

Comparing the ¢!-norm with the f*-norm of a signal, one can discover signals with
similar values of the />-norm, even if the structure of the signals differs considerably.
For instance a sparse signal can have the same /?>-norm as a dense signal. However,
the ¢*-norm of a sparse and a dense signal differs significantly. This provides another
indication for the usage of the ¢/-norm in case sparse signals can be expected.

A widely-used variational scheme in compressed sensing consists of an 2-data fidelity

and an ('-regularization term, i.e.
1 P
min o Az — wlf; +allzl, (2.14)

which is an unconstrained version of the constrained problem (2.13). Let us again
consider the case where A is the identity. Fortunately in this case the solution of (2.14)

can be easily computed componentwise via the soft shrinkage operator, i.e.
z; = shrink(w;, @) := sign (w;) max(|jw;| — «,0) , (2.15)

which can be seen in Figure 2.12.
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Figure 2.12.: Visualization of the soft shrinkage operator as a function of w; with
fixed regularization parameter «

2.4.3. Regularization with Radon Measures

In this subsection we introduce another important type of regularization method. Recent
research makes significant progress in analyzing the asymptotics of certain regularization
energies. In so doing, Radon measures (as proposed in Subsection 2.2.6) prove to be a
useful and versatile tool.

In order to contemplate the ¢!-regularization in a continuous manner, one might first
approach this problem by using the L'-norm as a continuous counterpart to the ¢!-norm,

1.e.

R(u) = HUHLI(Q) )

for a function u: Q) — R with Q C R? and d € N. One might also want to consider the
L'-norm not only of a signal itself, but also of a certain operator applied to the signal

such as
R(u) = HAUHLl(@) ;

with A:U(Q2) — LY(©) for a suitable Banach space () and suitable sets € and
©. However, in Subsection 2.2.5 we observed that the space L'(£2) might be too
restrictive for certain applications. Choosing A = V for instance permits only solutions
u € WH(Q), which has not proved satisfactory, since W!(€) does not contain functions
with discontinuities.

In order to overcome this difficulties BREDIES AND PIKKARAINEN (2013) studied inverse

problems in the space of finite Radon measures. They consider linear inverse problems
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of the type
Kp =1, (2.16)

where the exact data w is contained in a Hilbert space H and p is an element of
M(Q,R™), which denotes the space of finite vector-valued Radon measures. K is
supposed to map continuously from M (2, R™) into H. Note that the set 2 is allowed
to be a continuum. Due to the representation proposed in Theorem 2.10, it turns out
to be useful to consider linear mappings, which are adjoints of linear and continuous
maps A:H — Cy(2,R™), i.e. £ = A*. The usage of finite Radon measures proved to
be a decisive advantage, since M (€2, R™) allows for finite linear combinations of delta
peaks. With respect to the possibly continuous index set €2, this fact can be interpreted
as continuous counterpart to discrete sparsity. Therefore, BREDIES AND PIKKARAINEN

analyze the variational scheme

1 2
i W — . 2.17
i > W= will + o il ez (2.17)
with L = A* for noisy data w.

There exists a minimizer for this variational model as we can see in the following

theorem, which we cite from BREDIES AND PIKKARAINEN (2013, Proposition 3.1).

Theorem 2.13 (Existence of a Minimizer).

Let A:H — Co(Q2,R™) be linear and continuous and let w € H and o > 0 hold.
Moreover, let be K = A*. Then there exists a solution p* € M(,R™) for the
minimization problem (2.17). In case that K is injective, u* is the unique solution of

the problem.

Due to compactness we omit the proof, which can be found in the above-mentioned
paper.
On the basis of this entire approach we will analyze the asymptotics of spatial sparsity

priors in Chapter 7.
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MIXED NORMS AND THEIR ABILITY TO

PROMOTE STRUCTURED SPARSITY

In this chapter we introduce mixed ¢79-norms as a generalization of usual ¢’-norms (cf.
Subsection 2.2.3). By using mixed norms as regularization functionals for variational
methods, where the unknown is considered to be a matrix, various structures of the
minimizer can be promoted by considering different values for p and ¢. Therefore, using
mixed norms as regularization functional for the solution of inverse problems can be a

useful tool.

In the first section we give a general introduction to the topic of mixed norms and
emphasize their relationship to operator norms, which are already well established in
literature. We not only state their similarities, but also explain some differences between
these two matrix norms. Afterwards, we demonstrate how mixed norms can be used to
promote sparsity for matrices. Certainly, promoting usual sparsity by choosing p and
q equal to one is an option. However, the versatility of mixed norms rather emerges
from choosing p unequal to ¢. In particular, choosing either p or ¢ to be equal to one
and its corresponding other as larger than one turns out to be beneficial, since those
regularizations promote differently structured sparsities. As an example thereof we
shortly explain the idea of joint sparsity. Subsequently, we introduce local sparsity via

the ¢(1*°-norm, which shall be further analyzed in the course of this thesis.
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3.1. Introduction to Mixed /7“-Norms

The concept of /P-norms as proposed in Subsection 2.2.3 can be generalized to /?-norms,
where we shall consider finite and infinite matrices (i.e. two dimensional sequences)
instead of one dimensional sequences. There are mainly two different definitions of
mixed norms. We shall give a brief introduction of both of them and show some relations
between these two definitions in conclusion.

First we go along the lines of RAKBUD AND ONG (2011, Section 1) in order to introduce
operators between (*(€2) and ¢7(2). This will yield the first definition of mixed ¢P4-
norms based on the operator norm. Afterwards, we will introduce mixed norms as a

composition of /P- and ¢9-norms, which shall be used throughout this thesis.

Definition 3.1 (Infinite Matrix).
Let Q be a field. We call A an infinite matriz if A := {{amn},,cn}

sequences with a,,, € 0 for all m,n € N, i.e.

wen 1S a sequence of

11 Aaiz2 i3
Q21 Q22 A23

A: pr—
{@mn }mnen az1 Gz A33

In the course of this thesis we work with sequences in £9(€2) of sequences in ¢P(€2). Thus
we concentrate on these sequence spaces and their resulting infinite matrices. In order

to do so, we first present some further definitions.

Definition 3.2 (Linear Operator between ¢7(€2) and (7(£2)).
Let be p,q € [1,00) and let A = {@mn}mnen be an infinite matrix. A defines a linear
operator from () to (9(2) if

o0

Zamnxn<oo VmeN

n=1

holds for all {z, },en € P(€2) and we have

Ar = {i amnxn} € () le. i

meN m=1

q
< 0.

o0
E amnxn

n=1

Then we call A:(P(Q)) — (1(Q) with z — Ax the linear operator defined by A.
Note that the cases p = co and ¢ = 0o can be obtained by replacing the corresponding

norm by the supremum.
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Definition 3.3 (Space of Infinite Matrices £*P7((2)).

Let © be a field and let ¢7(€2) and £7(€2) be two sequence spaces as defined in Definition
2.17 for p,q > 1. We define £*74(Q) as the vector space of all infinite matrices defining
continuous linear operators from () into £7(§2). We see that £*P9((2) is naturally a

normed vector space with the operator norm

* . HA'TH(]
HAHp’q ;= sup —— = sup ||A:(:Hq : (3.1)
e 2l =

Since ¢7(€2) and (9(€2) are Banach spaces, £*P4(€) is also a Banach space.

There exist several different definitions of (%-norms in literature (cf. for instance
KowaALsK1 2009, TROPP 2006a), especially in combination with finite matrices. For
our purposes we consider (74(2) with another type of mixed norms, mainly the one
defined in KOWALSKI (2009, Definition 1), which can also be found in SAMARAH
et al. (2005, Definition 2). It is consistent with the composition of two ¢P-norms, i.e.
-l g = 1Nl 0 I, = ’||-||p , cf. also KOWALSKI AND TORRESANI (2009).

q
Before going into further details, it might be interesting to know that there exists

a general theory about mixed norms as composition of several LP-norms, ¢P-norms
respectively. The interested reader might gain further information on this topic in
BENEDEK AND PANZONE (1961), where also many properties of mixed norms are
proven.

However, for our purposes we restrict this introduction to the case of composing an

f4-norm with an ¢P-norm.

Definition 3.4 (Mixed (7?-Norms).
Let the infinite matrix w with entries wy,, € RT\{0} for all m,n € N be a weight
matrix. Furthermore, let A be an infinite matrix and let be p > 1 and ¢ > 1.

Then the mized ¢P2-norm is defined as

Tk
Q=

||A||w;p7q = Z ( wmn ’amn|p> . (32)
n=1

m=1

For the sake of simplicity, we define [|-|| . := ||-ly2,,,, where 1? denotes the corresponding
infinite matrix of ones.

The cases where we have p = 0o and ¢ = oo may again be obtained by replacing the
corresponding norm by the supremum. Note that the above mentioned definition holds

for finite matrices as well.
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Lemma 3.1.

The mixed ¢P9-norm as defined in Definition 3.4 is truly a norm.

This property can be seen rather easily, since the mixed ¢P4-norm is obviously a

composition of /P- and ¢?-norms.

Proof.
Let A and B be two infinite matrices and let be a € C. Then we obtain the following

properties of a norm:

1. Definiteness:
|A

=0 = A=
2. Absolute homogeneity:

= [al]lA

q

p.q

lAll,, = |laal,

= |||a] [|A
= |lad 141,

= |a| ||||A
= o |41,

3. Triangle inequality:

|4+ Bll,, = ||I4+ BI,

<At + 131,

q

< |1,

+HB
s,

= 1Al + 1B,

]

Now we can define another space of infinite matrices using the norm (3.2), cf. SAMARAH
et al. (2005, Definition 2).

Definition 3.5 (Weighted mixed-norm space ¢£:9(€2)).

Let the infinite matrix w with w,,, € R*\{0} for all m,n € N be a weight matrix.
The space (22(Q) with 0 < p, ¢ < oo consists of all infinite matrices A = {a,}, for
which the (7%-norm as defined in (3.2) is finite.

Again we simplify the notation if w = 12, i.e. we define (74(Q) := 47(Q).

Note that from now on we refer to Definition 3.4 when we use the terms P2-norm or

mized norms if not stated otherwise.

Remark 3.1.
For finite matrices, the norm ||| given by (3.1) and the norm |-[|,, . defined by (3.2)

are equivalent.

Similarly to the definition of ¢79(£2), one can define mixed Lebesgue spaces on the basis

of usual Lebesgue spaces, cf. Subsection 2.2.2.
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Definition 3.6 (Mixed Lebesgue Spaces LP4(S)).
Let be p, ¢ > 1 and let € and Q be two fields. The space LP?(€) x ﬁ) is defined as the

set of all measurable functions u:Q x Q —s R, for which the LP¢-norm

T ( / ( / (e, )P dx) dy)

is finite. Note that the LP?-norm is the composition of the LP- and the L?-norm, i.e.

el oty = I za © Il oy = ||l oo

L1(9)

However, in this thesis we will predominantly use their discrete counterparts. In the
following we therefore present some properties of ¢”?-norms.

Some special types of ¢P9-norms can be represented by operator norms (cf. Definition
3.3). As an example we consider the ¢1*°-norm, which will be of particular importance
in the course of this thesis. Further representations of mixed norms as operator norms
can be found in Table 3.1. However, not every mixed ¢%-norm has a representation as

operator norm as we shall see in Example 3.2.

Example 3.1 (Operator Norm Representation of the Mixed ¢>°-Norm).

Let A be an infinite matrix. Then we have

o0

E aijxj

i=1

o0

E CLZ‘]‘ZE]‘

j=1

[AS 0o = sup [[Az| = sup sup

00,00 ;
2]l oo =1 ]l =1 i€N

o0
= supz ‘aij| = ”AH1,oo ’
€N j=1

=sup sup
€N o] =1

which uses the fact that the sum over j becomes maximal in case that z; = sgn(a;;)
holds.

Thus we see that a matrix with finite £1*°-norm induces an operator between ()
and (>°(Q).

Mixed Norm | Operator Norm
IA]l1 AN o

1Al e 00 AN o

1A]l14 1A%,

1Al o1 IAIT,

Table 3.1.: Equalities of the mixed norms (3.1) and (3.2).
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Example 3.2 (Spectral Norm & Frobenius Norm).
Let A € RM*Y he a finite matrix.

Then the spectral norm || A}, , which is the largest singular value of A, and the

Frobenius norm [|Al[ := || A]|,, are equivalent, i.e.

[All2,5 < [[Ally2 < v/min {M, N} [[A]l3, -

These inequalities are consequences of the representation of the Frobenius norm via its

singular value decomposition, i.e.

*2 2 2 2 2 * 2
||A||272 = Omax S 01 +.o.F O, S TO0max =T ||A||2,2 )
IAl13
where o1,...,0, are the singular values of A with r < min{M, N} and oy, their

maximum. Obviously for infinite matrices this is no longer true, since in this case r can
go to infinity.

Moreover, every operator norm has to fulfill

[ Tarxnlly g =1

However, for the Frobenius norm we obtain

[ arxnllpp = vVmin{M, N} > 1.

Thus we have found a mixed ¢%-norm, which can not be represented by an operator

norm.

3.2. Sparsity and Mixed Norms

Promoting “usual” sparse solutions as proposed in Section 2.4 is not the only kind of
prior information available in practice. Strong recent directions of research are related
to unknowns being matrices i.e. inverse problems like (1.3). In this context mixed

norms become a useful and versatile tool. One may consider minimization problems like

s. t. AZ =W

mZinHZ -

for specific p > 0 and ¢ > 0, where A € R®>M 7 € RM*T and W € RY*T. Depending
on the choice of p and ¢ these minimization problems may be used to incorporate

structured sparsity.
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Example 3.3 (Usual Sparsity on Matrices).

Let for instance p = ¢ = 1 holds. By considering the optimization problem
mZin [ s. t. AZ =W,

we promote usual sparsity as proposed in Subsection 2.4.2 on the vectorized matrix

vec(Z), since we obviously have
1Z1ly1 = [lvee(Z)]ly -

Thus we see that we should consider either p # 1 or ¢ # 1 in order to incorporate more

prior information concerning structured sparsity.

3.2.1. Joint Sparsity via /”:!-Regularizations

By presenting sparsity-related mixed norms, we now shortly introduce the idea of joint
sparsity, which has been studied for instance by FORNASIER AND RAUHUT (2008) and
TESCHKE AND RAMLAU (2007). Afterwards, we continue with the motivation of local

sparsity, which shall be examined in detail during the course of this thesis.

Multi-channel signals as proposed in (1.3) frequently appear in real life applications.
These signals often permit the usage of sparse frame expansions for each channel individ-
ually. Furthermore, the different channels may also possess common sparsity patterns.
By expanding this idea, BARON et al. (2005), GILBERT et al. (2006) and TROPP (2006a)
introduced new sparsity measures, which promote such coupling of the non-vanishing
components through different channels. Usually these measures are weighted ¢*-norms

of (P-norms of the channels with p > 1, i.e.

1

12l = > (z |zmnyp) | (3.3)
m=1

n=1

Note that in this case the weights only belong to the /!-norm. The cases, which are of
particular interest, are given by p = 2 or p = oo. This is reasonable, since (3.3) reduces
to the usual weighted ¢!-norm for p = 1 and on the other hand for 2 < p < oo the
expression becomes too complicated. Minimizing (3.3) favors that in the “interchannel”
vector z,, all entries may become significant in case that at least one of the components

|Zmn| 1s large.
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As an example for a real life application, we can consider color image reconstruction,
for instance art restoration. Color images are indeed non-trivial multivariate and
multi-channel signals. Motivated by the idea that discontinuities may appear in all
channels at the same locations, one may want to search for a solution with small total
variation in each channel and moreover demand from the channels to possess a common
subgradient and thus a common edge set (cf. MOELLER et al. 2014). In our context

this could also be interpreted as joint gradient sparsity.

3.2.2. Local Sparsity via /'?-Regularizations

In imaging sciences inverse problems frequently appear with some spatial dimensions
and at least one additional dimension such as time or spectral information. These
applications motivate the usage of local sparsity, which promotes that for instance every
pixel should be a sparse representation with respect to a certain dictionary including
the local behaviour in the additional dimension. Considering such a known dictionary
B € RT™ and an unknown coefficient matrix U € RM*¥ the desired matrix Z € RM*T

can be written as
Z=UB".
Inserting this into the matrix equation (1.3) yields the new inverse problem
AUBT =W, (3.4)

with A € REXM and W e RLXT,

Thus the challenge is to incorporate usual sparsity on every row vector wu; of the

unknown coefficient matrix U, which means ideally we would like to minimize
U]l = mas

subject to (3.4). Considering the fact that the /!-norm is the convex relaxation of the

("-norm (cf. Section 2.4), a natural relaxation is to consider the minimization problem
min [Ull o, st AUBT =W . (3.5)

We shall analyze problem (3.5) and other ¢*-related formulations extensively in Chap-
ter 4.
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Instead of minimizing the /-*°-norm one may also consider minimizing ¢%-norms with
1 < ¢ < oo, which can be seen as a relaxation of the /*°-norm. However, choosing g > 2
rather complicates the problem. Thus the remaining case, which may be considered
as an alternative to ¢*°-minimization, is the one, where ¢ = 2 holds. This case has
indeed been studied extensively in literature. KOWALSKI AND TORRESANI (2009) for
instance compare the ¢?-norm with the ¢>!'-norm. Furthermore, the solution of the
(*2-regularized problem is deduced in KOWALSKI (2009) as a part of a more general

result.
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ANALYSIS OF /1°°- RELATED

FORMULATIONS

In Subsection 3.2.2 of the previous chapter we have motivated the usage of the /*°-norm
as regularization functional. This chapter engages further in this topic and largely

consists of the theoretical part of our preprint HEINS et al. (2014).

Unfortunately the minimization of the ¢*°-norm

N

Ul oo = max >~ Juy]

ie{l,...,.M} 4
J=1

over the unknown matrix U € RM*¥ in combination with the data constraint (3.4) is not
quite trivial. While attempting to examine this regularization functional, we perceive
that the analysis and the computational realization of the ¢**°-minimization problem
proves to be rather difficult. Therefore, we derive and analyze different formulations
of this functional in order to make the analysis and especially the computation of the
(1 >_regularization better realizable. Moreover, we investigate some basic properties.
In this new setting we additionally analyze what happens in the special case, where
the regularization parameter tends to infinity and obtain a very simple representation
of the solution. Furthermore, we shall investigate the potential to exactly reconstruct
locally one-sparse signals by convex optimization techniques.

This analysis concerning exact recovery, cf. Section 4.2, is essential for the idea that it

El,oo

may be beneficial to consider a combination of minimizing the -norm with classical

sparsity. For A € RF>M 7 ¢ RMXN B ¢ RN W € REXT and o, B € RT we
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therefore also investigate the more general problem

. T _
Uer]%lunx]va||U||1,oo—|—B||U||1’1 st. AUB' =W, (4.1)

which neither is a restriction for the further analysis nor complicates the computa-

tional realization. Besides the constrained model (4.1), we shall also investigate the

unconstrained variational model

i SJAUBT = W + a0 + AU (42)
which is suited to deal with noisy data as well. Here we use the Frobenius norm for
the data fidelity term, i.e. the ¢>2-norm. Due to the fact that in nearly every practical
application one only looks for positive combinations of dictionary elements, we shall
put a particular emphasis on the case of an additional nonnegativity constraint on U in
(4.1), respectively (4.2).

After substantially analyzing the ¢%*°-regularization, we examine the potential for further
improvements. Since in many applications we can expect images to contain sharp edges,
we discuss the possibility of including an additional regularization, which promotes
sharp edges in the image, namely total variation (TV) minimization. We consider
TV-regularization on the image itself as well as on the coefficient matrices in separate
cases. The latter results from the assumption that sharp edges in the image yield sharp
edges in the visualized coefficient matrices. However, adding another regularization to

the main problem complicates the choice of the regularization parameters.

4.1. Basic Properties and Formulations

In this section we introduce some equivalent formulations of the main problems (4.1)
and (4.2), which we use for the analysis later on. Additionally we point out some basic
properties like convexity, existence and potential uniqueness. Furthermore, we propose
the subdifferential and discuss a source condition. Moreover, we prove the equivalence
of another reformulation, which improves the accessibility of the problem for numerical
computation. Finally we investigate the limit for & — oo and observe what happens to

the optimal solution in that case.
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4.1.1. Problem Formulations

Since in most applications a nonnegativity constraint is reasonable, we first restrict
(4.1) and (4.2) to this case. For the sake of simplicity, we define

G={UeR""|u;>0 Vie{l,...M}, je{l,...N}} .

Hence we have
N M N
IUnelél (a ie{IE.E.i.},{M} ]Zluw + ZZI ]Zl uij> st. AUBT" =W (4.3)
for the constrained problem and
min <1HAUBT—WH2 +a max iu—l—ﬁiiu) (4.4)
veG \ 2 F i€{l, M} 4= Y p e K

for the unconstrained problem.
In order to make these problems more easily accessible, we reformulate the £1°°-term in

(4.3) and (4.4) via a linear constraint.

Theorem 4.1 (Non-Negative ¢*°-Regularization).
Let F:RM*N — RU {400} be a convex functional. Then

N
min (F(U) + am?XZ;uij> (4.5)
o

is equivalent to

N
min  F((U)+v st « Ui <0 . 4.6
i F(U) > < (16)
Proof.
N
Introducing the constraint v = amax ) u;; we obtain the equivalence
3 ]:1
N
min F(U) +0zmiaXZu” :
j=1
N
& rUnein FU)+v st amZaXZuU =0

Jj=1
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Now consider the inequality-constrained problem

N
' F U .t. <.
Ueg,lgéuw U)+v s O‘;uw =V

N
If aomax ) u;; < v holds, then (U, v) is not a minimizer, since we can choose v < v,
(2 ]:1
which is still feasible and reduces the objective. Thus in the optimal case the inequality

constraint yields the equality constraint and the problems (4.5) and (4.6) coincide. [J

Using Proposition 4.1 and defining F' as the sum of the characteristic function for the
data constraint and the non-negative ¢*!-term, we are able to reformulate problem (4.3)

as

M N N
i t. i <v, AUBT =W . 4.7
pelily, B2 2 ko st ad o 0

Likewise we obtain the unconstrained problem from (4.4) as

UeG, veRT

| ) M N N
min_ - ||AUBT—WH§J+BZZWJ-+U s.t. azluij <w (4.8)
-

i=1 j=1

by using the sum of the data fidelity and the non-negative ¢*!-term as functional F'.
In order to understand the potential exactness of sparse reconstructions, we focus on
the analysis of (4.7) in Section 4.2, however, (4.8) is clearly more useful in practical
situations when the data are not exact. Thus it builds the basis for most of the further
analysis and in particular for computational investigations.

However, we first propose another formulation, which shall make the problem more

easily accessible for the numerical solution. For this reformulation we show in Subsection

N
4.1.4 that max > u;j(a) depends continuously on the regularization parameter o in
=1, M ;5

N
problem (4.5). Then we prove that o — max Y u;;(«) is monotonically decreasing

i=1,...,

7=1
and finally we analyze its limits for o going to zero and infinity. We can then show that

under certain circumstances the support of the minimizers of (4.5) and

i . T .
win F{U) st Zum 0 (4.9)

coincide for a certain fixed v. Thus instead of regularizing with a we can now use v as

a regularization parameter.
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4.1.2. Existence and Uniqueness

Let us now discuss some basic properties of £*-regularized variational problems. We
show that there exists a minimizer for these problems and discuss potential uniqueness.
Existence

Since the ¢1*°-regularization functional is a norm it is also convex. We want to show

that this holds for the non-negative formulation (4.10) as well.

