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Abstract

The ”data deluge” we are facing necessitates us to understand the structure
of the data we acquire and process. For that reason we introduce the notion
of low-dimensional models, i.e subsets of the signal space (the space in which
the data/signals reside) with specific properties (structure). We restrict our
attention on two signal models : sparse vectors and low-rank matrices. In sparse
vector models we focus on the sparse vector recovery problem. This problem is
about reconstructing/recovering a sparse signal after projecting it in a lower
dimensional space. The important result we present and prove is the ability,
under certain conditions, of certain classes of random matrices, such as Gaussian
and subgaussian random matrices, to project sparse vectors to lower dimensional
spaces in a way such that we can obtain successfully the original signal vectors
(reconstruction) using suitable algorithms. In low-rank matrices we focus on a
special recovery problem called matriz completion. In that problem we are given
an incomplete matrix and the prior knowledge that this matrix is low-rank and
we want to infer the values of the missing entries. In the last part of this thesis
we introduce several algorithms for the matrix completion problem and assess
them in synthetic and real data.

Keywords

Big Data, low-dimensional models, sparse vectors, low-rank matrices, sparse
recovery, matrix completion, /; minimization, nuclear norm minimization, ran-
dom projections, Gordon’s lemma, concentration of measure, singular value
thresholding






Preface

The massive amounts of data that are produced nowadays are creating huge
challenges for the modern computational systems. The great impact of infor-
mation technologies in all aspects of our lives make imperative the discovery of
novel approaches for solving these problems. The recent years understanding
the structure of data we are dealing with and exploiting that knowledge in order
to tackle the emerging challenges has proven to be a productive and effective
approach.

The main concept behind this thesis is the importance of exploiting the
structure of data for performing information processing tasks efficiently and
successfully. We restrict our study on two specific structures, which we will
later call low-dimensional signal models : sparse signals and low-rank matrices.
Specifically we will focus our attention on two important problems of these
models : sparse recovery and matrix completion.

In my opinion one of the most fascinating aspects of machine learning is that
it manages to blend in a fruitful and interesting way theoretical (purely math-
ematical) and applied (practical) topics. The main topic of this thesis (sparse
recovery and matrix completion) lies in the intersection of machine learning, sig-
nal processing and applied mathematics and is a characteristic example of such
an interesting blend. For that reason this thesis deals both with mathematical
and applied issues of the above problems. This is reflected in the structure of
this thesis, since part 2 surveys some advanced mathematical topics of sparse
recovery, while in part 3 several matrix completion algorithms are described and
evaluated on synthetic and real data.

Specifically, this thesis consists of three parts:

e The first part is essentially a survey of the the two signal models of interest,
the sparse vectors model and the low-rank matrices model.

— The first chapter contains a general description of low-dimensional
signal models, the reason we study them and the notion of stable
embedding. This chapter highlights the importance of understanding
the underlying structure of data.

— The second chapter is devoted to sparse vectors. We start with the
necessary definitions and the general description of the sparse vector
recovery problem and move to topics such as the optimization tasks
of sparse recovery, restricted isometry property, algorithms for sparse
recovery and applications.

— The third chapter is about low-rank matrices. Besides providing the
necessary background, we focus on the problem of matrix completion.



e The second part contains some more advanced mathematical topics of the
sparse vector recovery problem. Essentially, the theme of this chapter is
the ability of certain classes of random matrices to project sparse vectors
to lower dimensional spaces in a way such that we can obtain successfully
the original signal vectors (reconstruction) using suitable algorithms.

— The fourth chapter contains the necessary probabilistic background.
It starts with basic notions and definitions and moves to more ad-
vanced topics, such as concentration of measure, suprema of stochas-
tic processes, Gaussian width, etc.

— The fifth chapter contains two main results along with the respective
proofs. Both results refer to the ability, under certain conditions, of
certain classes of random matrices to project sparse vectors in a way
such that successful recovery is guaranteed using suitable algorithms.
The first result deals with Gaussian random matrices, while in the
second result we refer to subgaussian matrices.

e The third part studies and evaluates five different matrix completion al-
gorithms.