Lemma 4.1 (Convexity of the Non-Negative ¢>°-Functional).
Let be U € RM*N | The functional

N
max Y wu;;, if wu;; >0,

R(U) := = ! (4.10)
0, else,

1S convex.

Proof.
Let be U #V € R™*N and w € (0,1). Then we have

= m?XZ (Wuij +(1—-w) Uz’j) T X{U,VERM XN | wuy; + (1-w)vs; > 0}

N
< w HlaXZ UZ] 1 — W maXZ (%7 + X{UGR]\/IXN |wuz; >0} + X{VGRJ\/IXN | (1-w)v;; >0}
7j=1
N N
= W (mzaxz Uij + X{UeRMXN'uij 20}) + (1 — (.U) (mzax Z ’Uij + X{VGRMXNMMZO})
j=1 j=1
=wRWU)+ (1 —w)R((V)
Thus the functional (4.10) is convex. ]

Lemma 4.2 (Lower Semi-Continuity).
Let F:RM*N — R U {+oc} be a convex functional. Then (4.5) and (4.6) are lower

semi-continuous.

Proof.
Since F(U) is convex, we can conclude that (4.5) is convex by using Proposition 4.1.

Due to Theorem 4.1 we deduce that (4.6) is convex as well.



78 4 Analysis of ¢1:>°- Related Formulations

Our problem is finite dimensional and hence all norms are equivalent. In addition
it contains only linear inequalities. Therefore, we can deduce lower semi-continuity

directly from convexity, which we already have. O]

Let us now analyze the existence of minimizers of the different problems.

Theorem 4.2 (Existence of a Minimizer of the Constrained Problem).
Let there be at least one U € G that satisfies AUBT = W. Then there exists a

minimizer of the constrained problems (4.3) and (4.7).

Proof.

Since we only have linear parts, we see that

M N : T
0. if AUBT =W,
=0 g E u;; + C(U) with  C(U) :=

P oo, else,

is convex. Then Proposition 4.2 leads to lower semi-continuity of (4.3) and (4.7).
We still need to show that there exists a £ such that the sublevel set

N
BZZUH +0zle{1{1aXM}Zuij+C’(U) < §}

i=1 j=1 7 j=1

SgZ{UEG

is compact and not empty.

With U we have a feasible element and we can define

§ _BZZU1]+OC G{qlaXM}jzlﬂij .

i=1 j=1 U

Due to U € S¢ we see that S¢ is not empty and since for every U € S¢ holds that

R |m

S a0 o Ul <

and u;; > 0forallie {1,...,M} and j € {1,..., N} the sublevel set S, is bounded.

Our functional is finite dimensional, hence S¢ is bounded in all norms. Furthermore,

boundedness of S¢ in combination with lower semi-continuity of (4.3) and (4.7) yields
compactness of S¢. Finally we obtain the existence of a minimizer of the constrained

problems (4.3) and (4.7). O

Theorem 4.3 (Existence of a Minimizer of the Unconstrained Problem).
Let be @ > 0. Then there exists a minimizer of (4.4) and (4.8).
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Proof.
Obviously

1 ) M N
F(U) =5 [AUBT =W ([, + 8> uy

i=1 j=1

is convex. Using Proposition 4.2 we obtain that (4.4) and (4.8) are lower semi-continuous.
The sublevel set

SgZ{UEG

M N N
EHAUBT_WHi*‘ﬁZZUiJ‘FaA max Zuij <¢
2 P e{1,..,.M} =
with 1
$=3 W%

is not empty, since we obviously have 0 € Sg.

Analogously to the proof of Theorem 4.2, we see that S¢ is bounded. Due to the finite
dimensionality of the problem, we have compactness of the bounded sublevel set S;.
Together with semi-continuity we obtain existence of a minimizer of the unconstrained
problems (4.4) and (4.8). O

Uniqueness

Let us now shortly discuss potential uniqueness of the solutions of (4.7) and (4.8).

Theorem 4.4 (Restriction of the Solution Set).
There exists a solution (U, v) of (4.7) and (4.8) with ¥ minimal, i.e. ¥ < v for all

minimizers (U, v). Furthermore, o is unique.

Proof.

Obviously v can be defined as
v :=inf{v | (U, v) is a minimizer of (4.6)}

with F" as in (4.7), (4.8) respectively. Due to Theorem 4.2 and 4.3, we know that v < oo
has to hold. We proof the assumption via contradiction.

Assume there exists no U with (U, ¥) being a minimizer of (4.7), (4.8) respectively. We
can find a sequence of minimizers (Uy, v;) with v, — ©. Uy is bounded, since Uy, € S¢
for all k. Thus there exists a subsequence (Uy,, vy,). Finally lower semi-continuity
provides us with the limit (U, ) being a minimizer, which is a contradiction to the

assumption. Furthermore, since we have v € R", it is obviously unique. O]
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In Theorem 4.4 we have seen that we can reduce the solution set to those solutions with

optimal v, i.e.
S:={(U, v) € G x R" is a minimizer of (4.6) | ¥ minimal} ,

with F as in (4.7), (4.8) respectively. There always exists a unique v € R™, however, in

general we are not able to deduce uniqueness for (U, v) € G x R*.

4.1.3. Subdifferentials and Source Conditions

In this subsection we characterize the subdifferentials of the £*°-norm and its nonnega-
tive counterpart. Furthermore, we discuss what kind of solutions U to AUBT = W are
likely to meet a source condition for the ¢%*°-regularization.

The Subdifferential of /1>

We start by computing the subdifferential of the ¢*°°-norm.

Theorem 4.5 (Subdifferential of the ¢*°-Functional).
Let be U, P € RM*¥. The subdifferential of ||U]|;  can be characterized as follows:

Let I be the set of indices, where U attains its maximum row-¢!-norm, i.e.

I:{z’e{l,...,M}

-----

Then the following equivalence holds:

i = w;sign(w;:), if7 €1,
PeoUlie « 77 gn () (4.11)
pijzo, 1fl¢],

with weights w; > 0 such that > w; = 1 holds if u # 0 and > w; < 1 holds if u = 0.
iel el

Proof.

First let P be chosen according to the characterization on the right hand side of (4.11).

Since ||U||1,0 is 1-homogeneous, it is sufficient to verify the following two conditions (cf.
Lemma 2.5):

L. Z szjuzj = ||U||1<>07

i=1j=

N
Zpijvij S |IV”1,oo forall V e RMXN.
7j=1

Mi

Il
N

i
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Regarding 1., we have

M N N
SN piuy = Zzwz sign(u;;)uij = Z Z i) = [ Ull1oe Y wi = [|U]|1,00 -
i=1 j=1 iel j=1 j=1 iel
Regarding 2., we have

M N
Z Zpijvij <

i=1 j=1

M N N N
Z Zpijvij < Z Z pijuij| < Z w; Z |vij
i=1 j=1 icl j=1 icl  j=1

Z maxz [Umj| < maxz Uil = [V ||1,00 -
i€l

7j=1

IN

Thus we see that P chosen in this way belongs to the subdifferential of U], .

Now let P € 0||U||1,00, such that conditions 1. and 2. hold.

We will prove the characterization of the subdifferential in five steps:

1. We show that p,,, = 0 holds for all m ¢ I.
Let be m ¢ I and let n be arbitrary. Consider V' with v;; = u;; for all (4, j) except
for v, = Uy + €sign(pmy,). Since we have m ¢ I, we can choose € > (0 small
enough such that ||U]|1,00 = ||V]]1,c0 holds. Thus we have

M N M N M N
- Z sz‘jvij = Z Zpijuij - Z sz’jvij

i=1 j=1 i=1 j=1 i=1 j=1

M N

Since ||V||1,00—>_ > pijvi; > 0 holds by condition 2., we have shown that p,,, =0
i=15=1

for all m ¢ I.

2. Furthermore, we show that w,,,pym, > 0 for m € I and u,,, # 0.
Let V' be an element with v;; = u;; for all (¢,7) # (m,n) and vy, = —Up,, for
an arbitrary (m,n) with m € I and u,, # 0. Clearly we have ||U||1,00 = ||V ]]1,c0s
which yields

M N
Z szjvm Z Zpijuij - 2umnpmn

=1 j=1 =1 j=1

1Ul1.00 =

- “UHLoo - 2umnpmn

and hence we obtain u,,,pm, = 0.



82

4 Analysis of ¢1:>°- Related Formulations

3. Now we prove that for m € I we have |pp,| = |pmal = const for all (m,n) and

(m,d) with u,,, # 0 and u,,q # 0.

Let V' be an element with v;; = w;; for all (z,7) ¢ {(m,n),(m,d)} and v, =
U, — SIEN (U )€, Vind = Upma + 8180 (Uma)e. Let € # 0 be chosen small enough such
that sign(u,,) = sign(vym,) and sign(um,q) = sign(v,,q). Clearly ||[Ulj10 = ||V
holds such that we have

M N
1Ulloo = 1VlIee =D pijvys

i=1 j=1

1,00

M N
Z Zpijuij =+ (Sign(umd>pmd - Sign(umn)pmn)g

Jj=1

—

1=

= HUH1,OO + (Sign(umd)pmd - Slgn(umn)pmn)g .

Thus we obtain (sign(tmq)Pma—S180 (U )Pmn )€ < 0. Since the sign of ¢ is arbitrary,
the reverse inequality holds as well and we obtain sign (. )Pmn = SIgN(Uma)Pma-
Since Uy, # 0 and u,,q # 0 holds, we have [sign(umy,)| = [sign(umq)| = 1. Hence
we obtain |p,| = [Pmal = const.

In the following we will denote this constant (depending on k) as

Wy = |pmn| Yme{l,....N}, mel.

M
. Let us now show that ) w; = 1 has to hold if we have u # 0.
i=1

For this purpose we compute

M N
lo0 = Z Zuijpij = Z Z UijPij = Z Z wiuijSign(uiJ’)

I
=1 j=1 i€l {jui;#0} i€l {jluij 70}
N
=> w; max Y || = [Ulee Y wi
- me{l,...,M} 4 -
el 7j=1 el

in order to see that the above claim holds.
Note that from 2. we obtain sign(wm,,) = sign(pm,) and thus we have p,,,, =

Wy SIgN (U, ) for m € 1.

M
. Finally we show that ) w; < 1 holds in case we have U = 0.

=1
In case that we have U = 0, let V' be such that v;; = sign(p;;) holds at exactly
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one index j per row i, where |p;;| = ?1&XN} |pin| and v;; = 0 else. We have
ne{l,...,
M N M
1=V >ZZU~ i = max in-
H ||1,OO = e ijDij — el |pm|

M
This shows that > I{nax }|pm| < 1 has to be true and we can again denote
i—1 n€{l,....N

w; = max _ |pil.

We can see that the collection of these five results show that P indeed meets all

requirements on the right hand side of (4.11). ]

One particular thing we can see from the proof of Theorem 4.5 is that P € 9||U||1,» for

an arbitrary U meets

M
1Pl oer = 2 jomax pij] <1
and
M
||P||oo,1 = 2 jegl?i(N} Ipij| =1 for u#0.

Thus we see that the /°*!'-norm is the dual norm to the £1*°-norm, which has already
been observed by TROPP (2006a).

The Subdifferential of the Nonnegative /':>°-Formulation

Let us now consider the nonnegative ¢:*-functional (4.10).

Theorem 4.6 (Subdifferential of the Nonnegative ¢»*°-Functional).
Let P> € RM*N he the subdifferential of the /1*°-norm characterized as before in
(4.11) and let pilj?oo be its entries for i € {1,...,M} and j € {1,...,N}. Then the

subdifferential of the nonnegative ¢%°°-functional

N

maxZuh 1fu220,
RWU):=¢ * j=1 ’ ’

0, else,

can be characterized as

PedR(U) <« Pz‘j:p;jooJer‘j,
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where yi;; for all i € {1,..., M}, j € {l,..., N} are the Lagrange parameters with

= 0, if Uyj 7& O,

Proof.

R(U) can be written using the characteristic function, i.e.
RWU) = Ully 00 + Xquerm*y ju; >0 vi, j} -
In case that the subdifferential is additive, we have
OR(U) = O |UJ|, o, + OX{UerRM*N [uy; >0 Vi, j}
and directly obtain
PedR(U) <« py=p;~+ ;.

In order to prove that in this case the subdifferential is additive, we have to show that

the following conditions hold (cf. Lemma 2.4):
L ||U|} o and X{yermx~ |u,,;>0 vi, j3 are proper, convex and lower semi-continuous,

2. there exists a U € dom || U, ., N domx (yerar< |y,;50 v1, ;1. Where one of the two

functionals is continuous.
This is quite easy to see:

1. Since ||UJ]; ., is a norm, it is obviously proper and convex. Furthermore, we
see that x(yerm=~|u,;>0 vi, 5} 18 Obviously proper. It is also convex, because the
characteristic function of a convex set is also convex. Both functionals are lower

semi-continuous, since we are in a finite dimensional setting.

2. Let u;; >0forallie{l,...,M}and j € {1,...,N}. Then we have
U - dom ||Uv||1’Oo N dOHlX{UE]RMxN |uij>0 Vi, j} -
Furthermore, both functionals are continuous at U.

Thus we see that the subdifferential is additive and we obtain the assumption. O]
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Remark 4.1.
Obviously P € OR(U) can be characterized as follows:

;

=0, if@'¢]andui]~>0,

<0, ifi¢landu; =0,
Dij
! = w;, if7e€ I and uij>0,

\gwi, if 7 € I and u;; = 0.

Source Conditions

Knowing the characterization of the subgradient, we can state a condition, which allows
us to determine whether a certain solution to AUBT = W is £1*°-minimizing. We will
call this condition a source condition as used in the inverse problem and error estimate
literature e.g. in BURGER AND OSHER (2004), ENGL et al. (1996), SCHUSTER et al.
(2012). However, we would like to point out that similar conditions have been called
dual certificate in the compressed sensing literature (c.f. CANDES et al. (2011), CANDES
AND PLAN (2010), HSU et al. (2011), ZHANG AND ZHANG (2012)).

Definition 4.1.
We say that a solution U of AUBT = W meets a source condition with respect to a

proper, convex regularization functional J if there exists a @ such that P = ATQB €
aJ(U).

The source condition of some U with respect to J is nothing but the optimality condition

for U being a J-minimizing solution to AUBT =W,

Lemma 4.3 (cf. BURGER AND OSHER (2004)).
Let U with AUBT = W meet a source condition with respect to J. Then Uis a

J-minimizing solution.

Considering this, the next question naturally emerges for our characterization of the
subdifferential, i.e what kind of solutions U to AUBT = W are likely to meet a source
condition for /%*°-regularization. Particularly, we are interested in investigating how
likely ¢%>°-minimizing solutions are to meet a source condition.

Due to the similarity between the subgradient of the /!-norm and the subgradient of

¢1>°-norm at rows with index ¢ € I, we can make the following simple observation:

Lemma 4.4.
3 e e . - . N ~ N ~
Let U be an {!-minimizing solution to AUB" = W for which Y777 [iij| = 37, [fim;]

for all i,m € {1,..., M}, then U also is an ¢1>°-minimizing solution.



86 4 Analysis of ¢1:>°- Related Formulations

Proof.
The ('-subgradient divided by the number of rows is an ¢1*°-subgradient. ]

The above lemma particularly shows that exact recovery criteria for the properties of
the sensing matrix kron(B, A) (like the Restricted Isometry Property, the Null Space
Property, or the Mutual Incoherence Property), are sufficient for the exact recovery of
sparse solutions with the same ¢!-norm in each row.

Of course, we do expect to recover more ¢%>

-minimizing solutions than just the ones
with the same ¢*-row-norm. Looking at the characterization of the subdifferential (cf.
Remark 4.1), we can observe that there are two cases that pose much more severe
restrictions, i.e. the equality constraints, than the two other cases (which only lead
to inequality constraints). Thus we generally expect solutions, which require only a
few of the equality constraints to be more likely to meet a source condition. As we
can see equality constraints need to be met for nonzero elements, such that the ¢%°°-
regularization prefers sparse solutions. Additionally the constraints are less restrictive
if the corresponding row has maximal ¢*-norm. Thus we expect those solutions to be
likely to meet a source condition that reach a maximal ¢*-norm in as many rows as
possible while being sparse. Naturally, these solutions will be row-sparse, which further
justifies the idea that the £%*°-norm can be used as a convex approximation of the

(%>°_problem.

4.1.4. Equivalence of Formulations

In this subsection we want to show that the minimizers of (4.5) and (4.9) coincide
under certain circumstances. In order to do so, we examine how the regularization
parameter a > 0 is connected to the minimizer of (4.5). For this purpose we first prove

the continuity and monotonicity of

a— maXMZuij(a) : (4.12)

=1,...,

Afterwards, we shall investigate the meaning of ¥ in (4.9) and its connection to the
minimizer of F'(U) with minimal ¢%*°-norm. Analyzing the limits of (4.12) leads us to

the main result of this subsection and the connection between the two problems (4.5)

and (4.9).
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Remark 4.2.
For most of the proofs in this subsection we require F'(U) to be continuous. Thus most

of the results are not useful for the constrained problem (4.3), since

0, if AUBT =W,
FU) =
oo, else,

is not continuous. Nevertheless, in reality we have to deal with noisy data anyway and
thus we only want to implement the unconstrained problem (4.4). This will become
easier, since we can simply use its reformulation (4.9), which we will summarize in
Theorem 4.7.

For this subsection we define the functional J,:G — RT via
Jo (U):=F{U)+a max Zuij : (4.13)
=1

Lemma 4.5 (Continuity of (4.12)).
Let F:RM*N 5 R+ he a convex continuous functional with bounded sublevel sets.

Let U(a) € G be a minimizer of .J, with ||U(«)||1,.o minimal.

Then o — max % u;j(ev) is a continuous function.

ie{1,....M} =1
Proof.
Let Uy be a minimizer of .J,, and let oy — « be a sequence of regularization parameters.
Due to boundedness, we are able to find subsequences Uy, — U. Because of the
convergence of the subsequences, the limits of all subsequences are equal and we obtain
convergence of the whole sequence Uy, — U. We prove by contradiction and claim that

U is not a minimizer of J,. In this case there would exist a U with

Jo(U) < J, (U) . (4.14)
By defining UT := O;—‘“[j', we obtain
N
N = f T
Jo (U =F{U") + ozle{nl[}?(M} u;;

a ~
=F <—kU> + o max &Z-j

= Jo (U)+ F (%ﬁ) —F(D).
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The continuity of F' yields

for k — oo and thus we obtain
Jo(UY = Jo, (U) .

Since J is continuous, we obtain for £ — oo that

hold. By using (4.14), we see that the inequality

‘]Oék (U) < Jak (Uk)

has to hold as well. This is a contradiction to the assumption that Uj is a minimizer of

N

Ja, . Hence U has to be a minimizer of .J, and we see that a — « maxM} > () is
1€ j=1

continuous. Thus we also now that (4.12) is continuous on (0, 00). O

Lemma 4.6 (Monotonicity of (4.12)).

Let F:RM*N 5 R+t bhe a convex continuous functional with bounded sublevel sets.

Let U(a) € G be a minimizer of J, with ||U(«)]|1,0 minimal.
N

Then a +— {max X > u;j(a) is a monotonically decreasing function.
ie{l,...M} ;.
J

Proof.
Let be 0 < o < . U(p) is feasible for J,, i.e. u;;(3) > 0. Thus we obtain

=F({U(B))+p max Zu”(ﬁ) + (@ — ) max Zuw(ﬁ) : (4.15)
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since U(«) is feasible for Js. Inserting this in (4.15) yields

since we have a < . We conclude that @ — {max }Z u;j(c) is monotonically
ie{l,....M =1

decreasing. O

Lemma 4.7.
Let F:RM*N s R+t he a convex continuous functional with bounded sublevel sets.

_ N
Let U € G be a solution of (4.9) such that ) u,;; < © holds for all i € [1,..., M].
j=1

Then we have 0 > H[?HLOO, where U € G is a minimizer of F(U) with |U|1,00 minimal

and vice versa.

Proof.

Let be v > ||(7 || 1,00, then U is feasible for (4.9) and obviously a minimizer as well.

. N
Let be © < |U|[1,00. Then in case that ) u,;; < © holds for all 7, we obviously have
j=1

U+# U and thus we obtain
F(O) > F(U),

since U is a minimizer of ' with ||U||; . minimal. Due to convexity, we obtain

F(eU + (1 —e)U) < eF(U) + (1 —e)F(U) < F(U)

and for small € we have
N N
EZ’&Z]—F(l—EE)ZfLU S?j
j=1 Jj=1

Thus we have found an element with smaller value of ' as the minimizer U, which is a

contradiction. ]
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Lemma 4.8 (Limits of (4.12)).
Let F:RM*N 5 R+ bhe a convex continuous functional with bounded sublevel sets.

Then we have

max  » w;j(a) =0 for o — oo and

with U € G being a minimizer of F with |U||1,00 minimal.

Proof.
Let U(«) be a minimizer of .J, as proposed in (4.13).

1. Consider the case of & — co. U = 0 is feasible for J,, thus we obtain

Therefore, « max > u;;(a) is bounded by F(0) and we have

16{1 ..... M} j=1

max Zuij(a)—>0 for a— 0.

2. Now consider the case of a — 0. We can find a subsequence a; — 0 such that

~

U(Oék) —U

holds, where U is a minimizer of F with ||U 1,00 minimal. Obviously U is feasible

for J,,. Hence we obtain

Since U is a minimizer of F, it has to hold that F(U(ag)) > F((/]\) and thus we

obtain

N
o) < NU N e
ie{rﬁé},{M};um(ak) = W0l

Obviously U(«) is feasible for (4.9) with
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N
T e 2
7=1
Then Lemma 4.7 yields
N N
ij - ij = ||U 00 fi ' 1, . ,M .
> ugla) = _max 3" ulan) = [Ulag) i for some i € {1,..., M)
7j=1 j=1
Due to the lower semi-continuity of the norm, we obtain
N
o - T -
liminf  max ;uu(ak) liminf U ()00 > 101,00
and finally we have
N
i — ||U|l1.0o f — 0.
Do) Wl o
O

In Figure 4.1 we see an example on how the function

0 «

Figure 4.1.: Illustration of the relation between the regularization parameter o and

the nonnegative £1*°-norm v(«) of the corresponding minimizer as defined above
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Remark 4.3.
In case that 9F(0) # () holds, we have

already for av < oo, but large enough.
We see this by considering py € 9F(0) and then selecting p = —épo. Here we choose «
large enough that we have [|p[|,; <1 and obtain

(P, v) <Ipllogy J(v) < J(v) .
Thus p is a subgradient at U(a) = 0 and we see that the optimality condition is fulfilled.
Finally we can conclude the following essential statement:

Theorem 4.7 (Connection of the Solutions of (4.6) and (4.9)).

Let F:RM*N — R* be a convex continuous functional with bounded sublevel sets.
Let be v € (0, ||ﬁ||1oo), where U is a minimizer of F(U) with |U||1,00 minimal. Let
U € G be a solution of

i .t i < U .
iy FU) s.t ZUU 0 (4.9)

Then there exists an « > 0 such that U is a solution of

F(U) i - 4.5
iy +%€g%f%f<M}Z“ﬂ ()

Remark 4.4.
If U is a solution of (4.9), we can directly decide, whether there exists an « for this

problem, i.e. in the case of
0= [[Ull1,00 -

Theorem 4.8 (Existence of a Solution of (4.9)).
Let F:RM*N 5 R+t he a convex continuous functional with bounded sublevel sets.