— The sixth chapter introduces five different optimization tasks for the
matrix completion problem and the respective algorithms that solve
them. Then it proceeds by evaluating the algorithms on synthetic
and real data (MovieLens dataset).
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Sparse vectors and low-rank
matrices






Chapter 1

Introduction

1.1 Introduction

We live in the Big data era. Huge amounts of data are produced every day
and that amount is continuously increasing. Based on previous estimates [[bm]
that amount is larger than 2.5 exabytes per day and is increasing exponentially.
These data can take a variety of forms, such as image, video, audio, text and can
be found practically anywhere (social networks, radio telescopes, DVDs, medical
records, etc.). That tremendous amount of data is putting a strain on our
systems, a situation that is going to become more demanding the forthcoming
years. In order to get a good grasp of the magnitude of data we are referring
to, figure 1.1 presents the expected amount of data that are going to be used
in 2025 for acquisition and storage in three different data domains (astronomy,
genomics and YouTube), as given in | ].

The data we are referring to, the ”Big Data”, have several characteristics.
Among those characteristics is the high dimension of the space they reside and
the their huge volume. Furthermore, those data are usually grossly corrupted
due to noise, failure of the sensing devices, or intentional tampering. The situ-
ation becomes more complicated since some elements of those data are usually
missing; their volume and dimensionality makes it nearly impossible to collect
them all. It is apparent that these traits of data makes the situation even more
challenging.

The enormous flow of data we are dealing with, known as data deluge, and
their complexity, is creating several challenges concerning the acquisition, stor-
age, processing, learning and transmission of data. The importance of data in
nearly every aspect of our lives and the fact that they play a vital role in many
different fields such as science, finance and medicine is creating a demand for
pushing further the capabilities of our technologies. It is essential to develop

Phase \Domain | Astronomy Genomics YouTube
Acquisition 25 ZB/year | 1 zetta-bases/year | 500-900 million hours/year
Storage 1 EB/year 2-40 EB/year 1-2 EB/year

Figure 1.1: Expected amount of data that are going to be used in 2025 for
acquisition and storage in three different data domains. | ]



novel computational methods, algorithms, mathematical tools and technologies,
in order to tackle efficiently all the problems that stem from the data deluge.
One such approach is to try to understand the underlying structure of data and
exploit that to perform all the necessary tasks successfully and efficiently. This
direction serves as the motivating concept behind this thesis.

1.2 Low-dimensional signal models

The fundamental notion we are going to deal with is that of a signal. A signal
is a function that contains information about the attributes or the behavior
of a system or some phenomenon [ ] and can refer to practically any time
or space varying quantity, such as music, audio, video, images, financial data,
scientific data, text, etc. We can also refer to signals as data. In the context of
signal processing we use the term signal, while in the machine learning commu-
nity the term data is preferred. Nevertheless, these terms both refer to some
piece of information that we want to process (e.g compress, code, learn, denoise,
etc.). In this thesis the main subject lies in the intersection of machine learning
and signal processing, so we are going to refer to information patterns, either
as signals or data, depending on the context without causing confusion.

The signals we study reside in a mathematical space, known as signal space.
In other words, the signal space is the set of all possible values the signal we
study can take. Sometimes, for reasons that will become apparent a bit later,
it is necessary to restrict our attention to a subset of the signal space. A signal
model is a subset of the (universal) signal space that possesses certain properties,
usually expressed in the form of mathematical statements. A (low-dimensional)
signal model is characterized by a number of degrees of freedom that is smaller
than the respective number for the signal space.

There are several types of low-dimensional signal models. The most notable
of them are the following. | ]

1. Sparse vectors

2. Compressible vectors
3. Low-rank matrices
4. Manifolds

5. Point clouds

In a nutshell, a sparse vector is a vector that has at most k£ non-zero elements,
where k is a relatively small number compared to the dimensionality of the
ambient space. This is the most important and well-studied model and we are
going to present it in detail in chapter 2.

A compressible vector is a generalization of the sparse signal model, where
we have k significant elements (i.e elements with large values), while the rest of
the elements are very small. We are going to present the basics of this model in
chapter 2.