Then there exists a minimizer of (4.9).
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Proof.

We can write (4.9) using the characteristic function, i.e.

gleHGl FU)+ X{UERJ\JXN‘ SN <o vie{l,. . M}}

For £ € R we consider the sublevel set

Se = {U €cG|F{U)+ X{UeRMxN| SN i <O Vie{l,...M}} < 5} :

Since F is continuous and x(0) = 0 holds, we have 0 € S¢ and thus Se is not empty.
Furthermore, S is bounded, since the norm of U is bounded. Additionally the functional

stays lower semicontinuous and we obtain the existence of a minimizer of (4.9). O

Using Theorem 4.7 for problem (4.8), we obtain

M N N
. 1 T 2 ~
glégEHAUB —WHF%—ﬂZZu” s.t. ZUU <0. (4.16)
i=1 j=1 j=1
Note that we need to look for a suitable regularization parameter in the implementation
anyway. Thus we can instead determine a suitable © and obtain an easier optimization

problem.

4.1.5. Asymptotic 1-Sparsity

Let us now consider the case of (4.16) with g =0, i.e.

N

1 T 2 -

min §HAUB —W||F s. t. Zluw <. (4.17)
J:

We observe that we indeed obtain a special kind of sparsity in every row in the case

that the regularizing parameter v becomes sufficiently small.

In order to analyze Problem (4.17) asymptotically, we consider the rescaling X :=

97U < U = 9X and obtain the new variational problem

L -
min 5 H’UAXBT — W”i s. t. ;xw <1. (4.18)

Let us now analyze the structure of a solution of (4.18) for v — 0.
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Theorem 4.9.
Let k; be the number of maxima in the ith row of G := ATW B and let X () be a
minimizer of (4.18). Then the ith row of

X = lim X (7)

v—0

is at most k;-sparse.

Proof.

After simplifying the norm and dividing by © in (4.18), we can equivalently consider

v N
. v
_%1(1612 5 HAXBTHi o <AXBT7W> s. t. ]lew <1.

For the case that we have v — 0, the first summand tends to zero and thus
N
T
.t i < .
max (X, ATWB) st lew <1 (4.19)
]:

holds. With the above definition of G we shall now consider
M N N
I)I(lgé{ Z;z;gijxij S. t. Z;xw <1.
=1 j= J=

Let J; be the column index set at which the maximum of the ith row of G is reached,

i.e.
Ji={ne{l,....,N}|gm >g;Vje{l,...,N}}

for every i € {1,..., M}. Since we have the constraint that the row sum of X should
not exceed 1, it has to hold that

N
Zgijl’z’j < Gin VneJ;
=1

for every ¢ € {1,..., M}. Hence we see that for a solution of (4.19) has to hold

neJ;

This means that the ith row of the solution of (4.19) has at most k; nonzero entries.

Thus the 7th row of X is at most k;-sparse, maybe even sparser. O
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Remark 4.5.

In case that the ith row of X is k;-sparse, the asymptotic solution X has nonzero entries
at the same positions as G = ATW B has its maxima in each row.

Note that the row-maxima are not necessarily unique. However, in the case that for
every i € {1,..., M} the index set .J; contains only one element, the rows of X are

1-sparse.

Theorem 4.9 raises the question, whether there exists a small regularization parameter

0, for which X (?) is already k;-sparse. In this case we could apply this knowledge to the

original problem (4.17), which is not possible in the limit case, since then U := lin% U(0)
v—>

would be equal to zero.

Theorem 4.10.

Let the £2-norm of the columns of A € R“*M and B € R™*" be nonzero, i.e.
laill, >0 Vie{l,...,.M}  and 1bjll, >0 Vjie{l,...,N}.

Then there exists a regularization parameter o > 0 such that the solution of (4.17) has

nonzero entries at the same positions as G := ATW B has row-maxima.

Proof.
Consider the rescaled problem (4.18). After simplifying the norm and dividing by v, we
consider equivalently

Xed

m1n—||AXBTHF (X, A"TWB) st ) x;<1

and thus
M N 2 M N N
B I
€ I=1 k=1 \i=1 j=1 i=1 j=1 j=1

where we use again G := ATW B. The Lagrange functional reads as follows:

S SVIRED 93] 13 TN I 3 o8

i=1 j=1

M N M N
‘*‘Z)\i(in]’_l)_‘ Zuzsz’j
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with

N
)\120 and )\z (le]—1>:0,

Jj=1

pig =20 and gz =0
Let us now consider the optimality condition

~ 2 2 ~
0 = 0o, £ = Vs [Jally 16515 + Vhij — gij + Ai — g

Tij

& ag ladlls 10515 = gi — N + piy — Ohi;

where h;; denotes the sum of the mixed terms resulting from the data term, which are

independent from z;;, i.e.

hij = Z Z <a.i, a.m> Tmn <bn, b]> + Hb]H; Z <a.7;, (I,.m> Tmy + Hazﬂg Z Tin <bn, b]> .

m#i n#j m#i n#j

Let now v > 0 hold and let J; be the index set for which the entries of the ith row of
the solution of (4.17) are nonzero. We show that g;; > g;,, holds for all j € J; and for

all n ¢ J;. In order to do so, we consider

0=0,,L—0u L Nj€J,Vn¢lJ.

Tin

We have z;; > 0 and p;; = 0, since it is j € J;. Furthermore, it holds that z;, = 0 and

fin > 0, since we have n ¢ J;. Thus we obtain
0 < fin = gig = Gin + 0 (hin = hig) — 0ij a5 105115
and further
0 < Bij lailly 10515 < g1 — gin + 0 (hin — hij)
due to the fact that o, z;, ||a.||> and ||bj||§ are positive. Hence it is left to show that
gij > Gin + Udijn (4.20)

holds, where we define d;;, := h;; — h,. This statement is obvious for d;;, > 0. Let
now d;;n, < 0 hold.

For n ¢ J; we assume that g, = Ve?llf.i..},(N} g holds. In addition let be g, > gi; +20|d;n|
for all j € J;. This is always possible, since we can choose v > 0 small enough. With
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(4.20) we have
Gij > Gin — 0| dijnl
and thus we obtain
Gij + 0ldijn| > Gin > gij + 20|dijn] Vijeldi,
which is a contradiction. Hence we finally obtain that
Gij > Gin Vied, VnélJ

has to hold and we see that the solution X has nonzero entries at the same positions
like ATW B has row-maxima, even for o > 0 but small enough. Then obviously the
same holds for the solution of (4.17). [

4.2. Exact Recovery of Locally 1-Sparse Solutions

In this section we discuss the question of exact recovery for our model.

There already exist several conditions, which provide information about exact recon-
struction using linearly independent subdictionaries, see for instance FUCHS (2004)
and TROPP (2006b). Unlike the case, where the basis vectors are linearly independent,
we consider the operator to be coherent, i.e. the mutual incoherence parameter (cf.

JUDITSKY AND NEMIROVSKI 2011, p. 3)

[(bi, b))

J
2
Iz

o )
p(B) := max in,
for b;, b; being distant basis vectors, is large. In other words, the vectors are very similar.
This is a reasonable assumption for many applications, see for instance Section 6.1.

In Appendix D we gain some understanding of necessary scaling conditions recovering
locally 1-sparse solutions considering only one spacial dimension plus one additional
dimension using problem (4.2). We learn that if the solution is 1-sparse in one spacial
dimension plus the additional dimension, the matrix B € RT”*" has to meet the scaling

condition

in order to recover l-sparse solutions.
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4.2.1. Lagrange Functional and Optimality Conditions

In this subsection we introduce the Lagrange functional and optimality conditions of
problem (4.7), which we will need in the further analysis.
We equivalently rewrite problem (4.7) by writing the data constraint for every [ and k,

1.e.

N M N
UEI(r;liIvlgR 15 Z Z w;+v st o« Z wij < w, Z Z ayuibe; = wig, (4.22)
, , =

i=1 j=1

with 1 € {1,...,L} and k € {1,...,T}. For this problem the Lagrange functional reads

as follows:

M N M N M N
L(v,wij; A, p,m) :BZZUU#%H—Z)V (aZuij—v> _Zzﬂij’ul’j

i=1 j=1 i=1 j=1 i=1 j=1
Lo v N (4.23)
3 <wlk B b> ,
I=1 k=1 i=1 j=1
where A\, p and 7 are Lagrange parameters. Now we are able to state the optimality
conditions
M
0=0,L =1-) X\, (OPT1)
=1
L T
0=0u,L=B+aX\—pj— > > msauby (OPT2)

=1 k=1

with the complementary conditions (cf. HIRIART-URRUTY AND LEMARECHAL 1993,
p. 305-306, Theorem 2.1.4)

N
A >0 and M\ (v — aZuij) =0, (4.24)

J=1

Mij >0 and iU = 0. (425)

4.2.2. Scaling Conditions for Exact Recovery of the Constrained Problem

On the basis of this, we examine under which assumptions a 1-sparse solution of

(%>°_problem can be reconstructed exactly by using the constrained

the constrained
¢hee- b minimization (4.22).
We will see that the scaling condition (4.21) in a slightly reformulated way is a sufficient

condition for exact recovery.
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Theorem 4.11 (Recovery of Locally 1-Sparse Data).
Let be ¢; € RT and let J:{1,...., M} — {1,..., N} with i — J(i) be the function that
maps every index ¢ to the index of the corresponding basis vector, where the coefficient

is unequal to zero. Let

Ci, if ] = J(Z)y
0, if j#J0),

'LLZ']' =

EO,oo

be the exact solution of the constrained non-negative -problem

N
min ( max u%) s. t. AUBT =W . (4.26)
UeG \ ie{l,..,.M} =

Let AT be surjective and let the scaling condition

Hbj(i)”Q =1 and ‘<bJ(i),bj>} <1 \V/j S {1,...,N} (427)

hold for all i € {1,..., M}. Then ((7, a max cp) is a solution of (4.22).
p

Proof.

In order to proof Theorem 4.11, we have to show that there exist Lagrange parameters
A€ RM e RM*N and n € REXT such that U fulfills the optimality conditions (OPT1)
and (OPT2) with respect to the complimentary conditions (4.24) and (4.25).

We choose the Lagrange parameters for all ¢ € {1,..., M} as follows:

: _ v
pon if Ci—a,

i =
v

0, if G <>

with ¢ = maxc, and m being the number of indices, for which holds ¢; = £,
p

0, if j=J(i),

’ (aX; + B) (1 - bch(i)bkj) , it # J(0),
k=1

and 7 as solution of

L
> = (X + B) by Vi€{l,... .M}, Vke{l,....T}. (4.28)

=1

Note that (4.28) is solvable, since AT is surjective.
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1. Let us show that (OPT1) and (4.24) hold for U:

a) Obviously we have

Thus (OPT1) is fulfilled.

b) In case that ¢; < £ holds, we see that (4.24) is trivially fulfilled. Hence let

be ¢; = =. We consider

- 1 1 v
)\’i — AZ“ = — —_ i) = — —_ — ) = 0
(U 04;:1uj> m(v ac;) m(v aa)
and observe that (4.24) is fulfilled as well.

2. Let us now show that (OPT2) and (4.25) hold for U:

a) In case that j = J(i) holds, we obtain 4;; = ¢; and p,;;3 = 0. Thus
(4.25) is obviously fulfilled. The other case, i.e. j # J(i), yields @;; = 0

and p;; = (aX; + B) (1 — ET: ka(i)bkj) Since (4.27) has to hold, we obtain
i; > 0 and we observe thg?in this case (4.25) is fulfilled as well.
b) Let again be j = J(i). Then we obtain
L T T
AN+ B=Y Y b = (1 -3 bi]@)) (aXi+B) =0
I=1 k=1 k=1

by using the definitions of 77 and p and the scaling condition (4.27). In this
case (OPT2) is fulfilled.

Let us now consider j # J(i). Then we have

L T
ai+ B — Z Z Mk @ibr.g (i) — Hij

=1 k=1
L T T
=aXi+8- ) > mabia — (aXi+ f) <1 -3 ka(i)bkj>
=1 k=1 k=1

=0,

where we used the definition of . Thus we see that in this case (OPT2) is
fulfilled as well.
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In summary we see that there exist Lagrange parameters such that U fulfills the
optimality conditions and complementary conditions of (4.22). Thus we obtain the

assertion. O]

All in all we found a condition for exact recovery of solutions of the constrained ¢%:>°-
problem, which contain 1-sparse rows, using the constrained problem (4.22) for the

reconstruction, i.e. (4.27) has to hold.

Remark 4.6.
We need to assume that AT is injective in order to solve (4.28). Unfortunately, if AT is
injective, then A is surjective and thus we could easier consider UBT = ATW instead,

where AT is the pseudoinverse of A.

Let us now consider an example of the extremest under-determined case, i.e. where we
have L = 1.

Theorem 4.12.
Let be 3 =0 and A € R™M with M > 1 and a; # 0 for every i € {1,..., M}. Let

R C;, lf ] = J(Z) R
uij =
0, if j#.J0),
be the exact solution of the nonnegative ¢*>-problem (4.26) with J:{1,..., M} —
{1,...,N}, i — J(i) mapping again every index i to the index of the corresponding
basis vector, where the coefficient is unequal to zero. Furthermore, let m € {1,..., M}

be a row-index, where U reaches its maximum, i.e. we have ¢,, = maxc, = .
p

In case the exact solution U contains a row-vector u;, which has its nonzero entry at
the same position as wu,,, i.e. J(i) = J(m), but their entries differ, i.e. ¢; < ¢,,, then
exact recovery of U using the nonnegative £%>°-problem (4.22) for the reconstruction is

not possible.

Proof.

Let us suppose exact recovery were possible. Then there exist a A, which fulfills (OPT1)

and (4.24), a p, which fulfills (4.25) and an 7 such that (OPT2) is fulfilled.

Considering the complementary condition (4.24) for i € {1,...,M | ¢; < maxc,}, we
P

have

N
0=\ U—@Zui):)\i(v—auu(i)):)\i(v—aci),
< j=1 ' 750
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since it is ¢; < 2. Thus A; = 0 holds for every i € {1,..., M | ¢; < maxc,}. On the
P
other hand with (OPT1) we have

M
1= N= > A,
i=1 me{l,.... M|
Cm=maxp Cp}

which yields A,, > 0 for every m € {1,..., M | ¢,, = maxc,}.
P
Now let us consider (OPT2) for j = J(i) and j = J(m), which then reads as follows:

T \.
Z Nibkym) = a— and
k=1

a;

T A,
Zﬁkbw(m) =a—,
k=1

U
since we have J(i7) = J(m). Therefore, we obtain
AmAi = AiAm,

This is a contradiction, since we have \; = 0, A\, > 0 and «a; and a,, are unequal to zero.
Thus we observe that the 1-sparse (**°-solution ;; can not be the solution of the

¢h>°-problem (4.22) and in this case exact recovery is not possible. O

Remark 4.7.
In the case of Theorem 4.12 there always exists a solution of (4.22) and (4.26), which

has a nonzero element in just one row, i.e. U itself is 1-sparse.

Note that Theorem 4.12 does not state that the reconstructed support is wrong. Hence
we could still obtain important information from the nonnegative £%>°-reconstruction.
Furthermore, Theorem 4.12 does not apply for the case where we have g > 0, since in

this case we obtain

(@i + B)am = (aA, + B)a;

and thus we do not obtain a contradiction in the last step of the proof. Thus Theorem

4.12 suggests the usage of g > 0.
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4.3. Further Improvement of the Results by Including Total
Variation

In order to further improve the results and incorporate even more prior knowledge,
we include an additional TV-regularization in space (cf. Subsection 2.2.5). The
regularization with total variation promotes sharp edges in the resulting images and
thus is a reasonable assumption for many applications. Incorporating this knowledge
can either be done by additionally minimizing the total variation of the images in every

time step, i.e.

T
o1 2
min o | AUBT = W ([, +a [Ull o + BT, + VY TV(UB) | (4.29)
k=1
or by minimizing the total variation of the coefficient matrices corresponding to every

basis vector, i.e.

N
1 2
min - JAUB" = W[, + @ Ul o + BTl +7 ) TV(wy) - (4.30)

Jj=1

The latter can be justified by the fact that sharp edges in the image should result in
sharp edges in the visualized coefficient matrices.

In Section 5.2 we extend the previously deduced ¢*°-algorithm by including this
advanced approach using total variation. We will see in Section 6.3 that problem
(4.30) works very well. However, we face the fact that choosing the right regularization

parameters for these problems is challenging.
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ALGORITHMS PROMOTING

LOCAL SPARSITY

This chapter contains algorithms for the implementation of different problems proposed
in Chapter 4.

In order to solve these problems numerically, we use the alternating direction method
of multipliers (ADMM), which can be found for instance in ROCKAFELLAR (1976).
ADMM traces back to works of GLOWINSKI AND MARROCCO (1975) and GABAY AND
MERCIER (1976). It was furthermore subject of many other books and papers, including
FORTIN AND GLOWINSKI (1983a), especially its chapters by FORTIN AND GLOWINSKI
(1983b) and GABAY (1983), as well as GLOWINSKI AND TALLEC (1987), TSENG (1991),
FUKUSHIMA (1992), ECKSTEIN AND FUKUSHIMA (1993) and CHEN AND TEBOULLE
(1994).

However, in this chapter we base upon the deduction by BOYD et al. (2010). We first
derive an algorithm for the ¢1:>°-¢*!-regularized problem. Then we give an extension for
an additional TV-regularization. This can be done by either including total variation

regularization on the image or on the coefficient matrices.

5.1. Algorithm for /! >°-/!:!-Regularized Problems

In this section, which is based on our preprint HEINS et al. (2014), we propose an
algorithm for the solution of ¢%*°-¢'!-regularized problems and develop it on the basis

of the reformulation proposed in Subsection 4.1.4. Instead of solving problem (4.2), we
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develop an algorithm for the numerical solution of its reformulated problem (4.16), i.e.

1 M N N
min - [AUBT — W2+ 83" Tuy st Y uy <0, Vi, uy 20 Vij, (4.16)

i=1 j=1 j=1

where ¢ € {1,...,M} and j € {1,..., N}. As already indicated at the beginning of
this chapter, we use ADMM to solve this problem numerically. For the computation of

reasonably simple sub-steps, we split the problem twice. In doing so, we obtain

M N
.1 2 T
Juin 3 |AZ = W% + B ;:1 jEZl di; +J(D) s.t. D=U Z=UB",

where we define

0, if Sdy<d Vi dy>0Yi ;.
J(D) := = ’ (5.1)

oo, else,

withi € {1,..., M} and j € {1,..., N}. By using the Lagrange functional, which reads

as

M N
£(U.D,2:7.Q) = JIAZ - Wi+ 533 dy +J(D)

i=1 j=1

+<ﬁ,U—D>+<@,UBT—Z> ,
we obtain the unscaled augmented Lagrangian

o ] M N ~
oy (v.0.2:P,Q) :5HAZ—WH?+ﬁ;;dw’+J<D)+<P’U_D> (5.2)

A ~ It
+ 50U =D+ (Q.UB" —2)+ 5 |UB” — 2],

with Lagrange parameters A\, © and dual variables P and @ Since its handling is much

easier, we also state the scaled augmented Lagrangian, i.e.

M N
1
LMUD,Z:PQ) =5 |AZ =W+ 8 dij+J(D)

i=1 j=1

+%|\U—D+P[|§+g||UBT_Z+QH§
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By using ADMM (cf.

= [

with the new scaled dual variables P := % and ) =

ROCKAFELLAR 1976), we obtain the following algorithm:

UM = argmin £3*(U, D*, Z%; P* Q")

U
DRt = argmin L3(U, D, Z%: P* Q)
D
ZF = argmin LH(URTY, DM 7, PR Q)
z

Pk+1 _ Pk o (Dk+1 . Uk+1)
Qk+1 _ Qk o (Zk+1 o Uk+1BT) )

For faster convergence we use a standard extension of ADMM in Subsection 5.1.3,
i.e. an adaptive parameter choice as proposed in BOYD et al. (2010, Subsection 3.4.1)
with its derivation in BOYD et al. (2010, Section 3.3), which we adapt to our problem
Another advantage of this extension is that the performance becomes less dependent

on the initial choice of the penalty parameter. In order to do so, we first propose the

optimality conditions.

5.1.1. Optimality Conditions

We obtain the following primal feasibility conditions:

0=0pL=U—-D, 5.3)
0=0oL=UB" - 7. (5.4)
Moreover, the following dual feasibility conditions can be derived:
0=0yL =P+ u@QB , (5.5)
5.6)

Oeapﬁzﬁ]lMxN—FaJ(D)—)\P,
0=0,L=A"(AZ -W) — puQ .

Since U minimizes £3*(U, D¥, Z%; P* Q*) by definition, we obtain

0 € BuLA = MU' — DF + PY) 4 pu(UF BT — 7% + Q¥) B
— )\(Pk . (Dk+1 o Uk-i—l) 4 Dk-l-l o Dk)
+u(Q" — (25 UM BT) + ZF — ZM) B
— )\Pk-‘rl + A(Dk+1 o Dk) +MQk+lB+M<Zk+1 o Zk)B
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by using the definitions of P**! and Q**!. This is equivalent to
A(DF = DY) 4 (25 — Z57Y) B € AP 4 uQH B
where the right hand side is the first dual feasibility condition (5.5). Therefore,
Sk = N(D*¥ — D*Y) 4+ u(ZF - ZM)B (5.8)
can be seen as a dual residual for (5.5). Equivalently we consider

0 € OpLY" = Blyen + 0J (D*'1) — A(UFH — DM 4 PF)
= Blyxn + 0J (D) — APM

which means that P**! and D**! always satisfy (5.6). The same applies for Q¥+ and

Z*+1 where we have

0 € yLN = AT(AZM — W) — p(UMLBT — 201 4 Qb
= AT<AZ1€+1 o W) _ H(Qk o Zk—i—l + U]g_HBT)
— AT<Azk’+1 _ W) . ,lLQk+1

and thus (5.7) is always satisfied as well. In addition we refer to

R .= Dkt1 _ pyht! and (5.9)
R]2€+1 — ZkJrl o Uk‘+1BT (510>

as the primal residuals at iteration k + 1.

Obviously we obtain five optimality conditions (5.3) - (5.7). We see that (5.6) and (5.7)
are always satisfied. The other three, i.e. (5.3) - (5.5), lead to the primal residuals (5.9)
and (5.10) and to the dual residual (5.8), which all converge to zero as ADMM proceeds
(cf. BOYD et al. 2010, Appendix A, p. 106 et seqq.).

5.1.2. Stopping Criteria

In an analogous way to BOYD et al. (2010, Section 3.3.1) we derive the stopping criteria

for the algorithm. As shown in Appendix B the primal and dual residuals can be related
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to a bound on the objective suboptimality of the current point x*. Hence we obtain

M N
1 )
5 147 - WiE+8Y> dij+J(D) -«
=1 j:l (511)

< (P*RY) +(Q" R) + (U* —U*,S*) .

We see that the residuals should be small in order to obtain small objective suboptimality.
Since we want to obtain a stopping criterion but the exact solution U* is unknown, we
estimate that ||U* — U*||r < v holds. Thus we obtain

M N
]' *
§HAZ—WH§+BZZd¢j+J(D)—m

i=1 j=1
<Pl RYllr + 1Q% £l R3]l e + v S*[|r -

It stands to reason that the primal and dual residual must be small, i.e.
IRMF <&, IREp<eBt,  |ISH|p <™,

with tolerances 55’3 > 0 and e9" > ( for the feasibility conditions (5.3 - 5.5), respectively.

BovYD et al. suggest that these can be chosen via an absolute and relative criterion, i.e.

6Ilari _ MN a,:“abs _I_Erel maX{HUk”Fa HDkHFao} )
el =V MT e + e max {|U*B"||r, | Z*||r, 0}
8dual — /MN Eabs + grdH)\Pk + /LQkBHF )

where ™ = 1072 or 10~* is a relative tolerance and the absolute tolerance £2b*

depends
on the scale of the typical variable values. Note that the factors v M N and v MT

result from the fact that the Frobenius norms are in R™*Y and RM*T respectively.

5.1.3. Adaptive Parameter Choice

In order to extend the standard ADMM and to improve its convergence rate, we vary
the penalty parameters A\* and p* in each iteration as proposed in BOYD et al. (2010,
Section 3.4.1). This extension has been analyzed in ROCKAFELLAR (1976) in the context
of the method of multipliers. There it has been shown that if the penalty parameters go
to infinity, superlinear convergence may be reached. If we consider A\ and p to become
fixed after a finite number of iterations, the fixed penalty parameter theory still applies,
i.e. we obtain convergence of the ADMM.

The following scheme is proposed in HE et al. (2000),WANG AND L1AO (2001) and
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others and often works well:

TN A [[RY e > m[SF]lk, mecs if (| RY |7 > mu]|S*||
N = Tfia if || S* || p > m|RY|[p, and P10 = Phodecr if || K[| > || RY| g,
PUR otherwise, P*, otherwise,
as well as
T, || Ryl e > nol| S* e e if || R5|[ 7 > o[ S* |
k . .
ot = LS ol B, and Q= Qb S > RS,
T otherwise, Qr, otherwise,
where 715 > 1, %" > 1, 715" > 1. Typical choices are 7, = 10 and 7{%" = 7{§" = 2.

Note that the dual variables P* and Q* only have to be updated in the scaled form.

In Figure 5.1 we see a schema of the previously deduced algorithm, which we subsume
in the next section.

Alternating Direction Method of Multipliers

Criteria not fulfilled

Calculate New Stopping Criteria

Criteria Return

Check Stopping Criteria
fulfilled | Result

Figure 5.1.: Overview of the alternating direction method of multipliers (ADMM)
including the adaptive parameter choice as proposed in BOYD et al. (2010)
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5.1.4. Solving the ¢(!>°-¢!.1-Regularized Problem

Let us now state the whole algorithm for the solution of problem (4.16).

Algorithm 1 ¢b°°-¢blregularized problem via ADMM with double splitting
1: Parameters: v,3 >0, A\, >0, A€ RM B e RN W e REXT 5y, > 1,
s> 1, st > 1, e =103 or 1074, £ > 0
2: Initialization: U, Z, D, P,Q, S, Ry, Ry = 0, ™ = v/ MN &2 0" = /MT 2,

dual _ \/— abs
3: while || Ry||r > ep“ & |[Rsllp > 5 & ||S||F > e do
4: Deld = D;
ot zZoMd = 7.

Y

> Solve Subproblems
6: U=O\(D-P)+u(Z-Q)B) ()\I +MBTB)*1;

N
7. D=argmin3|D - U+PHF—|—BZZd” s.t. Y. d;jj <w; >see Appendix A
DeG i=1

i=1j=
8 Z=(ATA+pul)" (ATW + u (UBT + Q));
> Update Primal Residuals
9: Ri=D-U;
10: Ry, =7 —UBT;
> Update Dual Residual
11: S:)\(DOId—D) —|—u(Z°1d—Z) B;
> Lagrange Updates
12: P=P—(D-U);
13 Q=Q— (Z-UB");
> Varying Penalty/Lagrange Parameters
14: if ||R1||lF > m|S||F then

15: A= AT{H“,

16: P = mc”

17: else if ||S| r > || R1]|F then
18: A= decr7

19: P = PTde“;

20: end if

21: if ||Rs||F > 12||S||F then

22: W= m-é“cr,

23: Q=-L,

T

24: else if ||S||F > na||Rz||F then
25: B= s
2
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26: Q = Qrgeer;
27: end if
> Stopping Criteria
28: 8?? = VMN & + ™ max {||U*||p, | D*||r,0};
29: et = VMT e + e max {||U*BT ||, || Z*||p, 0};
30: gdual — /MN 2 4 || AP* + uQ* B r;
31: end while
32: return U > Solution of (4.16)

5.2. Algorithms for ¢:>°-¢!.1-TV-Regularized Problems

In Section 5.1 we proposed an algorithm for the solution of /1:>°-¢*1-regularized problems.
As we will see in Section 6.2 the results are very nice, however, they still offer room for
improvement. In order to do so, we include further a-priori knowledge, i.e. we suppose
the images to have sharp edges for every time step. This is a reasonable assumption
especially in imaging and image processing. On this account we included an additional
TV-regularization in Section 4.3.

In this section we first deduce an algorithm for solving ¢1>°-¢*!-regularized problems
including an additional total variation minimization on the images in every time step.
However, since sharp edges in the images are reflected in their corresponding coefficient
matrices, they usually result in sharp edges of the visualized coefficient matrices as
well. Thus we also want to propose an algorithm for the solution of ¢1*°-¢*!regularized

problems including TV-regularization on the coefficient matrices.

5.2.1. Additional TV-Regularization on the Image

Let us now include an additional TV-regularization on the image for every time step
independently. Similarly to Section 5.1 we deduce the algorithm on the basis of the

reformulation proposed in Subsection 4.1.4, i.e. we want to solve

' 1 M N T
min = [[AUBT = W[+ 833wy +1 > [V (U8)],
i=1 j=1 t=1

N (5.12)
s. t. Zuij <o Vi and wu; >0 Vi, j,

j=1
where i € {1,..., M} and j € {1,..., N}. Analogously to the previous section we use
ADMM for the solution of the problem. Note that we have to include TV-regularization

in (5.12) for each time step t € {1,...,T} separately, since we want total variation

minimization to be active in the spatial dimension but not in time. Thus we include
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the sum over all TV-regularizations for every time step.
In order to compute reasonably simple sub-steps, we now have to split the problem

three times, i.e.

Umln —HAZ W\]F—l-ﬁzzdzJ*—’YZHth"‘J D)

=1 j=1

s.t. D=U, Z=UB", g=Vz Vte{l,... T},

with J as defined in (5.1). The Lagrange functional for this case reads as follows:

L (U,D,Z, G ﬁ,é,ﬁ) S1AZ =Wz +5ZZ% +vZ gty

=1 j=1

4 J(D) + <P, U— D> + <Q, UBT — Z> (5.13)

Then we obtain the unscaled augmented Lagrangian

El)\ll”lu’n <U5D727G;§7©7E> __HAZ W"F—i_ﬁzzdl]_'_’yZHgtHl—i_‘] )

=1 j=1
+<§,U—D>+§HU—DHZF

+(QUB"-2)+ L |UB" - 2]}
T T

+ Z (e, Vi — gi) + Z% V2 — il
t=1 t=1

with Lagrange parameters A, u, 7 and dual variables 15, @ and R.
We have seen in Section 5.1 that the usage of the scaled augmented Lagrangian offers
the advantage of easier handling. Therefore, we will use this approach again, i.e. we

consider

LU D, 2,6 P.Q.R) = £ | AZ - W B +WZ lgil, + J(D)

=1 j=1

+§HU—D+P||F+§||UBT—Z+QH§

T

Tt 2

+ Z B V2 = g+ 14l
=1
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with the scaled dual variables P := %, Q = % and r; := % for every t € {1,...,T}.

We now obtain an algorithm, which is a little bit more complex, i.e.

UM = argmin £3*7(U, D*, Z%, G*; P* Q*, R"),
U

D* = argmin EQ‘C’M”(U]"’H, D, Z* G* P* Q" R"),
D

2 = argmin LU DM 2 gl PRLQESE) Ve {1, T),

zZt

ngrl - argmin E;\éu7nt(Uk+1> Dk+17 Zerlagt; Pk7 Qka Tf) Vite {1’ e ’T} ’
gt

Pk’-i-l — Pk . (Dk-‘rl o Uk+l)

QkJrl — Qk o (Zk+1 _ Uk+1BT)

iyt =rp = (gt = V) Vte{l,...,T}.
In analogy to the previous section we use again the adaptive parameter choice as
proposed in BOYD et al. (2010, Subsection 3.4.1). For this purpose we start once more
by proposing the optimality conditions.

Optimality Conditions

By deriving the partial derivatives of the Lagrange functional (5.13), we obtain the

following primal feasibility conditions:

0=0pL=U—-D, (5.14)
0=00L=UB" -7, (5.15)
0:3Tt£:Vzt—gt vtE{l,,T}, (516)

and the dual feasibility conditions

0=0uL =AP+ u@QB,

0 € 0pL = flyxn +0J(D) — AP,

0=0,L=A"(Az, —w)B — pg, — V-1, vVie{l,...,T},
0€ 9 L =70lgelly — e Vie{l,...,T}.

Since U**! minimizes L3 (U, D*, Z% G*; P*, Q*, R*) by definition, we obtain in anal-

ogy to Section 5.1

0 € Oy Ly = APFH 4 N(DM — D¥) 4+ u@Q* ' B+ pn(Z* — Z¥)B
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by using the definitions of P**! and Q**!. This is equivalent to
AN(DF — DF™) 4 (2% — 29 B € APM + QM B

where the right hand side of this statement is the first dual feasibility condition (5.17).
Thus we see that

S = N(D* = DM 4+ p(Z2F = ZMB (5.21)
serves as a first dual residual for (5.17). In an analogous manner we consider
0 € DLy = Blaren + 0J (D*F1) — AP

and observe that P*™! and D**! always satisfy (5.18).

Computing the derivative for z;, i.e.

0€ 0., Lo = AT (A —wy) — pgr™ —nVorf™ =0,V (g, — gf)

Zt’~'sc

which is equivalent to
nV- (97 = gp) € AT(AZ —wp) — pg ™ =0,V

we see that the right hand side matches the third dual feasibility condition (5.33). Thus

we obtain another dual residual, i.e.
G =V (gt =g, (5.22)

to which we refer as second dual residual.
Last but not least we see that 7¥*! and g™ always satisfy (5.20) for all t € {1,..., T}
by computing

gt~'sc

0 € 0y, L3 =~ || gitH||, — mert ™t

Additionally we refer to

Xf‘FI = Dk+1 o Uk+1 ’ (523)
X5=ZM Ukt and (5.24)
Yt = gttt vt vte{l,...,T} (5.25)

as the primal residuals at iteration k + 1.
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With (5.14) - (5.20) we now have seven optimality conditions, where we have seen that
(5.18) and (5.20) are always satisfied. The remaining five optimality conditions (5.14) -
(5.17) and (5.19) yield the primal residuals (5.23) - (5.25) and the dual residuals (5.21)
and (5.22), which converge to zero as ADMM proceeds (cf. BOYD et al. 2010, Appendix
A, p. 106 et seqq.).

Stopping Criteria

Once more we derive the stopping criteria in analogy to BOYD et al. (2010, Section
3.3.1).

Similarly to Subsection 5.1.2 the primal and dual residuals can be related to a bound
on the objective suboptimality of the current point x*. By estimating ||U* — U*||r < v

we obtain

M N T
1 *
5 142 = WiE+8> ) diy+v> gl + J(D) — s
t=1

i=1 j=1

T T
< PR e+ 1QH AN XE e+ 3 (1l ol + v 151+ > Nkl -

t=1 t=1

Thus we see that the primal and dual residuals must be small, i.e.
IXF(lr < et 1X51r <8 Nyfla <GV 195 le <™ o], <M Ve,

with positive tolerances e, e5" (P ¢4l and ¢! for the feasibility conditions (5.28 -
5.31) and (5.33), respectively. We choose these tolerances in the same way as it was

done in BOYD et al. (2010) via an absolute and relative criterion, i.e.

et = VMN & + g™ max {||U*||, | D¥||r, 0} |
e — /MT e 4 & max {[|U*B"[|r, | Z*| ¢, 0}

B VR 4 mas (V2 s gt 0) Ve {L...T},
gdual: /MNﬁabS—F&TrelH)\Pk+/LQkB||2,
ziualz\/Mgabs+€relHuqf_’_ntv.erQ vVie{l,...,T},

where €™ = 1072 or 10~ is a relative tolerance. Moreover, the absolute tolerance £

depends on the scale of the typical variable values. Note that the square roots once
more result from the dimensions of the matrices used in the respective second part of

the sums.



5.2 Algorithms for ¢1->°-¢1:1.-TV-Regularized Problems 117

Adaptive Parameter Choice

Once again we use the adaptive parameter choice proposed in BOYD et al. (2010, Section
3.4.1) and vary the penalty parameters \*, ¥ and 7* in each iteration.

Similar to the previous section we make use of the following scheme:

(

WX | X e > 615" s, g A XE(lE > SlISH] e,
N = 8 SH | > 8 XE |, and PR = Q Pl |6 > 5 xE
\ \F otherwise, \ P* otherwise,

(Fincry i X5 > 9] S¥]| (2 XSl > 95,
= S > O XS e, and @ = QEpteer, i |15 > 9| XK
\ u”, otherwise, \ Qr, otherwise,

ok it |yl > pllck s, iyl > ol
W = i ekl > pllytlle, and v = & rkotee i ekl > ol
nr, otherwise, \ ¥ otherwise,

for all t € {1,...,T}, where 6§, ¥, p > 1 and w, 7, ¢ > 1. Typical choices are
5, ¥, p=10 and w, 7, 0 = 2. Note that once more the dual variables P*, Q¥ and R*

have to be updated, since we are using the scaled form.

Solving the /!>°-¢11-TV-Regularized Problem Including TV on the Image

Algorithm 2 (+>-(%-TV(UB")-regularized problem via ADMM with triple splitting

1: Parameters: v >0, 3>0, v >0, A R>XM B c RN W e RIXT,
50,0, p>1, w,r,0>1, e =10"% or 1074, 2 > 0
2: Imitialization: U, D, Z, G, P,Q,R,S,C, X1, X5, Y =0, ¢ p“ = VM Ne*s,
éfgri _ MTEfabS pl"l \/_gabs dual _ MNgabs <dual \/_gabs
3. while || X1 |F > ™ & || Xo| >6p” & ||well2 > PVt & HSHF > 5dual& llcelly > ¢t v
do

4: Deld = D;
e Zod = Z;
Gold — G;

> Solve Subproblems I
7. U= (NP—-D)+pulQ-2)B) ()J - uBTB) ™
N N
8 D=argmin3|D— U+PHF—|—6ZZdZJ s.t. Y. dij <w; > see Appendix A
DeG =1

i=1j=




118 5 Algorithms Promoting Local Sparsity
> Update Primal Residual I
9: X1 =D — U,
> Lagrange Update |
10: P=P—(D-U);
> Stopping Criteria I
11: P = /MN &2 + e max {||U||p, | D||r, 0};
12: for allt e {1,...,7} do
> Solve Subproblem II
13: 2t = (ATA +pl — UtA)_l (Ath + M(Qt + Uth) + 10,V (1 — gt));
14: if n; # 0 then
15: g¢ = sign (Vz, + ry) max (|Vzt + 7| — %, O);
16: end if
> Update Primal Residual IT
17 Y = gt — Vi
> Lagrange Update II
18: re=1y— (g — V2zp);
> Update Dual Residual I
19: et = V- (g — g');
' > Stopping Criteria II
20: P — /M 2> 4 e max {|| V2|2, [|gell2, 0}
21: end for
> Update Primal Residual IIT
22: X, =7 -UBT,;
> Lagrange Update III
23 Q=Q— (Z-UB");
> Update Dual Residual II
24: S = \NDM — D)+ p(Z°9 - 7)B;
> Stopping Criteria I1I
25 &b =V MT & + e max {||[UB”||p, || Z||r,0};
> Varying Penalty/Lagrange Parameters I
26: if || Xy||F > §]|S]||F then
27: A = dwner;
28: P =i
29: else if ||S||F > 0||X1||r then
30: = 2
31: P = Puydecr,
32: end if
33: if || Xs||F > 9| S]|F then
34: Qo= priner
35: = 2
36: else if || S| F > V|| X2||r then
37: n= ﬁ;
38: Q = Qrdeer;
39: end if
> Stopping Criteria IV
40: el = /MN 2> 4 AP + uQB||p;
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41: for allt € {1,...,7} do
> Varying Penalty/Lagrange Parameters 11

42: if ||yl > p||ct||2 then
43: N = N
44: Ty = Jfﬁ;
45: else if ||c]|2 > pllytl]2 then
46: N = i
AT: r, = rode;
48: end if
> Stopping Criteria V
49: ol = M e 4+ & g, + 1V - 7 |2;

50: end for
51: end while
52: return U > Solution of (5.12)

5.2.2. Additional TV-Regularization on the Coefficient Matrices

Let us now consider TV-minimization on the coefficient vectors for every basis function.
As before we will develop an algorithm using ADMM. However, we will shorten this
subsection a little bit, since the derivation of the algorithm works analogously to the

derivations before.

We consider again the reformulation from Subsection 4.1.4, i.e.

. , M N N
m[}n 5 |AUB" — WHF +BZZU@' +VZ Vsl
i=1 j=1 j=1

N (5.26)
st Y uyp <o Vi oand w; >0 Vi, j,
j=1

where ¢ € {1,...,M} and j € {1,...,N}. Note that we have to include TV-
regularization in (5.26) for each basis vector j € {1,..., N} separately in order to
use total variation only on the coefficient matrices for every basis vector and not as well
on the additional dimension. Thus we include the sum over all TV-regularizations for
every basis vector.

In order to compute reasonably simple sub-steps, we split the problem three times.
However, we cannot split the way we have done it before, since that would leave us with
an optimality condition, in which the variable has an operator on both sides. Hence it
would not be easily possible to separate the variable from the operators. On account

of this we propose another splitting. Instead of splitting Z = UB? in the data fidelity
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term, we rather split Z = AU. This yields the following optimization problem:

o in SlzB7 - WHFWZZ% +72||gg||1 +J(D

=1 j5=1

s.t. D=U, Z =AU, g; =Vu; VjG{l,...,N},

where we use J as defined in (5.1). Then we have the Lagrange functional

£(v.0.2,G:P,Q.R) =5 HZBT w2 + ﬂzzdw +vz 1951,

=1 j=1

+J(D) +(P,U - D) +(qQ, AU - Z> (5.27)

the unscaled augmented Lagrangian

J (U,D,Z, G; ﬁj(}f{) == HZBT WHF + 522@; +’YZ lgsll, +J(D

i=1 j=1
+<P,U—D>+§HU—DHF

+ <(2,AU _ Z> n g AU — Z|%

N N
- 15 2
+ > (7, Vu; —g;) + Zgj Vs — gjll;
P =1

with Lagrange parameters A\, pu, n and dual variables ﬁ, @ and R and the scaled

augmented Lagrangian

LA»(U,D, Z,G: P,Q, R) ——HZBT WHF+BZZdw+72Hg]HI+J
i=1 j=1
A
+§HU—D+PHF+§HAU—Z+QHF

+

Mz

15 2
L 9u; — g5+ 15l
1

.
Il

with the scaled dual variables P :=

>’|’73

Q:%andrj. :fOI'eVGI'ij{L---vN}'
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We now obtain the algorithm as follows:

u?“ = argmin 5;;“7"1(%», DF, Zk,gf; Pk, Qk,rf) Vied{l,...

uj

DM = argmin LU, D, 2, GY PF,QF, R,
D

ZF = argmin LU, DM Z,GF P QR RY),
4

k+1 A (0 kL kL gkl pk Ak ok ,
g; Tt = argmin L3 (ui™, DY ZVT g5 PRLQ, 1) Vied{l,...

9;
Pk+1 _ Pk: o (Dk-‘rl o Uk+1) 7
Qk+1 _ Qk‘ . (Zk‘-l—l . Uk—l—lBT) ’

7‘?“ = r;-“ — (g;-“rl - Vu?“) Viedl,...

’N}7

N},

N}

We use the adaptive parameter choice from BOYD et al. (2010, Subsection 3.4.1) just like

in the previous section. For this purpose we start once more by stating the optimality

conditions.

Optimality Conditions

By deriving the partial derivatives of the Lagrange functional (5.27), we obtain the

following primal feasibility conditions:

0=0pL=U—D,
0=0oL =AU — 7,
OzarjEZVuj—gj VJG{l,,N}

In addition we obtain the dual feasibility conditions

0:8uj£:Apj+uAqu—njV-rj Vjie{l,...,N},
0 € OpL = Blyun +0J(D) — AP,
0=0,L=(ZB"—W)B - pnQ,

0 € 0y, L =70 || g;ll; — njr; Vje{l,...,N}.

In analogy to Section 5.1 and the previous subsection we obtain

(5.28)
(5.29)
(5.30)

)\(df _ d;?-i—l) + ,uAT(Z]k o Z]/?—I—I) o n]v (g;s’ _ gk+1) c )\pk-i-l + /LATQ;-H—I _ n]v T;H—l

J
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for all j € {1,..., N}, where the right hand side of this expression is the first dual
feasibility condition (5.31). Thus we obtain the dual residual

SiTi= A(dE — dETY) + pAT(2F = ) =V (gf —gf ) Ve {l,...,N} (5.35)

J J J

for (5.31). In addition P**! and D**! always satisfy (5.32). The same applies for Q1
and ZFt1 where (5.33) is also always satisfied. Furthermore, for all j € {1,..., N} we

sce that 5+ and gh*! always satisfy (5.34). Additionally we refer to
CHrl .= pktt _ pykt! (5.36)
Xkt .— Zhtl _ AUkt and (5.37)
Yyt = gttt — vt Vie{l,...,N} (5.38)

as the primal residuals at iteration k + 1.

With (5.28) - (5.34) we have seven optimality conditions, where we have seen that (5.32)
- (5.34) are always satisfied. The remaining four optimality conditions (5.28) - (5.31)
yield the primal residuals (5.36) - (5.38) and the dual residual (5.35), which converge
to zero as ADMM proceeds (cf. BOYD et al. 2010, Appendix A, p. 106 et seqq.).

Stopping Criteria

Once more we derive the stopping criteria in analogy to BOYD et al. (2010, Section
3.3.1).
The primal and dual residuals can again be related to a bound on the objective

suboptimality of the current point x*. By estimating ||[U* — U*||r < v we obtain
1 , M N N
S 1287 =Wl 832 dy+7 llggll, + (D) = 7
i=1 j=1 j=1

N N
< IPHIENCH e + QM IR IXH e+ D 1], [wFll, +v D syl -

j=1 j=1

Hence we have to limit the primal and dual residuals again, i.e.