A low-rank matriz is a matrix whose rank is small compared to it’s dimen-
sion. It is an interesting model with many applications. It will comprise the
subject of chapter 3.



(a) (b) (d)

Figure 1.2: A collection of low-dimensional signal models: (a) k-sparse signals,
(b) structured k-sparse signals, (c) a point cloud, (d) a smooth k-dimensional
manifold. Image taken from [BCW10].

A manifold, from a mathematical point of view, is a topological space that
resembles locally the Euclidean space. Essentially, we can consider a manifold
as a generalization of a surface.

A point cloud is collection of a finite number of points in R™, i.e vectors
x € R" that represent signals.

Figure 1.2 illustrates four characteristic low-dimensional signal models, namely
sparse vectors, structured sparse vectors !, point clouds and manifolds. [BCW10]

1.2.1 Inverse problems

Low-dimensional models led to significant advances in the solution of linear
inverse problems. Inverse problems [Thel5] are problems, where a set of input-
output observations were given (training data in machine learning) and the
objective is to estimate or predict the parameters of the model that produces
that set of observations. Roughly, in inverse problems the task is to infer the
cause from the effect. In general, inverse problems are ill-posed. That means
that at least one of the following three conditions is violated : existence, unique-
ness and stability of solution. Finding the solution is in many cases a difficult,
if not impossible, task. The reason is that the model we use to describe the
data is too complex. As a result, it requires a number of parameters that is
too large, usually larger than the number of data points. Therefore, we cannot
estimate the parameters of the model from our observations.

The study of low-dimensional models led to a breakthrough in inverse prob-
lems. Exploiting the fact that the model of our data possesses a special struc-
ture, i.e the number of parameters that describe it is smaller than the number
of parameters characterizing the ambient space, we only need a small number of
data points in order estimate the parameters of the underlying model, which is
the final objective. It is typical in inverse problems to use as a prior assumption
that our model possesses a special structure. Note that this assumption is based
on the properties of the respective physical system, which the model describes.

Inverse problems are ubiquitous in science and engineering. The majority
of problems in signal processing and machine learning fall under the scope of
inverse problems. Typical examples are problems as regression, classification,
signal denoising and many more.

IStructured sparse vectors are a special case of sparse vectors, where the positions of the
non-zero elements are not completely arbitrary, but follow a specific pattern.



1.3 Stable embeddings

One of the most important concepts in machine learning is that of dimension-
ality reduction. It refers to algorithms that project data to a lower (than the
original) dimensional space, essentially reducing the number of variables that
describe the data. The concept of projection (dimensionality reduction) relies
on the fact that the some signals can be (approximately) described using less
parameters than the number of parameters used to describe an arbitrary signal
of the ambient signal space. We should note that formally, a projection is a lin-
ear function 2 @ : R® — R™, m < n. The main motivations behind employing
dimensionality reduction is the speedup of the data processing and the reduced
requirements in storage space and memory.

Essentially, the objective is to design a suitable projection such that the
low-dimensional signal retains a significant amount (in the ideal situation all)
of the information content of the original signal. Generally, that is impossible,
as for the projection matrix it holds that null(®) # {0} (when m < n, which
in our case holds). As a result, several signals share the same low-dimensional
projection, i.e ® - x = ®(x + 2z), Vz € null(P). Consequently we need to
consider subsets of the signal space, i.e signal models, hoping that we will be
able to construct projections that preserve information in these models. In order
to construct these projections it is important to be able to describe the ability
of projections to preserve the information content of signals. One such notion
is that of a stable embedding.

Definition 1.3.1 (Stable embedding). [ | Let U = R™ be the signal
space, © € U an arbitrary signal and S C U a signal model. A stable embedding

on S is a projection ® : R™ — R™, m < n such that the following two conditions
hold

1. -2y £ P a9, VX, 2 €S
2. It approximately preserves the distances between all the points of S.

Essentially, a stable embedding is a projection that approximately preserves
the distances between all the points of a signal model | ]. This property
of stable embeddings results to robustness to noise. We want to construct stable
embeddings for certain classes of signal models, since in the general case this is
impossible. An important direction towards that goal is to use random matrices,
which will constitute a major part of this thesis.