ICHIp <&, IXFlr <&, gl <" Vi, lsila<ef™ Vi,
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with positive tolerances eP*', &P, ijri and egual for the feasibility conditions (5.28) -

(5.31), respectively. Once more we choose these tolerances as

e = VMN & + e max {|U*||p, | D¥||p,0} |
P = /LN &2 4 & max {”AUkHF, ||Zk||F70} ;
= VM £ + e max {[|Vul 2, ||gF]]2, 0} vjie{l,....N},
e = VM e+ N+ p AT — Vel Vi e{L.. N},

J

where €™ = 1072 or 107 is a relative tolerance and the absolute tolerance *”* depends

on the scale of the typical variable values.

Adaptive Parameter Choice

The adaptive parameter choice from BOYD et al. (2010, Section 3.4.1) reads as follows:

W NF - Sf | CF|| e > 6| SF| e, w]i,_:m if |C*||r > 6]|S*||F,
N = 88K > 8 CH [, amd PET = phuer i 18K > 6]|CH
\F otherwise, P* otherwise,
Pk S| XF] e > 9] SF | g e X e > 9S4,
P = ]S e > DX, and QT = Qbrtr it [ 5¥] 1 > 0¥
uk, otherwise, Qr, otherwise,
o, it gl > pllstl, il > pllsle
M = sl > pllyf e, and T = S phgteer Ik, > plyf o,
77;? ) otherwise, r;? ; otherwise,

for all j € {1,..., N}, where §, ¥, p > 1 and w, 7, 0 > 1 holds. Typical choices are
0, v, p=10and w, 7, 0 = 2.
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Solving the ¢1>-¢*1-TV-Regularized Problem Including TV on the Coefficient Matrices

Let us now state the complete algorithm for the solution of problem (5.26).

Algorithm 3 (1>°-¢4H1-TV(U)-regularized problem via ADMM with triple splitting

1: Parameters: v >0, 3>0, v >0, Ac RM B c RN W ¢ REXT,
5,0, p>1, w,r,0>1, e =10"% or 1074, 2P > 0
2: Initialization: U, D, Z,G,P,Q,R,S,C,X,Y =0, P =/ MN &,
fpri — \/mgabs’ C]Pri — \/Mgabs’ gzjual _ \/Mgabs

3: while [|C[|p > e” & [|X|[|p > & & [ly;lla > V5 & lsjlla > ™V j do
4: Deld = D;

ot Zod — A

6 G = @G;

7 for allj€{1,...,N} do

> Solve Subproblems I
-1
wj = (M + pATA = A) (N (dj = py) + pAT (2 — q5) =3V - (g5 — 15));
9: if 7; # 0 then

*

10: g; = sign (Vu; + r;) max <|Vuj + ;| — nlj, O)
11: end if
> Update Primal Residual I
12: Yj = g5 — VUj;
> Lagrange Updates [
13: r; =r; — (g; — Vu;);
_ > Stopping Criteria I
14 G = VM £ + e max {[[ V|2, llgjll2, 0};
15: end for
> Solve Subproblems II
) M N N
16: D =argmin 4 |D — U+ Pl + 8> > dij s.t. Y dij <v; > see Appendix A
DeG i=1j=1 j=1

17 Z=(WB+pu(AU +Q)) (B"B + ul) ™ ;
> Update Primal Residuals II
18: C=D-U;
19: X =7—- AU,
> Lagrange Updates 11
20: P=P
21: Q=Q—(Z—-AU);
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22:
23:

24:
25:

26:

27:
28:
29:
30:
31:
32:
33:
34:

35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:
47:
48:
49:
50:

> Stopping Criteria II

ePl = VM N 2 + e*'max {||U||r, || D||r, 0};
& = /LN & + g max {||AU||r, || Z]|r, 0};

for all j€{1,...,N} do

> Update Dual Residual

sj = A(d§ —d;) + pAT (5 = 25) =V (g5 — g5):

> Stopping Criteria I1I

6;1ual _ \/M 6abs + erelH)\pj + MATQj o n]V Tj||2;

if [[y;ll2 > pl|s;ll2 then

IHCF

N = 773 )
T = m%
else 1f lsll2 > plly;j|l2 then
nj = %,
rj — rjadecr;
end if
end for

if |C|r > 0S| r then
)\ )\wincr

P = 1ncr7
else if HS| r > 0||C||r then
)‘ - wdecr?
P = Pwdecr;
end if
l,[/ 'L[/TIHCI‘
Q=
else if ||S||F > || X||r then
H = dicr)
Q Q,]_decr;
end if
end while
return U

> Varying Penalty/Lagrange Parameters I

> Varying Penalty/Lagrange Parameters 11

> Solution of (5.26)
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COMPUTATIONAL EXPERIMENTS

In the last chapters we have analyzed (1*°-regularized variational models and its
reformulations. Moreover, we have deduced different algorithms for the computation of
a solution for the ¢**°-regularized minimization problem.

In this chapter we propose dynamic positron emission tomography for the visualization
of myocardial perfusion as a possible application. To incorporate knowledge about this
application, we include kinetic modeling in order to model the blood flow and tracer
exchange in the heart muscle. After an introduction to the corresponding medical and
mathematical background, we show some results for synthetic examples and discuss the
quality of our approach. Afterwards, we present some results using total variation as
proposed before in Sections 4.3 and 5.2. We distinguish between applying total variation

to the image in every time step and to the coefficient matrices for every basis vector.

6.1. Application to Dynamic Positron Emission Tomography

Coronary heart disease (CHD), also known as atherosclerosis, is the most common form
of heart disease. It often leads to heart attacks, which are life-threatening and in many
cases deathly. In 2012 most cases of death in the world resulted from CHD, cf. for
instance FINEGOLD et al. (2013). It was even the major cause of hospital admissions.
The slow buildup of plaque (cf. Figure 6.1) along the inner walls of the arteries of the
heart is usually overlooked in the initial stage, since the perceivable symptoms arise not
until an advanced state of the disease is reached. Many people with CHD do not exhibit
symptoms for a long time. As the disease progresses, often a sudden heart attack arises
and the patient is caught by surprise. Thus it is challenging to medicate the patient in

time.
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Coronary artery { ' Heallhy
(supplies bload ~— 4 heart
and oxygen o muscle
heart mLescle) %\ Blood clot

\ biocks

Heart muscle Dead heart muscle

(a) The buildup of plaque limits the flow of (b) Heart with a blocked artery, which caused
oxygen-rich blood through the artery. a heart attack. We see the resulting muscle
damage.

Figure 6.1.: U. S. NATIONAL HEART, LUNG AND BLOOD INSTITUTE (2012)

In order to make a diagnosis and administer the right therapy, the medical doctors
need to know how well the cardiac muscle is perfused and where exactly the problems
are located. Thus it is necessary to visualize the perfusion of the cardiac muscle and
to locate damaged areas after a heart attack. Apart from this, it would be a great
advantage to find problematic arteries, to even prevent an infarction.

One way to visualize the myocardial perfusion is dynamic positron emission tomography.
Positron Emission Tomography (PET) is an imaging technique used in nuclear medicine
that visualizes the distribution of a radioactive tracer, which was applied to the patient,
see for instance BAILEY et al. (2005) and VARDI et al. (1985). Compared to computer
tomography (CT), PET has the advantage of being a functional rather than a mor-
phological imaging technique. Figure 6.2 demonstrates a schema of the reconstruction

process of PET.

Image Reconstruction

Figure 6.2.: Schema showing the different processing steps of PET by LANGNER
(2003)
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By using radioactive water (H3°0) as a tracer, it is possible to visualize blood flow.
H1°0 has the advantage of being highly diffusible and the radiation exposure is low.
Even dynamic images are possible. On the other hand the reconstructed images have
poor quality due to the short radioactive half-life of H}°O.

Now let us consider the inverse problem of dynamic PET), i.e.
AZ =W | (6.1)

where the operator A linking the dynamic image Z with the measured data W is usually
the Radon operator, but could also be another operator depending on the application.
Using kinetic modeling (cf. WERNICK AND AARSVOLD 2004, Chapter 23, p. 499 et
seqq.) we are able to describe the unknown image Z as the tracer concentration in the

tissue C'r, i.e.
t
Cr(z,t) = F(x) /C’A(T)e_F(;)(t_T) dr, (6.2)
0

where Cy(7) is the arterial tracer concentration, also called input curve, F'(x) refers
to the perfusion and A is the ratio between the tracer concentration in tissue and the

venous tracer concentration resulting from Fick’s principle.

Capillary Microcirculation

Blood flow
Hydrostatic Tissue C’T
pressure

smotic pressure B
Osmotic p CA _;&> CV

Interstitial
fluid

Capillary

Venous end

(a) Capillary microcirculation, U. S. Na- (b) Mlustration of kinetic modeling
TIONAL CANCER INSTITUTE (2006)

Figure 6.3.: Capillary microcirculation and kinetic modeling

Kinetic modelling describes the tracer exchange with the tissue in the capillaries. The
tracer is injected and flows from the arteries with concentration Cy to the veins with
concentration Cy. While passing the capillaries between arteries and veins, a part of it
moves across the vascular wall with flux Jp into the tissue, cf. Figure 6.3.

F(x)

Expression (6.2) is an integral equation including the exponential factor e~ =7,
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which depends on both input arguments, i.e. time ¢ and space x. This expression is

highly nonlinear and thus not easy to handle, especially in combination with inverse
F(x)

PN
provide a big pool of given perfusion values for this expression. Subsequently, we can

problems. Due to the fact that we have prior knowledge about we are able to

consider a linearization, i.e.

t

B(u,Cy) = Zuj(x) / Ca(r)e b qr | (6.3)

0

b; (1)

in which l~)j are the prior known perfusion values and the integral is now independent of
space. Expression (6.3) is reasonable if there is at most one u; # 0 for j € {1, ..., N},
i.e. the coefficient u; corresponding to the correct perfusion value Bj. In order to
further simplify the work with this operator, we assume that the input curve Cj, is
predetermined.

Hereby we obtain the linear kinetic modeling operator

B(u) = Zuj(f)bj(t) : (6.4)

which we use to describe the unknown image Z. The advantage of (6.4) over (6.2)
is that we are able to compute the basis functions b;(¢) in advance and thus we can
provide many of those for the reconstruction process. Note that there exists another
deduction of (6.4) by READER (2007).

By considering a discretization of (6.4), we obtain

N
UBT = Zuijbkj s (65)
j=1

where i denotes the pixel and £ the time step. After discretizing A as well, we can
insert (6.5) for the image Z in (6.1) and obtain

AUBT =W . (6.6)

Hence (4.8) can be used for the reconstruction of the discretized coefficients u;;.
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6.2. Results for Synthetic Examples

In this section we present some numerical results. We are going to work on synthetic
data to investigate the effectiveness of our approach. In order to do so, we use a
simple 3D matrix U containing the exact coefficients as ground truth, i.e. two spatial

dimensions and one extra dimension referring to the number of basis vectors.

1. basis 2. basis 3. basis 4. basis
50 0.6 50 0.6 50 0.6 50 0.6
100 0.4 100 0.4 100 0.4 100 0.4
150 0.2 150 0.2 150 0.2 150 0.2
200 100 200 0 200 100 200 0 200 100 200 0 200 100 200 0

5. basis 6. basis 7. basis 8. basis

0.6 50 0.6 50 0.6 50 0.6

0.4 100 0.4 100 0.4 100 0.4

0.2 150 0.2 150 0.2 150 0.2
100 200 0 200

Figure 6.4.: Ground truth (7 € R200x200x8 with 200% pixels and 8 basis vectors

Defining two regions, where the coefficients are nonzero for only one basis vector,
yields the fact that the corresponding coefficients for most of the basis vectors are zero.
Obviously our ground truth fulfills the prior knowledge, which we would like to promote
in the reconstruction, i.e. there is only one coefficient per pixel, which is unequal to zero.
In Figure 6.4 we see that the exact coefficients for the most basis vectors are zero. Only

some coefficients corresponding to the second and seventh basis vectors are nonzero.

Input Curve CA( t) and Kinetic Modeling Basis Functions b"( t)

kBq / ml (normalized)

— — —Input Curve CA

1 1 1 1 1 1
50 100 150 200 250 300
Time in seconds

Figure 6.5.: Discretized kinetic modeling basis functions B plotted on a fine grid
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In order to obtain the artificial data W € RX*T  we have to apply the matrices
A € RM and BT € RV*T to the ground truth U e RMXN_ Ag an example for B
we use kinetic modeling basis vectors as they are used in dynamic positron emission
tomography (cf. Section 6.1 and WERNICK AND AARSVOLD (2004, Chapter 23)), which
are basically exponential functions with different parameters, cf. also Appendix C. In
Figure 6.5 we see that those basis vectors are very similar, i.e. they are very coherent.

For the verification of our model, we use as matrix A a simple 2D convolution in space.

2. basis 6. basis 7. basis

1 1

50 ’ 50 ’ 50

100 " 100 " 100
. 0.4

150 0.2 150 0.2 150

200 0 200 0 200

50 100 150 200 50 100 150 200 50 100 150 200

Figure 6.6.: 2nd, 6th and 7th reconstructed coefficient matrices using v = 0.01 and
g =0.1

By using Algorithm 1 on the so computed data W and including a strong ¢%°°-
regularization, i.e. ¥ = 0.01, we obtain a very good reconstruction of the support.

Figure 6.6 only shows the coefficient matrices to those basis vectors, which include
reconstructed nonzero coefficients. For the sake of simplicity, we do not show the other
reconstructed coefficient matrices, which are completely zero. Obviously we obtain
a very good reconstruction of the support. Only a few coefficients, which actually
correspond to the seventh basis vector, are reconstructed wrongly and show up in the
sixth basis vector. This is due to the coherence of the basis vectors, i.e. the sixth and

the seventh basis vector are very similar, compare for instance Figure 6.5.

2. basis 6. basis 7. basis

50 50 50

100 100 100

150 150 0.2 150

200 0 200 0 200
50 100 150 200 50 100 150 200 50 100 150 200

Figure 6.7.: 2nd, 6th and 7th reconstructed coefficient matrix using © = 0.01 and
£ = 0.1 including a second run only on the previously computed support; the other
coefficient matrices are completely zero

However, we observe that in Figure 6.6 every value larger than v is projected down to v

and we make a systematic error. This is due to the inequality constraint in problem
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(4.16) and because of the fact that we chose ¥ smaller than the maximal value of the
exact data U (compare for instance Subsection 4.1.4 and especially Theorem 4.7). Thus
we are not really close to the exact data. In order to overcome this problem, we first
reconstruct the support including the ¢4 and ¢*!-regularization and then perform a
second run without regularization only on the known support to reduce the distance to
the exact data.

In Figure 6.7 we see that this approach leads to very good results. We additionally
reconstructed an example including some Gaussian noise. In Figure 6.8 we observe that
the algorithm performs quite nicely, especially if we chose v lower than before. For
the example in Figure 6.8 we used © = 107°, which led to the best results. However,
choosing © = 1073 already yields very similar results and needs less iterations, cf. Table

6.2.

1. basis 2. basis 3. basis 4. basis

08 5 . . 0.8

06 . . 0.6

0.4 . . 0.4

0.2 150 . . 0.2

0 200 0
100 200 100 200 100 200

5. basis 6. basis 7. basis 8. basis

50 08 5 08 5 08 g 0.8
0.6 0.6 0.6 0.6
100 100 100 100
0.4 0.4 0.4 0.4
150 0.0 150 0.2 150 0.2 150 0.2
200 0 200 0 200 0 200 0
100 200 100 200 100 200 100 200

Figure 6.8.: Reconstruction using © = 107° and 3 = 0.1 including Gaussian noise with
standard deviation ¢ = 0.01

100 200

Let us now evaluate Algorithm 1 with respect to the quality of the reconstructed support.
In order to do so, we compare the reconstructed support after the first run (including
both regularizations) with the support of our ground truth and state how much percent
of the true support is reconstructed wrongly depending on the ¢Y*°-regularization
parameter v. We also include the distance of the wrongly picked basis vector in each
pixel, for instance if the support of the ground truth picks basis vector number 7 and
the reconstructed support picks basis vector number 5 instead, we double the influence
of the error in this pixel if the reconstructed support picks basis vector number 4 instead
of the correct number 7 we triple it and so on.

In Table 6.1 we see the evaluation of Algorithm 1 applied to the noiseless data W.
When o becomes smaller than 0.01 we observe that there is no further improvement.
As we have seen in Figure 6.6 the boundary of the region is reconstructed wrongly and

the algorithm selects the sixth instead of the seventh basis vector. However, the prior



134 6 Computational Experiments

Percentage of | Number of

v wrong pixel | iterations
1071 0.6722 % 261
1072 0.1772 % 349
1073 0.1772 % 430
10~ 0.1772 % 511
107° 0.1772 % 591
1076 0.1772 % 662
1077 0.1772 % 671

Table 6.1.: Evaluation of Algorithm 1 with 5 = 0.1

knowledge is already fulfilled, i.e. in every pixel there is only one basis vector active.

This is the reason why there are still 0.1772% wrong pixel and we do not obtain further

improvement.

Percentage of | Number of
v wrong pixel | iterations

1071 | 3.7016 % 261

1072 0.2591 % 349

1073 0.1956 % 430

1074 0.1913 % 511

107° 0.1909 % 591

10-¢ 0.1925 % 662

1077 0.1928 % 671

Table 6.2.: Evaluation of Algorithm 1 with § = 0.1 including Gaussian noise with
standard deviation ¢ = 0.01

Percentage of | Number of

v wrong pixel | iterations
1071 | 6.4450 % 260
1072 1.4628 % 349
1073 1.0153 % 430
1074 1.0078 % 511
107° 1.0172 % 591
10-¢ 0.9694 % 662
1077 | 0.9834 % 671

Table 6.3.: Evaluation of Algorithm 1 with § = 0.1 including Gaussian noise with
standard deviation ¢ = 0.05

In Table 6.2 and 6.3 we see the error measures for the same values of v as in Table
6.1. But this time we included Gaussian noise on the data W with standard deviation
0.01 and 0.05, respectively. At first the error drops quickly. However, when o becomes
smaller, the error stagnates in a certain range similar to the noise free case.

In order to smartly choose v, we have to find a good tradeoff between a small error and

a small number of iterations. Choosing v € [107*,...,1073] seems to be a good choice.
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6.3. Reconstruction Including Total Variation

In this section we include total variation into the reconstruction process. Using an
additional total variation regularization should improve the results. However, it also
complicates the process, since it becomes quite difficult to choose the right combination
of regularization parameters. Furthermore, the algorithms become a bit slower than
without using total variation, since the new methods are more complex than our first
approach.

In order to validate Algorithms 2 and 3 we consider problems (5.12) and (5.26). For
the reconstruction we use the same data W € RE*7T as in the previous Section 6.2.
Moreover, we use the same discretized operators, i.e. A € R¥*M ig a 2D-convolution in
space for every basis vector and B € RT*¥ is the discretized kinetic modeling operator
as deduced in Section 6.1.

For both algorithms deduced in Section 5.2, we first of all want to obtain an overview,
in which order of magnitude we should seek for a good combination of regularization
parameters. Afterwards, we refine our search, in order to obtain the parameter combi-
nation, which yields the lowest percentage of wrongly reconstructed coefficients. Once
more we use the same error measure as proposed before in Section 6.2, i.e. we compute
the percentage of wrongly reconstructed pixels of the support in consideration of the

distance of the wrongly picked basis vector to the true coefficient.

6.3.1. Additional Total Variation on the Image

Let us first discuss the results of Algorithm 2 for problem (5.12). In order to obtain
an overview of the regularization parameters and in which combination and order of
magnitude they should be chosen, we display the percentage of wrongly reconstructed
coefficients for different regularization parameters in Table 6.4. The highlighted cells
show the lowest and thus most interesting results. They indicate in which range of

parameters we should search for the optimal parameter combination.

o 1073 10~ 107° 1076
1072 | 4.8025 % | 0.6203 % | 0.2116 % | 0.1772 %
1073 | 6.6056 % | 0.3378 % | 0.1825 % | 0.1772 %
1074 12,9175 % | 1.2641 % | 0.1825 % | 0.1772 %
107° | 1.8956 % | 7.9172 % | 0.2266 % | 0.2119 %

Table 6.4.: Rough overview about the wrongly reconstructed coefficients for different
regularization parameters v and ~. The highlighted cells indicate the smallest errors in
this table.

Let us now present some examples for differently strong TV-regularizations.
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1. basis 2. basis 3. basis 4. basis

1

0.5 100 0.5
150

100 200 100 200 0 200 100 200 100 200 0

5. basis 6. basis 7. basis 8. basis 1
0.5 100 0.5 100 0.5 100 0.5

150 150 150
100 100 200 0

(a) Reconstructed support with too large TV-regularization; o = 1073 and v = 1073
1. basis 2. basis 3. basis 4. basis

]
50

100 0.5 100 0.5 100 0.5 100 05
150 150 150 150

200 0 200 0

100 200 100 200 100 100
5. basis 6. basis 7. basis 8. basis

1
50

100 0.5 100 0.5 100 0.5 100 0.5
150 150 150 150

200 0 200 0 200 100 200 0

100

(b) Reconstructed support with too low TV-regularization; o = 1073 and v = 1076

1. basis 2. basis 3. basis 4, basis

1
50
100 0.5 100 0.5 100 0.5
150 150 150
200 100 100 100 100 0
5. basis 6. basis 7. basis 8. basis

1
50
100 0.5 100 0.5 100 0.5 100 0.5
150 150 150 150
200 0

100 100 200

(c) Reconstructed support with medium TV-regularization; & = 1072 and v = 5 x 1074

Figure 6.9.: Examples of differently strong influences of the total variation
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Obviously the results for v = 1073 are not satisfying at all, cf. Subfigure 6.9(a). In this
cases the total variation regularization is too strong and most of the nonzero values
appear in the coefficient matrices for the former basis vectors. The latter coefficient
matrices are completely zero. By choosing v = 107¢, cf. Subfigure 6.9(b), we indeed
obtain the same percentage of wrongly reconstructed coefficients as without using total
variation. However, in this case the TV-regularization has no influence at all on the
reconstruction. We especially see this in the reconstructed coefficients for the sixth basis
vector. They still do not differ from those obtained without using TV-regularization.
Choosing 7 in between those values, i.e. v =5 x 107%, neither yields satisfying results,
cf. Subfigure 6.9(c). It rather deteriorates them by completely ignoring the nonzero
values of the coefficient matrices for the 7th basis vector. Instead those nonzero values
predominantly appear in the coefficient matrix for the 5th basis vector, which should
actually be zero.

Nevertheless, let us analyze some results for o = 1072 for different values of ~, since
this seems to be the most promising choice for the ¢*-regularization, cf. Table 6.4.
We observe in Figure 6.10 that the error of the support descends as v becomes smaller.
This indicates that we will indeed obtain the smallest error by choosing v so small that
the total variation regularization has no influence on the reconstruction. The same

happens if we choose © even smaller than that.

Error for v =0.001 Error for v = 0.001
T T T T T T T T T T

r

N R > »
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I
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Percentage of wrongly reconstructed pixel of the support
- (5]
T

Percentage of wrongly reconstructed pixel of the support
o -
o o

o
»

| . . | | | . . . | | . | .
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
TV-regularization parameter y x10° TV-regularization parameter y x 107

(a) ®=10"3 and v € [1,9] x 1075 (b) ©=10"3 and v € [1,9] x 10~*

Figure 6.10.: Wrongly reconstructed coefficients of the support in percent for v in the
order of magnitude 1072 and ~ in the order of magnitude 10~ and 10~°

In our attempt to find the reason for this behaviour, we observed that the conjugate
gradient method, which we use in every substep to solve a system of linear equations, for
some reason does not converge to a desired tolerance. Moreover, the deduced stopping
criteria do not abort the algorithm. However, even if we manually abort the algorithm

earlier, the results are worse than our results from Section 6.2.
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In conclusion, we have to observe that including an additional total variation regular-
ization on the image in every time step yields worse results than without using total
variation. Furthermore, having to choose two regularization parameters complicates
the process and we receive the impression that in this case both regularizations conflict

each other.

6.3.2. Additional Total Variation on the Coefficient Matrices

Let us now evaluate Algorithm 3 for problem (5.26). In Table 6.5 we compare the results
for regularization parameters in different orders of magnitude. The highlighted cells

display the lowest percentage of wrongly reconstructed coefficients within this table.

0 TI1x1073 | 5x107* | 1x107* | 5x107° | 1x107°
1x1072 | 11.7078 % | 0.0247 % | 0.0025 % 0% | 0.4594 %
5x 1073 | 9.2963 % | 0.0253 % | 0.0025 % 0% | 0.0075 %
1 x 1073 | 10.0231 % | 10.0231 % | 8.7916 % | 0.9866 % | 0.0075 %

Table 6.5.: Rough overview about the error for different regularization parameters v
and . The highlighted cells indicate the smallest errors in this table.

The best result without including total variation into our method was 0.1772 % of wrongly
reconstructed coefficients. We observe that there are several parameter combinations in
Table 6.5, which yield better results than the best results from our first attempt without
using total variation, cf. Section 6.2. There even exist two parameter combinations,
for which the coefficients are reconstructed exactly, i.e. ¥ =5 x 107° in combination
with © = 1072 and © = 5 x 1073, cf. the highlighted cells in Table 6.5. In Figure
6.11 we present the result for o = 5 x 1072 and v = 5 x 10~°, which was computed in
less iterations than the other exactly reconstructed result, i.e. 314. We show only the

coefficient matrices to those basis vectors, which contain nonzero coefficients.

7. basis

7. basis 2. basis

1
08 08
06 0.6
0.4 0.4
02 0.2
0 0 200

100 150 200 100 150 200 50

2. basis

1

0.8

0.6

0.4

0.2

0 200

50 100 150 200 50

o

100 150 200

) Reconstructed support (b) Reconstruction on the previously computed

support

Figure 6.11.: 2nd and 7th coefficient matrices of the reconstructed support with
7 =5x107% and v = 5 x 107° and the result, which was computed on it. The coefficient
matrices to every other basis vector are completely zero.
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Motivated by these superior results, we tested the algorithm with noisy data as well.
Similarly to Section 6.2 we included additive Gaussian noise on the data W with
standard deviation ¢ = 0.01 and o = 0.05.

In Table 6.6(a) we see the results for o = 0.01, where ¢ and v are chosen in different
orders of magnitude. Even in the presence of low Gaussian noise our algorithm recon-
structs the support exactly. In contrast to Algorithm 1, which does not involve total
variation, it is not even necessary to change the regularization parameters.

In case that we have o = 0.05, Table 6.6(b) shows that we are not anymore able to
reconstruct the support exactly. Nevertheless, the best result is still much better than
the best result we could obtain by using Algorithm 1, which reconstructed at best
0.9694 % of the coefficients falsely for ¢ = 0.05. By using Algorithm 3, however, we
obtain an almost exact reconstruction of the support, i.e. only 0.01 % of the coefficients

are reconstructed wrongly.

(a) Standard deviation o = 0.01

0 TYI1x103 | 5x107*| 1x10* | 5x107° | 1x107°
1x 1072 | 0.7403 % | 0.0247 % | 0.0025 % 0% | 0.39%
5x 1073 | 9.3662 % | 0.0247 % | 0.0025 % 0% | 0.2616 %
1 x 1072 | 10.0244 % | 10.0231 % | 8.3759 % | 0.1225 % | 0.0075 %
(b) Standard deviation o = 0.05
y TI1x103 | 5x107*| 1x107* | 5x107° | 1x107°
1x1072 | 0.8188 % | 0.0547 % | 0.0172 % |  0.01 % | 2.4431 %
5x 1073 | 10.4631 % | 0.1119 % | 0.0344 % | 0.0131 % | 0.4834 %
1x1073 | 85144 % | 10.0231 % | 2.4806 % | 1.0144 % | 0.1850 %

Table 6.6.: Rough overview about the error for different regularization parameters v
and ~ for noisy data. The highlighted cells indicate the smallest errors in these tables.

For standard deviation ¢ = 0.01 we see in Subfigure 6.12(a) the nonzero coefficient
matrices of the reconstruction computed on the previously recovered support for o = 0.01
and v = 5 x 107°. This result was reconstructed in 392 iterations. We observe that
the algorithm needed slightly more iterations for o = 0.01 than in the noise-free case.
Subfigure 6.12(b) shows the reconstruction on the previously computed support for
© = 0.01 and v = 5 x 107°. This time the data was corrupted by Gaussian noise with
standard deviation o = 0.05. We observe that the support is still reconstructed almost
exactly. For the recovery of the support the algorithm needed the same number of

iterations as before, i.e. 392.
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Note that, unless stated otherwise, all the figures of the reconstructions in this subsection
involve also the second run, which solves the nonnegative least squares problem only on

the previously computed support.

2. basis 7. basis

0.8 .
50
0.6 .
100
0.4 .
0.2 150 .
0 200
50 100 150 200 50 100 150 200

(a) Reconstruction including Gaussian noise with standard deviation
o =0.01

50

100

150

200

2. basis 7. basis

50 50
100 06 100
150 150
200 50 100 150 200 200 50 100 150 200

(b) Reconstruction including Gaussian noise with standard deviation
o =0.05

Figure 6.12.: 2nd and 7th reconstructed coefficient matrices, which were reconstructed
on the previously recovered support including Gaussian noise. In both cases we used
o =10"%2 and v = 5 x 107°. The coefficient matrices to every other basis vector are
completely zero.

Since the reconstruction of the support is still almost perfect, we challenge the algorithm
even more and add Gaussian noise with higher standard deviation, i.e. ¢ = 0.1 and
o = 0.2, to the data. For the first case we see in Table 6.7(a) the percentage of
wrongly reconstructed coefficients. The best result still contains only 0.0891% of falsely
reconstructed coefficients, which is less than without using total variation and even
without including noise in Algorithm 1.

Table 6.7(b) on the other hand shows the percentage of wrongly recovered coefficients
for the reconstructions based on noisy data with standard deviation ¢ = 0.2. This
time the result is to a greater extent corrupted by the noise. The best result now
contains 0.5456% of wrongly reconstructed coefficients. Moreover, we had to increase

the influence of the total variation regularization to obtain a reasonable good result.
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(a) Standard deviation o = 0.1

v T1x1073 5x 1074 | 1x1074 | 5x107° | 1x107°
1x107% | 1.0006 % | 0.1681 % | 0.0891 % | 0.1138 % | 8.6659 %
5x 107 | 16.2275 % | 0.6063 % | 0.1691 % | 0.1519 % | 7.8075 %
1x 1073 | 9.2931 % | 10.0181 % | 2.5769 % | 1.3253 % | 2.8644 %
(b) Standard deviation o = 0.2
v Tl1x107? | 5x107* | 1x107* | 5x107° 1x107°
1x1072 | 1.3691 % | 0.5456 % | 3.7209 % | 6.9472 % | 10.3841 %
5x 1073 | 13.5228 % | 5.1825 % | 5.4438 % | 6.1172 % | 10.0744 %
1 x 1073 | 10.0144 % | 8.7988 % | 6.8419 % | 5.7063 % | 8.2309 %

Table 6.7.: Rough overview about the error for different regularization parameters v
and v for noisy data with higher standard deviation. The highlighted cells indicate the
smallest errors in these tables.

For Gaussian noise with a standard deviation of 0 = 0.1 we see the result in Subfigure
6.13(a).

Gaussian noise with standard deviation o = 0.2. In both cases the coefficient matrices

On the other hand, Subfigure 6.13(b) shows the reconstruction involving

corresponding to those basis vectors, which should be completely zero, are truly zero
and thus are not included in the figures. Hence we notice that the support is indeed
recovered very well for these two examples.

However, in case we include Gaussian noise with standard deviation ¢ = 0.2, we can
directly observe that the edges of the nonzero regions are not recovered correctly. We
are able to observe the same behaviour for 0 = 0.1 and o = 0.05, although not to this
extent. In some cases the falsely recovered coefficients, which should be in the coefficient
matrix corresponding to the second basis vector, can be found in the coefficient matrix,
which belongs to the seventh basis vector, and vice versa. This indicates that the total
variation regularization has indeed the desired effect. It keeps the nonzero regions
connected and prevents that due to the noise the nonzero coefficients get fragmented
over all the other basis vectors. In other cases, however, the falsely recovered coefficients
get split up between the second and the seventh basis vector and thus the corresponding
pixel consists of a sum of those two weighted basis vectors. For these reasons, the
percentage of wrongly reconstructed coefficients can be bigger than zero, even though

every coefficient matrix, which should be zero, is indeed completely zero.
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2. basis 7. basis
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(a) Standard deviation o = 0.1, regularization parameters o = 10~2 and
— 1074
")/ =
2. basis 7. basis
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200 £ L) 200 0

50 100 150 200 50 100 150 200

(b) Standard deviation o = 0.2, regularization parameters & = 10~2 and
y=5x10"%

Figure 6.13.: 2nd and 7th reconstructed coefficient matrices, which were reconstructed
on the previously recovered support including Gaussian noise. The coefficient matrices
to every other basis vector are completely zero.

Note that in all the results there is no further regularization included in the second run
except for the previously computed support. Therefore, the nonzero regions are indeed
very noisy. This might be improved by including another regularization in the second
run. These considerations, however, are not realized in this thesis and left open for
future work.

In summary, Algorithm 1 already computes very satisfactory results, however, the

(1 >-regularization with an additional

reconstructions improve a lot when we combine the
total variation regularization on the coefficient matrices for every basis vector. Even
in the presence of additive Gaussian noise Algorithm 3 performs very well. Thus we
conclude that total variation regularization makes the ¢*°-problem more robust to

noise.
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ASYMPTOTICS OF SPATIAL SPARSITY

PRIORS

In the previous chapters we have seen that sparsity regularization in inverse problems
is an important and versatile tool and can even be extended to realize more advanced
a-priori information such as local sparsity or joint sparsity. In this chapter we analyze
the limits of such discrete approaches to develop a suitable asymptotic theory. First
we motivate and introduce this new approach. In the subsequent section we consider
spatial sparsity priors under I'-convergence, which we divide into the convex case, i.e.
(P-regularization for p > 1, and the special nonconvex case, where p = 0 holds. Moreover,

we consider the asymptotics of mixed ¢?-norms.

7.1. Introduction

Regularization functionals, which promote sparse solutions, are usually finite-dimensional.
However, in many applications an infinite-dimensional modeling especially in the pre-
image space seems to be more reasonable. Nevertheless, due to computational rather
than application-related reasons, spatial sparsity is usually imposed on some spatial grid.
Therefore, the establishment of an appropriate asymptotic theory behind these discrete
approaches is of particular importance. An underlying asymptotic theory moreover
permits an analysis independent of discretization and thus yields robustness.

This chapter is devoted to the asymptotics of regularization methods applicable for
instance to spatial sparsity regularization. We are interested in recovering continuum

limits such as total variation regularization or recent approaches in the space of Radon
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measures, cf. for instance SCHERZER AND WALCH (2009), BREDIES AND PIKKARAINEN
(2013) and DUVAL AND PEYRE (2013). Thereby, we will also obtain continuum limits,
which were not understood up to now. In order to study the asymptotics of regulariza-
tion functionals, we utilize ['-convergence, which is a useful and reasonable framework
for this purpose.

We investigate the standard variational regularization of a linear inverse problem
Kp=w, (7.1)

where the operator K : U/ — H maps a Banach space U into a Hilbert space H.
Here w is the noisy version of the exact data w = ICji. Forthermore, we consider the

Tikhonov-type regularization
i 3 i — wllf + aR(n)
min — —w o
wed 2 a H H
and its noise-free counterpart

min R(w) s. t. Kp=w.
Since I'-convergence is stable under continuous perturbations (cf. Subsection 2.1.2)
and the data fidelity terms are usually continuous, it is sufficient to only consider the
asymptotics of the regularization functional R in order to asymptotically analyze such
variational problems regarding their discretizations. Thus we consider a sequence of
regularization functionals RY, which may also take the value 400, I'-converging to its
limit R. By this means, we attempt to understand both, the basic convergence and

finer properties of the regularized solutions as N tends to infinity.

7.2. Spatial Sparsity under I'-Convergence

Let us now consider I'-limits of functionals that promote spatial sparsity. In order to
do so, we consider a set  C R?, which shall be partitioned into a union of N disjoint

subsets, i.e.

N
Q:UQﬁV.
j=1
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Before going into the details, we want to agree on some notations. By ]Qév | we denote

the volume of an element in the partition. Moreover,

hy = max diam(QﬁV)
je{1,...,N}
denotes the diameter, which tends to zero as N goes to infinity.
Usually spatial sparsity is applied to a vector u” € R, which is, however, not suitable
for examining the asymptotic behaviour of regularization functionals. Due to this
reason, we identify a vector u”V € RY with a finite Radon measure ¥ € M(). For
this purpose, u has to be absolutely continuous with respect to the Lebesgue measure
A, i.e. every Borel set A € B(2) with A\(A) = 0 is supposed to be p¥-null. Furthermore,

1N has the density function

N

N __ N

PN = uixan
Jj=1

Remark 7.1.

We can easily see that

J

N
AN =S u N and @) = i)
j=1
holds, since we have

N N N
MN(Q):/de)\:/Zuj\’Xde)\:Zufl/d/\:Zuj.vmﬂ.
j=1 j=1 j=1

In (7.1) we now use U = M(2) and hence consider the operator £ : M(Q2) — H,
which shall satisfy K = A* as it was done by BREDIES AND PIKKARAINEN (2013). Here
A:H — Cp(Q) is a compact operator and thus K is compact from the weak-*topology
to the strong topology of H, cf. also Subsection 2.4.3. Therefore, we redefine all

functionals on the subset
Me == {p e MQ) | |pllryo < C}

to avoid technical difficulties of the weak-*convergence. However, this is not a crucial
restriction, since an upper bound on the total variation of the measure is natural
in inverse problems. In doing so, we are able to use the metrizability of the weak-

*convergence on bounded sets. Furthermore, we obtain weak-*compactness.
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Let us now concentrate on the asymptotics of regularization functionals promoting
spatial sparsity.
For p > 0 we define the weighted p-norms as

1

N P _ N
¥l = (S ) = 3 i),
Jj= j=

RY (1) = (7.2)
00, else,
with a positive weight vector w” € RY. In an analogous manner we define
N N NION
N je{;,Nl wio Mw= jZ::IUj o
Ry (p) = ulN 20} (7.3)

o0, else.

The weight vector w” € R¥ introduces a scaling of the functional and should depend

on [QF| in order to obtain reasonable limits of (7.2) and (7.3).

7.2.1. Convergence for the Convex Casep > 1

Let us begin the analysis of asymptotic behavior of spatial sparsity by considering the

convex case. For appropriate scaling we obtain a rather intuitive limit.

Theorem 7.1.
Let be p > 1 and w)' := QY] for every j € {1,...,N}. Then R]' I'-converges with
respect to the weak-*topology of M() to

Ry (1) = il vy (7.4)

if we have p =1 and to

o Null oy, if = Au), ue LP(Q),
Ry (1) = b
00, else,

in case that p > 1 holds.
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Proof.

Equi-coercivity:
By construction, equi-coercivity holds in M(€2) as well as in the weak topology of
LP(Q)) for p > 1.

Lower bound inequality:

R;¢ is lower semi-continuous in the weak-*topology, i.e. it holds that
Rp?(p) < Hminf RE(u™) V™ =" .
Let us now show that

lim inf R;O(MN) < liminf RY (™)

N—oo N—oo p

holds. By definition we have

N
Ry (1) = (Z !W\\uf\p) :
j=1

which already equals R°(u"). Thus we obtain

Sl

Ry (p) < liminf R (™) ¥ ™ = g

Upper bound inequality:
Due to Theorem 2.3 it is sufficient to restrict ourselves to the case of a dense
subspace of M(2) with a stronger topology, where we only consider measures
with total variation bounded by C'. On account of this, we choose the subspace of
measures with continuous densities u € LP(2). Hence we are able to construct

the following approximation

v Joyudd pen)
S TP (A

u

(7.6)

where i’V belongs to the considered dense subspace. Thus we have pV ~ .

Since u € LP(2) holds, we have strong LP-convergence of the piecewise constant
approximations. Due to the fact that R)(2") = R°(") holds, we obtain the
assertion by utilizing the strong continuity of R;° in LP(Q), i.e.

limsup R (") = limsup Ry° (™) < Ry°(ji)

N—oo N—oo

for all measures i € M(Q) with densities u € LP(Q) and i —* fi.
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Let us now consider each case with a faster and slower scaling of the weights. We will

see that this already yields trivial limits.

Theorem 7.2.
Let p > 1 hold.

a) For the weight vector w" € RY the following shall be true:

wi

I I —9. .
Nooo jellnn) [N U (7.7)

Then R} T-converges to
Ry () =0

with respect to the weak-*topology of M ().

b) Let now for the weight vector wjv € RY hold that

1_ 0
im  max + =0. (7.8)

Then we obtain I'-convergence of RZZ)V to

0, ifu=0,
Ry (p) =
oo, else,

with respect to the weak-*topology of M(£2).

Proof.
a) Faster scaling:

Equi-coercivity:

holds by construction.

Lower bound inequality:
Since the weight vector w” is always positive by definition, it holds for all
converging sequences p” —* 1 in M(£2) that
0= R;O(,u) < hNHi)ioréf R;V(;LN) )
Upper bound inequality:
For measures with bounded total variation, we restrict ourselves to a dense

subspace of M(2) with a stronger topology, cf. Theorem 2.3. We choose

the subspace of measures with continuous densities v € LP(£2) and consider
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again the approximation (7.6).
Since Y = Z] L u |2 holds, we have

At ()
|25

1
P>p

1
P N
limsup R (1) = lim sup (Z WM |ul ]p> ~ lim sup (Z wl

N—o0 N—oo N—oo -
Jj=1 J=1
/ wdA

By using Holder’s inequality with }3 + pi* = 1, we obtain

N N P %
W
lim su RN < lim su J / uP d\ / d\
Nowo P (") S Neoo Z QY|P ( Qv ) ( an
1

N—oo

= lim sup <Z |QN|p

since we have pﬁ = p — 1 and the latter integral is equal to the volume of Qév .
Note that for p = 1 Holder’s inequality is indeed not applicable, however, in

that case this step is unnecessary. Finally, we have

N—o0 N—oo

N N P
W
limsup R (1) < limsup | max  — Z / u?dX| =0,
JE{L,.. 7N}| |j:1 oy

due to the faster scaling (7.7) of the weight vectors and since it is u € LP((2).

b) Slower scaling:

Equi-coercivity:

holds by construction.

Lower bound inequality:
For ;1 = 0 the case is trivial. Let thus R5°(;) = oo hold. Then we have to
show that

NNy —
hNHigépr( ) =00.

Let us assume that there exists a constant C' € R such that

N >
_ (Zwﬂuﬂp) <C
j=1
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holds. For all ¢ € C(Q2) we can consider

N
[pan| = |3 [ o dr] < el S i
3 J=1

For p = 1 we obtain

‘/SﬁdﬂN
Q

N

<
<ol Gg{a>fN}w 2

N )
J

< ¢
< llelle g{aﬁv} "

which, due to (7.8), goes to zero as N goes to infinity. This contradicts the

N _ . x

weak-*convergence of i, since we have considered p # 0.

Let now p > 1 hold. Then we have

‘/soduN
Q

27|

()
<ol (i) (S

< ||90HOOZ( My ud

P

1
p* >P*

by using Hélder’s inequality with 113 + pi* =1.
Due to the fact that % = ps — 1 holds, we obtain

N p*—l o
[oa| <ol (Z N|>

|QN| px—1 N P%
g o J oy
<lells <j£??fm wjv) JZ—;| 2

1

1 QN7

P max ¥ :
je(lNy W]

which goes to zero as well as N goes to infinity due to (7.8). Thus we obtain

< el €12

again a contradiction to the weak-*convergence of u®v —* u. Therefore,
R (1) is not bounded, which yields the assertion.
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Upper bound inequality:
It trivially holds that for every u € M(Q) there exists a sequence (™) yen
with ¥ —* 1 such that

0o = Ry°(p) = limsup R (1) .

N—o0

7.2.2. Convergence for the Nonconvex Case p = 0

Let us now consider a special case, where the functional is nonconvex, i.e. we assume
that p = 0 holds. Let us analyze the functional RY" without any weighting, i.e. in case
that w” = 1 holds for the weight vector.

Theorem 7.3.
Let w) = 1 hold for every j € {1,..., N}. Then Ry T'-converges to

M
R () M, if u=73"cidx, for c € RM X € OM with pairwise different entries,
o (1) = i=1

oo, else,

with respect to the weak-*topology of M (), where M is the number of nonzero spikes

Proof.

Equi-coercivity:
Due to the fact that all minimizers of Rj are in M¢, we are able to deduce
equi-coercivity in the weak-*topology by applying the Banach-Alaoglu Theorem
2.2.

Lower bound inequality:
M

e Let us first consider the case, where we have u = > ¢;0x, with pairwise
i=1

M
different entries X; and ) |¢;| < C holds, i.e. we have R§°(u) = M. Then
i=1
we have to show that

liminf Ry (1) > M for AT

N—oo

N %

Let us assume that there exists a sequence in Mg with p 4 and

liminf R (u™) < M .

N—oo
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Due to the fact that the values of R) are discrete, there exists an N, € N

such that
RY(WX)y<M—1  for N >N, (7.9)
holds. Now let € be less than half the distance between two spikes, i.e.
1

In addition choose ¢; € Cy(£2) with support in B.(X;) and ¢(X;) = sign (¢;),

ct. Figure 7.1.

Figure 7.1.: Illustration of a part of the proof for the convergence of the /°-functional

Since we can choose N sufficiently large, we obtain Ay < ¢ and thus each X;
is located in a different cell Q%@ - Due to this argument and the fact that
(7.9) holds, we deduce that there exists an (/) such that we obtain

(1", i) =0

for N sufficiently large. Moreover, we are able to choose a subsequence Ny
such that I = i(Ny) is constant, since we only have a finite number of indices.

Hence we obtain
</~5Nk7901> =0 7é |CI| - <M7S0]> )

which is a contradiction to the weak-*convergence of ;%.

Let us now consider R5°(u) = oo, i.e. p shall not be concentrated on a set

of finite points. We have to show that

liminf RY (uV) = oo
N—ro0

holds. Let us assume there exists a sequence p” —* p such that RY (u?)
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has a bounded subsequence, i.e.
R (1) < M (7.10)

for M € N. Due to the fact that the support of y is not concentrated on a
finite number of points, there exist M + 1 continuous functions ¢; € Cy(£2),
ie{l,...,M + 1}, with disjoint support such that

<:ua 901> > 0

forall i € {1,...,M + 1}. Since (7.10) holds, we see that there exists an
index i(Ny) € {1,..., M + 1} such that

(U™, @invmy) =0

holds for N* sufficiently large. For this reason there exists an index i €

{1,..., M + 1} and a subsequence N}, for which we have

As before, this is a contradiction to the weak-*convergence of p/Vk.