The main questions that emerge in the development of stable embeddings
for signal models are the following. [ ]

o What is the smallest dimension m of the lower dimensional space for which
we can attain a stable embedding?

e How to construct the proper projection matrix, that provides the stable
embedding?

We are going to answer these questions for the sparse signals model in the next
chapters. Specifically, we are going to provide bounds for the values of m, with

2We restrict our attention to linear projections, although non-linear projections are used in
data sciences. The reason is simplicity, since in this part our aim is to highlight the conceptual
aspects of the topic



respect to the other parameters of the problem (e.g level of sparsity). Also, we
are going to establish that several classes of random matrices provide, under
certain conditions, a stable embedding for sparse signals.

Consequently, we can say that one of the main concepts underlying this thesis
is the power of randomness to provide information preserving embeddings for
specific classes of signal models. This also highlights another important aspect,
that of discovering and exploiting the underlying structure of data, i.e finding
the low-dimensional model that describes adequately the data. In a nutshell,
random projections and low-dimensional structure are two of the main keywords
characterizing this thesis.






Chapter 2

Sparse vectors

2.1 Introduction

Probably the most important and popular low-dimensional signal models are the
sparse signal models. Some of the basic elements, results and tools concerning
these models were developed several decades back, however the field witnessed a
research explosion in 2004 that continues to present day. The attention the field
received recently is due to the contributions of Candes, Tao | ] and Donoho
[ ], around the middle of the previous decade. The study of sparse signals
led to a revolution in signal processing and data sciences, that produced new
techniques, ideas and tools as well as solutions in many problems that could not
be addressed previously.

The study of sparse signals is an interdisciplinary field of research, as it
attracts scientists from different communities, such as machine learning, signal
processing, imaging, statistics and applied mathematics. Also, it has proven
very useful in practice as many application arose in different fields, including
but not limited to computational biology, image processing, machine learning,
telecommunications, radars, medical imaging, etc. The study of this field of
research requires a solid theoretical background in linear algebra, probability
theory, optimization theory, functional analysis and other fields depending on
the specific problem.

2.2 Sparse and compressible signals

We are going to begin with the definition of a sparse signal.

Definition 2.2.1 (Sparse signal). A vector x € R™ is called k-sparse if it’s
non-zero entries are at most k, i.e card(supp(x)) < k.

The set of all k-sparse signal is denoted as Y. Also note that this is an
idealized model in the sense that there are no sparse signals in reality, only
signals that are approximately sparse. We are going to define an extension of
sparse signal models that describes approximately sparse signals.

From a geometric point of view the set of all k-sparse signals is a union of
subspaces. The k-sparse signals model accounts for all the (Z) different ways to
pick the k non-zero elements of the arbitrary k-sparse vector. Every different



way defines a subspace spanned by the basis vectors corresponding to the chosen
indices. Notice that each subspace covers the case that the vector possess at
most k non-zero elements in the respective positions. Consequently, taking into
account all the possible ways we end up with a union of subspaces.

In order to capture the model of signals that are approximately sparse we
introduce compressible signal models. Before we proceed with the definition of
a compressible signal we must define the I, error of the best k-term estimate of
a signal vector.

Definition 2.2.2 (I, error of the best k-term estimate). [ ] The l, error
of the best k-term estimate of a signal vector x € R™, with p > 0, is given by

ou(@)y = inf |z ],
z k

It turns out that the best k-term estimate of an arbitrary vector x € R™
is simply the vector that is created by choosing the k larger elements of the
original vector . Assuming that we have arranged the elements of the vector
x in descending order, for the [, error of the best k-term estimate of x, we get
obtain [ ]

" 1/p
2 |P ,p € (0,+00
on(x), = (i_%ll | ) pE( ) '

Th+1 , p =400

Now we can define a compressible signal vector. Roughly, a signal vector
x € R" is called compressible if the [, error of its best k-term estimate, for some
p > 0, decays quickly with respect to k. More formally we have the following
definition.

Definition 2.2.3 (Compressible signal). [ | A signal vector x € R™ is
called compressible, if there exists R > 0 and p < 1 such that it holds

;| < RiTVP 1< i<,
where we have assumed that the components were sorted in descending order.

Essentially the set of compressible signals is the set of signals that can be
successfully approximated by sparse ones. There are several examples of sparse/
compressible signals. One of the most characteristic example is provided below.

Many real-world images are (approximately) sparse in specific bases, such as
the Direct Cosine Transform (DCT) basis or the wavelet basis. This attribute of
images is exploited by the JPEG-2000 standard. Assuming that we represent an
image as a vector (by putting each column of the image’s matrix sequentially),
with each entry describing the grey-level intensity, the JPEG-2000 standard
transforms the image vector to the wavelet domain in which the signal contains
a small number of large coefficients. The final image is acquired by keeping those
large coefficients and putting the rest to zero. As a result, there is a significant
gain in storage space with only a small deterioration in the image’s quality.

10



2.3 Signal dictionaries

In our exposition a signal is a vector & € R™ in the vector space R™. As a result,
R™ admits a basis, in which & can be written in a unique way. In other words,
every signal vector & can be written as a linear combination of the independent
elements of a basis. There are many bases which can be used to describe a
given vector space. In this thesis the vectors represent signals, so we are going
to introduce some extra terms. In the nomenclature of signal processing the
generalization of the basis is called a dictionary and the elements of the basis/
dictionary are called atoms. | ]

Definition 2.3.1 (Dictionary). A dictionary is a set of elementary signal vec-
tors ¢, € R™, ¢ € I, not necessarily independent, that span a signal space. The
elements of the dictionary are called atoms.

The dictionaries can be characterized as complete and overcomplete. The
definition of these terms follows.

Definition 2.3.2 (Complete and overcomplete dictionaries).

e A dictionary is called complete if it consists of n (usually orthonormal)
independent signal vectors ¢, € R™, 1 <i < n. An arbitrary signal T can
be written using the atoms of a complete dictionary in an unique way.

e A dictionary is called overcomplete if it consists of more than n signal vec-
tors p, € R™ i € I, i.e more vectors than the dimension of the underlying
vector space. The atoms are dependent, as their number is greater than
the dimensionality of the underlying vector space. There are many ways
to express an arbitrary signal  in such dictionaries.

We can express a signal € R” in a given (overcomplete) dictionary ¥ as
x =V

or

T = Ot
il

where {6;},i € I are the coefficients of the signal in the dictionary ¥ and
{1,;},i € I (the columns of matrix ¥) the atoms of the dictionary. In general
there is no unique set of coefficients {6;},7 € I when we use an overcomplete
dictionary. While it might seem that the existence of overcomplete dictionaries
is mathematically flawed, since it abuses the properties of a vector space basis,
there is a mathematical concept that describes these kind of dictionaries. This
generalization of a basis is called a frame. | ]

Probably the most characteristic example is the Discrete Fourier base; the
base that corresponds to the Discrete Fourier transform (DFT). If we put the
DFT basis vectors as columns in a matrix we formulate the DFT matrix V.
Notice that ¥ is an orthogonal matrix as DFT is an orthogonal transformation,
i.e its basis vectors are orthogonal to one another.

Given a set of signal vectors, {x;},,.,, we can formulate the problem of
finding an (overcomplete) dictionary in which all the vectors admit a sparse
representation. This task is called dictionary learning and it has the potential
to enhance performance in many applications.

11



signal vector

(6 € R™)

Synthesis (¥ € R™*™) Measurement/ Sensing (¢ € R™*™)

mm

Signal vector Measurements
(x € R™) (y € R™)

Analysis (07 e R"*") Reconstruction/Recovery

Sparse

Figure 2.1: The big picture of the sparse vector recovery problem.

2.4 The big picture of sparse recovery

In this section we are going to give an outline of the setting (i.e the big picture)
of the sparse recovery problem and define the basic elements that comprise it.
This presentation aims at collecting the basic concepts and terms in one place.
Figure 2.1 contains the basic elements and operations of the problem aside with
the necessary terminology. Do not take this figure too literally or stick to the
exact notation and meaning, as some things may be used differently at a later

stage.