Upper bound inequality:
We have to show that for all 4 € M(Q) there exists a sequence (u")yen such
that
limsup R (™) < RF(p)  with  p¥ =" p,

N—oo

M

o Let =) ¢dyx, hold, i.e. we have R5°(u) = M. Let us assume that there

i=1
exists a sequence u —* p for N — oo with

limsup Ry (1) > M .

N—o00

Since the values of R(])V are discrete, there exists an N, € N such that
RN(WN)y>M+1  for N>N,. (7.11)

holds. Thus the discrete functional R has at least one nonzero element more

than the continuous functional R has nonzero spikes. For NN sufficiently

large we consider again the previous construction and use the cells Qé\(f PN 88
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defined above. Additionally we define

N N(Q%;N))» if j = j(i; N),
u; =
0, else,

which yields u™ = 37,y 1(Q)y)). Let us again consider a function
p € Co(Q) with X; € supp(y;) C B-(X;) and p(X;) = sign(c;). Due to
(7.11), we can find an index i(/N) such that Xy is nonzero in the discrete

version, but zero in the continuous setting. Then we obtain

(WM, i) = M(Q%(N);N)) =0,

which contradicts the fact that X;) was supposed to be nonzero in the

discrete setting.

e For the case that p is not concentrated on a set of finite points, i.e. R (u) =

00, the construction follows directly from the lower bound inequality.

7.3. Asymptotics of Mixed Norms

In the last section we considered different regularization functionals for vectors, namely
(P-norms for p > 1 and p = 0, and analyzed their behaviour for the case that the
discretization becomes finer and finer, until we discovered asymptotic limits.

In this section we consider matrices instead of vectors and thus analyze the asymptotics
of mixed norms (cf. Chapter 3). For this purpose, we consider two disjoint partitions of
sets Q, Q C RY, ie.

M N
Q=JoM and a=J0V,
i=1 j=1

and the measurable space (Q x Q, B(Q) ® B(ﬁ))
In this setting we can identify every matrix UMY € RM*¥ with a finite Radon measure
(MY € M(Q x Q), which has the density function

M N

MN ._ MN B

P = g E Uy XQ?’XQZM-
i=1 j=1
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Remark 7.2.

We can see that the following identification is true:

M N
pMN@x ) = Y MY IQM] and MO x ) = |10

i=1 j=1

The first identity is obtained by computing:
MV (Q % Q) = /~ / PMN dAg d)g
aQJa

M N
- / /Z Z uz]‘\g/'[NXQ;.\’XQZ(»I dAq d)\f2

Qi1 j=1

:/ﬁzzu?ffvxﬁy/g dAa dAg
u o J
=SSl [
i=1 j=1 i

The second identity can be computed in a similar way.

By using this identification, we are now able to work on the space M (2 x ﬁ) Let us
thus consider the inverse problem

Kp=w,

where the operator K: M(Q x Q) —s H shall satisfy K = A* and A:H — Co(Q x Q)

is assumed to be a compact operator. As before, we will redefine all functionals on

o= {1 e ME@xD) | 1llayiana) < C}

in order to avoid technical difficulties of the weak-*convergence.

Let us now analyze the following regularization functional:
1
q

a N MN |, MN |P M X MN|ON||OM
Vi M if 4 = SV QY]] €2
RMN(,U) — Z ‘zjlwm ‘U'Z] ) 1 p 1:21]2::1 ulj | i H 1 |7 (712>

RIS

D.q i=1 \J=

oo, else.
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7.3.1. Convergence for the General ConvexCasep > land ¢ > 1

Let us start by examining the convex case, where p and ¢ are larger than one. Afterwards,

we separately consider the special case of local sparsity, i.e. where p is equal to one.

Theorem 7.4.
Let be p, ¢ > 1 and define w" := |Q§V|]§ZM\§ foralli e {1,...,M}andj € {1,...,N}.
Then R%]N ['-converges with respect to the weak-*topology of M (€2 x SNI) for M, N — oo

to

Roo (,u) _ HuHLp,q(QXﬁ) 5 if M= )\Qxﬁ(u)’ u e LP#I(Q < Q)’

p.q

(7.13)

0, else.

The proof works similarly to the proof of Theorem 7.1.

Proof.
Equi-coercivity:

holds by construction.

Lower bound inequality:
Since in the nontrivial case R, is the composition of the LP- and the L%-norm, it

is lower semi-continuous, i.e. it holds that

Ry (1) < liminf R

I inf p’q(,uMN) vluMN R I

We still need to show that

. 00 MN < limi MN/ MN
gimint Ry () < fimin Ry g (077)

holds. The case, where we have

M N
i A > I
i=1 j=1
MN)

is trivial, since then R%N (u is already infinity. In the other case, however,

we have by definition

1
4\ o
P

M N
R () — [ 371 (z ] [ulr™ ) |
i=1 =1
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which already equals R>° (1), Hence we obtain

Roa(u) < liminf RyGH (™) vt ="
Upper bound inequality:
On the basis of Theorem 2.3, we restrict ourselves to the case of a dense subspace
of M(Q x (NZ) with a stronger topology. In this context let us consider the subspace
of measures with continuous densities v € LP9( X (2) In so doing, we shall

consider the approximation

My Jay Joyudradirg _ FMN(QM % Q)
ij fQM fﬂj-v dAadAg QM| QN

u

, (7.14)

where iM" is an element of the considered dense subspace. Hence we obtain
the approximation MY ~ ¥, Since u belongs to LP4(Q x (NZ), we observe
that the piecewise constant approximations converge strongly with respect to the
LP%-norm. By using the fact that we have R)N(a"N) = R> (iMV) and Ry, is

strongly continuous in LP(Q) x Q), we obtain

lim sup R%N (™M) = lim sup R;?q(/lMN) <R (i)
M, N—00 M, N—oo

for all measures fi € M( x ) with densities u € LP9(Q x Q) and MY —* fi.

]

7.3.2. Asymptotic Local Sparsity

Let us now consider the case, where p is equal to one. First we consider the I'-limit in

the semi-continuous case.

Theorem 7.5 (Semi-Continuous Local Sparsity).
Let be p = 1 and ¢ > 1. Let the weights be defined as w)/V := \Qﬂ@fwﬁ for
i€ {l,...,M} and j € {1,...,N}. Then R}V I'-converges with respect to the

weak-*topology of M™(Q2) for M — oo to

N N
leﬁévHUf! , = Zl\Qﬁ-VIA@(U?), uy € LU(Q) V3,
=

=

quN () = La(%)

00, else.
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Proof.
We begin by making the following definition:

N
2= 3
7j=1

for every N € N. By inserting this in the definition of R{%Y, we obtain for every N € N
that

A OM ||, MN ‘ : a MN|OM
RMN _ <Z 19| ’q> ,if =0 M
g — i=1 i=1

o0, else,

(7.15)

holds. Now we can apply Theorem 7.1, which states that (7.15) I'-converges with respect
to the weak-*topology of MN(Q) to

RN _ HZNHLq(ﬁ) , it = )‘Q(ZN)> N e Lq(§)>
l,g —
0, else.

By replacing 2z again, we obtain the semi-continuous I'-limit

N N -
N SIV| L = 30V Ag(d), u € La@) ¥,
R (1) = 9 [l7=1 L9() J=1
0, else.

Now let us analyze the continuous case.

Theorem 7.6 (Continuous Local Sparsity).

Let be p =1 and ¢ > 1. Furthermore, let the weights be defined as w/™ := |Q§V|]§fw\é
for i € {1,...,M} and j € {1,...,N}. Then R}"" I'-converges with respect to the
weak-*topology of M(Q2 x Q) for M, N — oo to

(s Iy d) " i € 196, M),

0, else.

R, (1)

The proof works analogously to the proof of Theorem 7.4.
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Proof.

Equi-coercivity:

holds by construction.

Lower bound inequality:
Since in the nontrivial case R{, is the composition of the TV- and the L?norm,
1o, is lower semi-continuous in the weak-*topology of M ({2 x Q), i.c
o] < 1 f o) MN MN _  *
Rig(n) < liminf RE(p75) Y p 1

holds for all sequences (™), ven with pMY € M(Q x Q) and pMN —* 4y for
M, N — oo. It is left to show that

oo (, MN < MN/ MN
MRBE R < Pyl R 07

holds. In the case that

M N
PN A D MM,

i=1 j=1

holds, the inequality is trivially fulfilled, since then R{ZN(u*") is equal to infinity.

Thus let us consider
M N

PN = 3OS NN 0]

i=1 j=1

Then we have by definition

s (Ean G

which already equals R, (1""). Therefore, we obtain

Q=

Ta(m) < ll%lnfR N (MY VoMY g

Upper bound inequality:
Due to Theorem 2.3 it is sufficient to consider the dense subspace of M(2 x ),
which contains absolutely continuous measures with respect to Lebesgue densities
u € LM(Q x Q) In this context, let us consider once more the approximation
(7.14). Due to the fact that u belongs to L“(€2 x Q), the piecewise constant

MN

approximations fi converge strongly with respect to the L¥-norm. Since
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the equality RN (a"Y) = RS, (2MY) holds and R, is strongly continuous in
LY(Q x Q), we obtain

lim sup R%IN (™) = lim sup qu(ﬂMN> < RT, (1)
M, N—oco M, N—oo

for all measures ji € M(Q x Q) with densities v € LY(Q x Q) and gMN —* f.
Thus the upper bound inequality holds as well.
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DECONVOLUTION OF SPARSE SPIKES

In this chapter we want to verify our analytic results from Chapter 7. In order to do
so, we consider the deconvolution of sparse spikes on a discrete grid as the step size of
the grid becomes smaller. Predominantly in a continuous setting the deconvolution of
sparse 0-spikes has for instance already been considered by DUVAL AND PEYRE (2013).
In their paper they show that if the so-called Non Degenerate Source Condition holds
and the signal-to-noise ratio is large enough, total variation regularization recovers
the exact number of Dirac spikes. However, in the discretized setting on a grid this is
usually not the case. DUVAL AND PEYRE show furthermore for the discrete setting
that in case the support of the exact measure is contained in the grid and the non
degenerate source condition is fulfilled, the support of the recovered solution contains
the support of the exact measure and in addition possibly one immediate neighboring
grid point if the step size is small enough.

In our considerations we use a different approach and validate our analysis numerically.
First we consider the deconvolution of sparse d-spikes, which are located at the grid points.
Analytically as well as numerically we observe that the support can be reconstructed
exactly, if the regularization parameter is chosen small enough. Furthermore, we are
especially interested in the case, where the spikes are located in between the grid points.
Analytically we show that if a spike is close enough to a grid point and the step size is
small enough, we are able to recover a solution, which consists of the same number of
peaks as the exact signal and the reconstructed peak is located at the grid point, which
is closest to the position of the exact d-spike. However, if the location of a spike is not
close enough to a grid point, then it cannot be represented by a single reconstructed
peak. Numerically we observe that as the step size of the grid becomes smaller, at most

twice as many peaks are reconstructed as there are exact spikes.
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8.1. Introduction

Let us consider the continuous inverse problem
Kp=w, (8.1)

where K is a convolution operator with a symmetric kernel G € C3(£2). In this context
G shall have its maximum at 0 and G (||) shall be strictly monotonically decreasing for
x € (). We are interested in the scenario, where the exact solution /i only consists of a

few spikes at the points &; for i € {1,...,5} and is zero otherwise, i.e.

s
p=> pide,
i-1

with S > 0 small, p € R® and d, being the Dirac delta distribution, which is infinity at
the point &; and zero otherwise. For the solution of (8.1), we consider the variational

model

. 1 N 2 N
Jnin o [ A = wlfy + o], (82)
with A € RE*N being the discrete version of K, w € R and N > S, which builds the

discrete counterpart to the continuous variational problem

1 2
min 5 Vo = wlleo) + adllpllivg -

A minimizer of (8.2) can be written as

N

pN =Y b,
i=1
with ¢ € RY. Note that in the discrete setting d,, denotes the Kronecker delta, which
is equal to one at the grid point z; and zero otherwise. Naturally, we would like to
reconstruct a solution p”v, where ¢ € RY is close to being S-sparse. Moreover, we are
interested in the distance between the positions of the reconstructed peaks and the
positions of the spikes in the exact solution. Therefore, we define for this chapter z; as
the grid point, which is closest to an exact spike at position &;, i.e.
rp= min |z, —§&].

Tn€R
ne{l,...,N}
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We would like to understand, under which conditions the reconstructed solution p’Y
contains a nonzero peak at the position x, while it is zero at the second closest grid
point. In order to do so, we consider the easiest case, where the exact solution contains

only one nonzero spike and is zero everywhere else, i.e.

[L:(Sg.

8.2. Deconvolution of a Single §-Spike

In this section we analyze the different positions of a continuous d-spike at and between
two grid points of a certain discretization, i.e. & € [vg, 41| with k € {1,..., N — 1}.
Before going into the details, we state some prior computations and definitions. First

let us compute the optimality condition of (8.2):

0= (A" (4" - w))j + ap;

(8.3)
& ap; = (A'w); — (A ApY);

where p € R is contained in the subdifferential of ||z ||1, which can be computed
componentwise, i.e. we have p; € 0| ,uj-v | for every j € {1,..., N}. Since G is symmetric

and the convolution is associative, we know that
A*A,u:é* (é*,u> = (é*é) * [

holds. For the sake of simplicity, we define

G:=Gx({
in the whole section. Moreover, we have the equality

w; = (A); = (G* ) =Cla; =)

j pu—
for every j € {1,..., N}, which yields that
(A"w); = G(z; =)

holds for every j € {1,...,N}.
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In order to prevent the reconstruction of the trivial solution u” = 0, let us first cite a
result from BURGER et al. (2013), which we state for our context.

Theorem 8.1.
Let 1 [[A*wl| <1 hold. Then ™ = 0 is a solution of (8.2).

Proof.

Let us consider the optimality condition (8.3). By inserting u™¥ = 0 we obtain

1
p= —A*’UJ,
(6%

which is due to our assumptions less or equal to 1. Thus we obtain that p € 00|,
holds and the optimality condition is fulfilled. Hence p¥ = 0 is a solution of (8.2). O

From this theorem we learn that we have to choose av < ||A*w|| _ in order to reconstruct

nontrivial solutions. In our setting we have
1AW = G # wlloo = |G % illog = max  Glz; = &)
Thus we always have to consider regularisation parameters, for which

a< max G(x; —
je{l,...},(N} (] £)

holds.
Let us now analyze the case, where the position of the exact spike £ coincides with a

grid point.

Theorem 8.2.
Let be & = zy, for one k € {1,..., N} and let a« < G(0) hold in (8.2). Then there exists

a l-sparse solution p of (8.2), which is nonzero at z; and can be written as p = ¢,

with ¢ = Gg)()();a € (0,1).

Proof.
In order to proof the assertion, we have to check whether the optimality condition of
(8.2) holds under the assumptions mentioned above. Due to our prior computations,

the optimality condition (8.3) reduces to

ap; = G(z; — &) — cG(x; — xy) (8.4)
=(1—-¢)G(x; —xy) .
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We have to differentiate between the cases, where we have j = k and j # k.
Thus let j = k hold. In this case the optimality condition (8.4) reads as follows:
G(0)

pk:(l—c)T.

Due to the definition of ¢, we obtain that p, = 1 holds and the optimality condition is
fulfilled.

Let now be j # k. Then we have

1—c¢
p; =

6~ < (1- 9 S

due to the fact that G(0) is the maximum of G. By inserting ¢, we obtain that [p;| < 1
has to be true.

Hence in both cases the optimality condition is fulfilled and we obtain the assertion. [
From this theorem we learn that we are indeed able to reconstruct the support of a delta
spike exactly if the position of the spike coincides with a grid point of our discretization
and the regularization parameter is small enough. However, this is rarely the case. Thus
let us consider the more frequent case, where £ is located in between two grid points,

ie. £ € (zk,zks1) holds. For the following consideration, the interval length h will be

defined as
h:=|zk — x| -
Theorem 8.3.
Let be € € (zp,xp+ %) for k € {1,...,N —1} and let v < G(zy, — £) hold. Furthermore,
h shall be sufficiently small.
In case that we have £ € (g, z + #?0)), there exists a 1-sparse solution of (8.2), which
can be written as p = cd,, with ¢ = % € (0,1).
Moreover, if we have & € (z) + %, xp, + 2), then pV = ¢4, is not a solution of (8.2)

for any ¢ € R.

Figure 8.1 illustrates the assertion of Theorem 8.3. Note that due to the symmetry of
(G, the same claim holds for the other half of the interval.

Proof.

Once more we have to check the optimality condition (8.4).

Let us first consider the case, where j = k holds. Since py € 9|ulY| = 9|c| and ¢ > 0
holds, we obtain p, = 1. Then the optimality condition (8.4) reduces to

a=Gxp—§) —cG(0)
G —§ -
G(0)
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h

I 1 1 1 I
I 1 1 1 I
ah h
Tk § ataaey Tty Thi1

Figure 8.1.: If ¢ is in the green interval, the reconstructed solution p¥ consists of
only one peak. In the case that £ is located in the red interval, then one peak is not
sufficient.

Thus the optimality condition is fulfilled.
Now let us consider the case, where 7 = k + 1 holds. Then the optimality condition

reads as follows:
apri1 = G(Tps1 — &) — ¢G(@h1 — ) - (8.6)

Inserting (8.5) into (8.6) yields

ape1 = G(wp1 — &) — G0) G(h) .

For this equation we consider the second order Taylor expansion of G around zero. Note

that G'(0) = 0 holds, due to the maximum of G in zero. In so doing, we obtain that

apis = G(O) + 56 (0) (wr — &)

—(1+;ﬁ3@%—§f)cxm+%awmm)
350

+a+ G"(0)h* + O(h%)

holds, which reduces to

praa =1 5,6°0) | =9~ (o =7 407 (1 1) | + 00,

J

Note that G”(0) < 0 holds, due to the maximum of G in zero. In order to obtain the
inequality |pry1| < 1, which would yield the assertion, J has to be negative. This is

true if and only if we have

(07
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This is equivalent to
Q
2€h < h2 (m — 1) + ($k+1 + $k>h
h « 1 1
=4 §<§ G—O)—l +§$k+1+§£€k
h « h
— — | =—=-1 — .
& & xk<2<(0) )+2
Thus we obtain
& < h < L
—
T aG0) T2
since we have a < G(x, — §) and G(xp —§) < G(0). This yields the assertion. O

8.3. Algorithm for Sparse Spikes Deconvolution

We want to validate our results numerically and solve the variational problem (8.2) for

different grid sizes. Therefore, we need an algorithm for the reconstruction of 1V, which

we present in this section.

Similarly to Chapter 5, we base this algorithm on BOYD et al. (2010). However, since

we elaborated on the deduction of similar algorithms in Chapter 5, we keep this section

as concise as possible.

After splitting in the following way:

t. N N

N IZI}VI]-;RN2 ||A,u _WHQ—'—O‘HZNH1 S- S
we consider the Lagrange functional
L™, 2" p") HAM SR Pl B R CANTARSER

and by defining pV = 1% we obtain the scaled augmented Lagrangian

EA(N N N

7 ap __HAM _wH2+aHZNH1

We have the following optimality conditions:

1. primal feasibility condition

OzﬁpwﬁzuN—zN

A
+ 5 I =2 N
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2. dual feasibility conditions

0=0,nL=A"Ap" —w)+ ", (8.7)
0€ 0L =ad|"], — " . (8.8)

By definition g, , minimizes £, i.e.
0¢€ a#N»CiC = AT(AM{XH —w)+ )\(Mévﬂ - Zl]cv + piv) )
which is equivalent to
Az — Zii\jrl) S AT(A/“’L}]CV+1 —w) + /\p;gv-i-l :

Since this fulfills the first dual feasibility condition (8.7), we can consider the dual

residual

Sfcv+1 = )\(Z]va - Zl]xl—l) .

An analogous derivation for zfc\il yields that prVH always satisfies the second dual

feasibility condition (8.8). Furthermore, we define the primal residual as

N ._ _N N
Tha1 *= g1 — Mg -

By using a bound for the objective suboptimality of the current point x*, we obtain
1 *
5 A —wlly a2, = < o |, 1, + v [ls2'],

by estimating H A [L||2 < v, where ji is the unknown exact solution. Thus the primal

and dual residuals must be small, i.e.

< Edual .

N pri N
Il <™ and |, <

I, <

Here P and 9" can be chosen via an absolute and relative criterion:

P = VNe™ + e max{ ||y |
o _ e 1 e ]

AU

2|



8.3 Algorithm for Sparse Spikes Deconvolution 169

Moreover, we use the following adaptive parameter choice:

e, it 1] S
) k 12 rincr ) k |l2
k+1 _ \F N o decr, N
R = S | ETA | Prer = 70 i s,
A\ else, Y, else.

Finally the algorithm reads as follows:

Algorithm 4 ('-regularized problem via ADMM
1: Parameters: a >0, A >0, A€ RPN weRF, > 1, 7 > 1, gder > 1,
e =107 or 107, €™ >0
2: Initialization: p™, 2V, rV, N,pN =0, el = /N g2bs gdual — |/ N gabs
3: while ||rV||, > e and sV, > et do

4: 2N N.

> Solve Subproblems

: = (ATA+ M)~ (ATw + A (2N —pM));
:sgn(u + pV) max (|~ + pV| — £,0);

7: N =N — > Update Primal Residual

8: sN = )\(zé\{d — ZN); > Update Dual Residual

9. pN=p" — (N —p"); > Lagrange Updates
> Varying Penalty/Lagrange Parameters

10: if HTN||2 >77||5NH2 then

11: A = \riner

12: pN = ﬂ-

13:  else if HsNH2 > n||rV||, then

14: A= rd/\

15: pN _ pNTdecr

16: end if

> Stopping Criteria
17 e = /N e 4 emax {||uV]],, ||z
18: edual — \/N E_:abs + 6rel H)\pN

5+ 0};

5

19: end while
20: return pl > Solution of (8.2)
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8.4. Numerical Deconvolution of Three §-Spikes as the Grid
Becomes Finer

In this section we present some results for the solution of the variational problem
(8.2) for different discretizations. We consider the deconvolution of three d-spikes with
weights p1, po and ps at the positions &;, & and &5. Thus the exact continuous solution
reads as follows:

fi = p10g, + pade, + p3oe, -

Moreover, we choose a Gaussian convolution kernel G with standard deviation o = 0.05.

The continuous convolved data can be computed analytically as
w(y) = Ki(y) = mGly — &) + p2Gly — &) + psGly — &)

and shall be discretized for different grid sizes.

In accordance with Theorem 8.2, let us first consider discretizations, which include &;,
&5 and &3 as supporting points. As an exact solution ji we choose spikes at the positions
& = —0.5, & =0 and & = 0.5 and weights p; = 0.5, po = 0.9 and p; = 0.7. In these
cases we should be able to recover the exact positions of the spikes.

As an example, we choose discretizations with 5 and 129 grid points. In both cases every
point &1, & and &3 coincides with a grid point. In Figure 8.2 we observe that we are
indeed able to exactly recover the positions of the spikes. This meets our expectations.

Other discretizations, which include the point &1, & and &3, lead to the same results.

Reconstruction uN with N =5 grid points Reconstruction uN with N = 129 grid points
T T T T T T T T T T T T T

1

,

0.9F i ol

o]
o8 ] o8t
07k ] o7t
o]

0.6 1 0.6

0.5 1 0.5

0.41 1 0.4

031 1 0.3

021 q 0.2t

04t 1 01t

(—X1 —0‘.8 —0.‘6 —014 —0‘,2 0 0.‘2 0.‘4 016 0‘,8 1 2 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
(a) Reconstruction p involving N = 5 grid (b) Reconstruction u involving N = 129 grid

points points

Figure 8.2.: If the positions of the spikes are part of the grid, we are able to exactly
reconstruct the support
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Let us now consider the case of Theorem 8.3. As an example, we consider an exact
solution fi, which again shall consist of three delta spikes. However, this time the
spikes shall be located in between the grid points. In order to guarantee that the
exact positions are indeed always located between the grid points, we choose irrational
locations, i.e. § = —F, §& = 355 and {3 = £ with the same weights p;, po and p3 as
before.

Subfigure 8.3(a) illustrates the exact solution . Subfigure 8.3(b) shows the exact

convolved data w = ICfu plotted by using a very fine discretization.

Exact Data n Convolved Dataw =Ku=G * u
1 T T T 8 T T T T T
09r Q
S
0.8+
ol
0.7+
06} 5r
0.5+ (o] - 41+
0.4F
al
0.3F
ol
0.2
0.1F T
2 -08 -06 -04 -02 0 0.2 04 0.6 0.8 E)1 —o‘.s -o‘.s -014 -o‘.z 0 0.2 0.4 0.6 0.8 1
(a) Three spikes at the positions & = —§, & = (b) Continuous convolution w = Kj of the ex-
ﬁ and &3 = % Note that this plot is for act data g with kernel G

demonstration only. Clearly, the heights of
the spikes are actually +o0.

Figure 8.3.: Three spikes at irrational positions and their continuous convolution

As an example for the reconstructions via Algorithm 4, Figure 8.4 visualizes the
reconstruction for 50 and for 100 grid points with regularization parameter o = 0.1. We
observe that in most of the cases we reconstruct two peaks in a small region around the
location of the exact spike. In some cases on the other hand, we obtain only one peak
located very closely to the position of the exact spike.

In order to verify our prior analysis, let us now consider the results as the step size of
the grid becomes smaller. Therefore, we let Algorithm 4 run for different discretizations,
where we start from N = 10 and increment N by one until we reach N = 100.

In Figure 8.5 we can see the results for these different discretizations. Subfigure
8.5(a) indicates that the reconstructed peaks draw nearer to the positions of the exact
spikes. Furthermore, Subfigure 8.5(b) illustrates the number of reconstructed peaks. We
especially see that for discretizations with at least 41 nodes, the number of reconstructed
peaks does not exceed 6, which is twice the number of exact spikes. This yields the

o

supposition that, in case £ € (z) + Télo)? i+ %) holds in the formulation of Theorem
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Deconvolved Data uN for N = 50 grid points Deconvolved Data uN for N = 100 grid points
1 T T T T T T T 1 T T T T T T T
0.9 0.9
0.8 0.8
0.7 [} 0.7
0.6 0.6
0.5 0.5
0.4 0.4f
0.3 0.3
0.2 0.2
0.1F T T 01F
9 -08 -0.6 -04 -02 0 02 04 06 08 HTET06 04 02 0 02 04 06 08 1

(a) Deconvolved data u for N = 50 and
a=0.1

(b) Deconvolved data p’¥ for N = 100 and
a=0.1

Figure 8.4.: Deconvolution of three spikes with locations in between the grid points

8.3, the solution of (8.2) consists of two peaks, which are located at the two grid points

closest to &, i.e. xy and xp,1. These results are consistent with the observations made

by DUVAL AND PEYRE.

Minimal distance to exact spikes E‘, Ez and f§3

I I I I I I Y v !
10 20 30 40 50 60 70 80 90 100
Number of grid points N (in resolution of 1)

(a) Minimal distances of the reconstructed spikes
to the exact spikes

Number of reconstructed peaks

. . . . . . . .
20 30 40 50 60 70 80 90 100
Number of grid points N (in resolution of 1)

(b) Number of reconstructed peaks

Figure 8.5.: Results for different discretizations; a = 0.1
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CONCLUSIONS AND OUTLOOK

Throughout this thesis we have not only engaged in the analysis and implementation of
a novel, local sparsity promoting regularization type, namely ¢1*°-regularization, but
also in the analysis of the asymptotics of certain sparsity priors. In order to conclude,

we shall divide this chapter into two sections accordingly.

9.1. Local Sparsity

For the solution of inverse problems, where the unknown is considered to be a matrix,
mixed /P9-norms can be used as regularization functionals in order to promote certain
structures in the reconstructed matrix. Joint sparsity via ¢”!-regularization for instance
has already been examined in the literature, c.f. TESCHKE AND RAMLAU (2007) and
FORNASIER AND RAUHUT (2008).

Motivated by dynamic positron emission tomography for myocardial perfusion, we
proposed a novel variational model for a dictionary based matrix completion problem
incorporating local sparsity via ¢*-regularization as an alternative to the more com-
monly considered joint sparsity model. We not only analyzed the existence and potential
uniqueness of a solution, but also investigated the subdifferential of the ¢1*°-functional
and a source condition. One of the main results of this thesis consists of the deduction
of an equivalent formulation, which not only simplifies the analysis of the problem, but
also facilitates its numerical implementation. Moreover, we discussed exact recovery for
locally 1-sparse solutions by analyzing the noise-free case, in which we considered the
minimization of the nonnegative £1*°-functional with an equality constraint in the data
fidelity term. As a result of this analysis, we discovered that the dictionary matrix has
to be normalized in a certain way in order to exactly reconstruct locally 1-sparse data

under simplified conditions.



174 9 Conclusions and Outlook

In our prior research (cf. HEINS 2011), the numerical implementation of the ¢'°°-
regularized variational problem relied on the usage of the Kronecker product. Due
to this, however, the matrix of a linear system, which had to been solved, became
extremely large and we could not reconstruct reasonably large data. Thus this approach
did not yield satisfactory results. In this work, a novel implementation of the problem
was developed that relies on a double splitting via the alternating direction method
of multipliers (ADMM). The algorithm yields superior results, in particular an almost
exact recovery of the true support of the solution. Nevertheless, one drawback of the
reformulation of the problem we introduced is that the results are not very close to the
true solution. However, having a good estimate of the support of the solution allows
us to refine our first result by solving the inverse problem restricted to the previously
recovered support with no further regularization. This second result shows promising
features, even in the presence of Gaussian noise.

However, for some coefficients at the boundary of the exact nonzero region the algorithm
still picked the wrong basis vector. In order to overcome this problem and to further
improve the results, we added a total variation term to the variational regularization
scheme. This could either be done by incorporating total variation on the images in
every time step or on the coefficient matrices for every basis vector. We proposed two
supplemental algorithms, which compute a solution to exactly those problems. Once
again we used ADMM, however, this time we had to split thrice due to the additional
total variation minimization. Since we now have two regularizations, the choice of the
right combination of regularization parameters becomes challenging.

We first tested the algorithm, which includes total variation on the image in every time
step. In the case that total variation regularization had a strong influence during the
reconstruction, the results were unsatisfactory. On the other hand, when we chose
the TV-regularization parameter low, total variation had no effect during the recovery
process and the algorithm computed the same results as without using total variation.
Unfortunately, choosing the TV-regularization parameter somewhere in between neither
led to better results than without using total variation. The reason for this unsatisfac-
tory results might be the fact that the conjugate gradient method, which we used to
solve a linear system during ADMM, did not always converge. However, we did not
further engage in the improvement of this approach, since the original method already
yielded satisfactory results and by including total variation on the coefficient matrices
instead, the reconstructions improved and even better results could be recovered.
Afterwards, we examined the algorithm, which includes total variation on the coef-
ficient matrices for every basis vector. Once again choosing a good combination of
regularization parameters was challenging, however, the results were promising. We

found combinations of regularization parameters, which led to a smaller percentage of
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wrongly reconstructed coefficients than we could obtain without incorporating total
variation regularization. The coefficients at the boundary of the nonzero region were
now reconstructed correctly and for a few parameter combinations we were even able to
reconstruct the support exactly. Even in the presence of Gaussian noise, the algorithm
performed outstandingly. Indeed, some of the results, which were computed on noisy
data, yielded even better results than our first algorithm was able to compute on
noiseless data. However, the challenge of finding the right parameter combination
remains and at the moment this can only be done by visual inspection. Therefore, it
would be advantageous to develop a rule for the parameter choice.

In summary, the results obtained by our first approach without using total variation
were very satisfactory and could be even improved by incorporating an additional total
variation regularization on the coefficient matrices. For some parameter combinations,
we even recovered the support exactly. Moreover, by including an additional total
variation regularization, the algorithm became more robust to noise. All in all, these
results motivate to investigate the interplay between the parameters to develop parame-
ter choice rules, which eventually turn the approach including total variation into an

effective reconstruction scheme for practical applications.

9.2. Sparsity Asymptotics

In many applications of inverse problems, sparsity-enforcing regularizations have become
indispensable tools. Unfortunately, most of these methods crucially rely on the way they
are discretized and are thus rather difficult to analyze in a more general way. Moreover,
an infinite rather than a finite-dimensional modeling would be advantageous in many
applications. For these reasons, we analyzed the I'-limits of such discrete approaches in
order to develop a suitable asymptotic theory.

By utilizing I'-convergence, we analyzed the asymptotic behaviour of the /P-norm for
differently scaled weights. Afterwards, we deduced a I'-limit for the non-weighted
(*~“norm”, which states that in case the solution consists of a sum of d-spikes, the
°-“norm” I'-converges to the exact number of these spikes. This result stimulated the
numerical experiments presented in the subsequent chapter. Moreover, we examined the
asymptotics of mixed norms. The results were consistent with the expectations we had
based on our previous analysis. For the general case and a reasonable scaling, we were
able to deduce, that the continuous LP%-norm is indeed the I'-limit of the /”?-norm.

(*°_-norm, which built the

Besides this, we investigated the local sparsity promoting
bridge to the first part of this thesis.
As a numerical scenario to validate our asymptotic results, we examined the deconvolu-

tion of a sparse spike pattern. We provided a continuous exact solution, which could be
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represented as a linear combination of a few d-spikes. By analytically convolving these
spikes with a Gaussian kernel and discretizing it for different grid sizes, we obtained
the data, which we used for the reconstruction. In order to observe the asymptotic
behaviour of the ¢*-norm for such a sparse spike pattern, we computed ¢!-regularized
deconvolutions as the step size of the grid became smaller. For the solution of this
variational problem we used again ADMM. As the grid became finer, we indeed observed,
that at most twice as many discrete peaks are reconstructed as there are continuous
0-spikes. In our corresponding theoretical considerations we drew the conclusion that
the support of one d-spike can be reconstructed exactly if the spike is at the same
position as a grid point. More interestingly, we furthermore discovered, that one discrete
delta peak can only be the solution for this problem if the exact d-spike is close enough
to a supporting point. Our numerical results, however, give reason to the assumption
that as the grid becomes finer no more than two peaks for every exact d-spike will be
reconstructed and the reconstructed peaks are located at the two grid points, which are
closest to the exact d-spike. The theoretical verification of this hypothesis is still open

and subject to future work.
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SOLVING THE POSITIVE

¢1>° — ¢LI_PROJECTION-PROBLEM

Let us now solve the following problem:
A\ M N N
© i=1 j=1 j=1
In order to do so, we reformulate the first part of the problem, i.e.

)\ M N
SID-U+PIE+5Y Y dy

i=1 j=1

A
(5 (dij — ui + pis)” + 5%‘)

U
M =

@
Il
—
<.
Il
—_

28
(d?j — Qdij (Uij + pij> + (uij + pij)Q + Tdi])

s
Il

i
<
Il

—

(d?j — 2d; (Uz‘j + Dij — §> + (ui +Pz’j)2>

A D ’
5 (dz‘j - <uz’j + Py — g)) —3 <(Um + i — g) + (us +pij)2> :

@
I

—
<
I

—
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Il
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Since the last part of the sum is independent of d;;, we can consider

IRl

2 N

F j=1

A
i 5 |P -0 P = o

instead. We can minimize this expression with respect to every row independently, i.e.

2

. A I6;
DGI]EIIMIIXN 5 ' diy — u@) + Py — X]IN ) , (A.2)
with the constraints
(d(i))j >0 Vjed{l,...,N}, (Constrl)
N
Z (d(i))j <, (Constr2)
j=1

where d(;) denotes the ith transposed row of D, respectively ug, pg)-
In order to minimize this problem, we first consider (A.2) under (Constrl) only. In this

case the solution is given by

d(i) = max {U(i) —l—p(i) — §]1N7 O} . (A.3)

In order to include (Constr2), we have to do a case-by-case-analysis:

Case a:

Let (A.3) satisfy (Constr2). In this case the solution of (A.2) under (Constrl) and
(Constr2) is given by

dii) = di)
Case b:
N o,
Let (A.3) not satisfy (Constr2), i.e. Y (d(i)) > v holds. Then the solution of
j=1 j

(A.2) under (Constrl) and (Constr2) has to fulfill

Z (d(i))j =0. (Constr3)

Jj=1

Thus we have to solve (A.2) under (Constrl) and (Constr3). For this purpose we
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propose the corresponding Lagrange functional as

2

A B
A — -
Ldw, py,¥) = min o Hd<> e +Pw — Y v
N N (A.4)
oo (32 ), ) - 3 ), ),
j=1 j=1

Once we know 1), we can compute the optimal d(;) as

U
d(z) = shrink+ (U(l) + p(z) — §]1N7 X]l]\[)

A5
+ 6]1 19]1 0 A
= max § U i) T T - - R .
(i) T PG) NN TN
We can see this by computing the optimality condition of (A.4)
0= ad(i)ﬁk(d(i)a Ky, 19)
(A.6)

s
=A (d(i) EORR ORI VN — py

with the complementary conditions
(@), 20 and  (ne),; (d@),; =0 Vjefl,....N}
If (d(i))j # 0 holds, then we have (u(i))j = 0 and thus we obtain from (A.6) that
0=A (d(i) — U@+ Pe) — é]lN) + 91y

)
8-
)

< de =u@m —pe + Iy

holds. On the other hand if we have (d(i))j = 0, then (u(i))j > 0 has to hold. Hence

we obtain
— B+
B U

by using (A.6). The Lagrange parameter 9 should be chosen such that (Constr3)

holds. Therefore, we investigate



180 A Solving the Positive /%> — ¢1-Projection-Problem

where the set I contains all indices, for which

b=
(u@ = pw),; +—— 20 (A7)
holds. This is reasonable, since for all other indices j ¢ I the term (u(i) — p(i)) 8=
is projected to zero, which is true due to (A.5).

Hence we obtain

>

A -
V=1 (Z () —py); + —v) :
jel
Now we have to compute /. Since we are able to sort the vectors according to value,
it is sufficient to find |I|. Then we obtain

1]

)\ —

] Z (u@y = p@y), +

r=1

v

— ,

>

where = denotes the respective vector sorted according to value.

In order to obtain |I|, we use the following result:

Theorem A.1 (DUCHI et al. (2008, p. 3)).
Let u(ﬂ(i) denote the vector obtained by sorting ug; — p(;) in a descending order.

Then the number of indices, for which (A.7) holds, is

—

][]:max{je{l,--',N}‘)\(u(i)_p(i))j+ﬁ

A, —— ~
_;(Z(u(i)—p(i)>r+§—v> >0}.

r=1

Now we are able to propose the algorithm for the solution of (A.1).
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Algorithm 5 Positive £5*°-¢“1-projection

1: Parameters: U ¢ RN P cRM*N >0, >0, A>0, M,N €N
2: Initialization: D =0, [I| =0, 9 =0
3: for allie {1,...,M} do

4 dgy =max {ug) +pe — X1y, 0}
N -
5: if > d;; < then > Solve with (Constrl) and (Constr2)
j=1
6: d(l) = d(i);
7 else > Solve with (Constrl) and (Constr3)
8:
\I[:max{je{l,...,N} )\(U(l) p(i)) + 0
J
B ( . ) B_.
- = ug —pe | +~—0] >0p;
(35 (-0 5
\ ] — PR
9 d=m| X (e —pe), + 30 );
10: d(i) = shrink™ (U(i) +Pu) — g]lN, g]lN);
11: end if
12: end for

13: return D > Solution of (A.1)
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INEQUALITY FOR STOPPING CRITERIA

In order to proof the inequality

M N
1
5 147 - WiE+8Y> dij+J(D)— &
g (5.11)

< (P RE) 4 (Q R + (U~ U 8%

which is needed in Subsection 5.1.2, we consider the unscaled augmented Lagrangian
(5.2).

By definition U**! minimizes
e (U0t 25 PR

D**1 minimizes

Lhn (Uk+1’D7 AL ﬁka @k)

and Z*t! minimizes

Ly (U D 2 P Q)
We now have to examine the optimality conditions.

OPT1:
Starting with

0 ey (UM, D", 2% PF,QF)
= P* + AU = D*) + Q* B + n(UF' BT — Z%)B
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we insert the Lagrange updates
ﬁk _ ]3k+1 + )\(Dk+1 o Uk+1) : @k _ @k—f—l + M(Zk-H o Uk+1BT) (B.l)
and obtain
0 € PM! 4 QM B 4+ A(DMY — DF) + p(Z25 — ZMB .
Thus we see that U¥"! minimizes

<]3k+1+@k+1B7 U> +/\<Dk+1 _Dk’U> +M<Zk+1 _ Zk,UBT> .

OPT2:
Now we have

0 € dpLhn (U’““, DL zk. Pk @’f)
= Blyxy — PP — MU — DM 4 0J(DFY |

with J as defined in (5.1). Inserting P* from (B.1) yields
0 € Blaren — PP 4+ 0J(DM1)

Hence we see that D*t! minimizes

M N _ N
522dij—<Pk+l,D> S.t. Zdw S’l}, dij >0.
7=1

i=1 j=1

OPT3:
In this case the optimality condition reads as follows:

0 € Dyl (Uk+1 DE+L k+l. Pk Q’k)
_ AT(AZkH —W) - @k _ M(Uk—l—lBT _ Zk+1) '

Inserting QF from (B.1) yields

0e AT(AZMT — W) — QF .
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Therefore, Z**! minimizes
1 -
1Az =W - (9", z) .
All in all, we obtain that the following inequalities have to hold:

<§k+1 . ©k+1B7Uk+1> TN <Dk+1 _ D", Uk+1> _|_H<Zk+1 s Uk+1BT>

_ N (B.2)
< (P14 QMIBUT) + (DM — D U) 4+ pu (20— 24,07 BT)
M N _
ﬁZdej—l o <Pk+1, Dk+1> + J(Dk+1>
I (B.3)
<BY N dy— (P DY) (D)
i=1 j=1
and
% ||AZI~:+1 _ WH? _ <@k+17zk+1> < % |AZ* — WHzF - <ék+l’Z*> ‘ (B.4)

Adding equations (B.2), (B.3) and (B.4) together yields

HAZ’““ Wl + ﬁzzcz’f“ + J(D*)

=1 j5=1

1 ) M N
— S IAZ =W =5 > dij -

i=1 j=1

< <§k+1 pe+l _ Uk+1> n <@'k+1 gkl _ Uk+lBT> + (DR — DE Ut — R
+ M<zk+1 o Zk, (U* o Uk+1)BT> + <ﬁk+1’ U* . D*> + <@k+1’ U*BT o Z*> .

By using the definitions of legl and S*1 (see for instance (5.9),(5.10) and (5.8)) and
the fact that we have U* = D* and U*BT = Z*, we finally obtain

HAszrl W”F—i_ﬂzzdk—’_l—i_t] Dk+l) K*
=1 j=1 (511)

<(P,RY)+{(Q,R5) + (U* - U*,S*) .
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COMPUTATION OF THE

KINETIC MODELING MATRIX

In order to compute a solution to the inverse problem (6.6) in Chapter 6, we need the
matrix B, which contains the kinetic modeling basis vectors as proposed in Section 6.1.
For this reason we want to outline the computation of the kinetic modeling matrix B,
which we used in the numerical experiments.

Due to the linearization in (6.3), we want to compute

t

bi(t) = /CA(T)ei’j(tT) dr

0

for every j € {1,..., N}. For this purpose we consider the corresponding linear ordinary

differential equation
V(1) = Calt) = bybs(1) .

In order to solve this differential equation via Euler method (cf. HAIRER et al. 1993,
p. 204), the coefficients Ej, which describe the blood flow, are necessary. However, as
we have mentioned in Section 6.1, these are indeed known. We have seen that they
equal the perfusion F' divided by the ratio A = g‘i—g between the tracer concentration
in tissue C7 and the venous tracer concentration Cly, i.e. @ Note that due to the
fact that we have set radioactive water (Hy°0) as the default tracer, we can use its

property as being highly diffusible and thus the concentrations Cp and Cy, reach an
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equilibrium very quickly. For this reason we are able to assume the ratio A = % to be
constant.

Furthermore we require a vector containing typical measure times for dynamic PET and
the input curve C4(t), which consists of the tracer concentration in blood dependent
on time. Now in order to obtain the basis vectors b;, Euler method is applied to every
known Z;j. Due to the results in Section 4.2, we afterwards normalize the basis vectors.

Thus, we obtain the following algorithm:

Algorithm 6 Euler method for kinetic modeling

1: Parameters: b € RY, time e RT, C4 e RT, h e R
2: Initialization: b,; =0V ¢,

3: Interpolate C'4 with step size h > initially C'y depends on time

4: for j={1,..., N} do
5: for t = {1,...,%} do

6: bt+1,j = bt,j +h (CAt — l;jbt,j>;
: end for
8: end for

9: Interpolate B to make it dependent on time again

10: for j ={1,...,N} do > normalize B
. o b

11: b;d = oyl

12: end for

13: return B

Note that in order to obtain better accuracy, we had to interpolate the input curve.
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EXACT /'-RECONSTRUCTION OF

1-SPARSE SIGNALS IN 1D

In order to gain some understanding into suitable and necessary scaling conditions for
the recovery of locally 1-sparse solutions, we first consider the simplest case, namely

M = 1, when the problem reduces to standard ¢!-minimization.

Theorem D.1 (Exact Reconstruction of a 1-Sparse Signal in 1D).
Let the vector w := e?BT = bjT be the jth basis vector and ¢ = 1 — (o + 3) for
(a+06) €(0,1).

If u= ceJT is the solution of (4.2), then the matrix B has to meet the scaling condition

[ballee =1 and  [{by,b)| <1 for n#m. (4.21)

Proof.
We first calculate the optimality condition of (4.2) as

0= ((uB" —w)B), +(a+pB)p,  with  p, € dluyl.

Then it follows that
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holds. Subsequently we insert @& = ce] and w = e] B to obtain

Pn = ((G?BT — cejTBT) B)

n

= —— (b, by) .
S
Since p,, € 0 |4,| has to be satisfied, we need to ensure that
pj=1 and p; €[-1,1] for i#j

holds, which is true under the assumptions mentioned above. O

For this reason we know that we have to normalize our basis vectors with respect to the
(?-norm in order to reconstruct at least a d-peak exactly in one dimension. Note that

gl,oo

in the one-dimensional case the -regularization and the ¢''-regularization reduce to

a single ¢!-regularization with regularization parameter o + f.
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