The signals depicted in figure 2.1 are the following.

Signal vector (x € R™)

The unknown signal vector, @ € R", that we observe through a linear
measurement process. It is the signal we want to (implicitly, through esti-
mation of @) estimate based on the set of measurements y and exploiting
the fact that there exists a basis ¥ in which « is sparse. It belongs to
a high dimensional signal space (with respect to the dimension m of the
measurements space) and we assume that is given in the canonical basis,
in which the signal is not necessarily sparse.

Observations/Measurements/Samples (y € R™)

The observations vector y € R™ that results from sensing « with a mea-
surement matrix ®. It is a vector residing in a low dimensional space (with
respect to the dimension n of the signal vector ).

Sparse signal vector (6 € R"™)

The signal vector € R™ expressed in a basis where it is sparse. It is
the signal that we want to estimate given the observations y and the
knowledge that & admits a sparsifying basis, in which it is represented as
0.

The basic operations we present are the following.

Change of basis/Transformation (¥, ¥7)

These matrices represent the change of basis matrices for the signal vectors
x and 6. For simplicity we assume that the dictionary used is complete
and orthogonal and so the transformations are represented by orthogonal
matrices. As a result, it holds that ¥~! = U7 and consequently we have
that z = WO (Synthesis) and 8 = U7z (Analysis).

12



e Sensing/Measurement/Sampling/Projection/Dimensionality reduction ()
The sensing matrix ® that is used to perform the linear measurements pro-
cess!. The operation of measurement is y = ®x in the noiseless case and
y = ®x + e in the noisy one, where the vector e € R™ represents the
noise.

e Recovery/Reconstruction
Recovery constitutes the inverse operation of sensing. This process aims
at estimating successfully the original signal vector, given the observations
y and the prior knowledge that the signal vector is sparse in some basis.

Now that we have described the basic components of the problem we are
dealing with we are going to formulate the corresponding mathematical problem.
In the noiseless case the following formulas hold

x =0, (2.1)

y = dx. (2.2)
Combining the equations (2.1), (2.2) we get

y=dx =000 = y = A0,

where A = ®U.

The problem we are dealing with is the sparse vector recovery problem and
can be stated as follows: We are given a signal vector xy € R™, which is k-
sparse in some basis ¥ € R"*™ and can be represented as 6y € ¥ on it, and a
measurement matrix ® € R™*", We perform a measurement that is described
as follows, depending on the presence of noise:

o y=>U0; = Ay (noiseless case)
o y=>U0;+e= A6y + e, |le]2 < € (noisy case)

The problem is, given A and y, to successfully reconstruct the sparse signal
vector Oy and consequently xy. The exact meaning of success depends on the
type of scenario we are dealing with. As a result, we have the following recovery
concepts, where we denote the recovered vector (the estimate) as 0 :

e Exact recovery, if @ = 0, in the noiseless case

e Robust recovery, if || — @y|| is small (for some norm), in the noisy case.
Roughly, we want the error to scale moderately with respect to the noise
level e.

Also, another extension of both scenarios, the noiseless and the noisy one,
that we are going to consider refers to the possibility that the signal vector &y we
measure and we want to reconstruct is only approximately sparse (compressible).
In that case we care about the stability of the solution 0, i.e the estimation error

1 Essentially every observation is a linear combination of the elements of the unknown signal
vector, expressed as the inner product of the signal vector with some row of the measurement
matrix, i.e y; = q,’)ZTB, i = 1,...,m. That is the reason we refer to sensing as a linear
measurement process.

13



6 — 8y to scale slowly with respect to the approximation error oy (0), of the
compressible vector by a sparse one. In order to avoid confusion we are going to
postpone the analysis of the noisy case and the discussion about stability issues.

Therefore, in the noiseless case we end up with the following underdeter-
mined system of linear equations, whose solutions we seek.

y=A40, AcR™" yecR™ 6 cR", m<n.

This system is underdetermined and as a result it admits an infinite number
of solutions. The fact that allows us to overcome this obstacle is the prior
knowledge that x is sparse in some basis. It is possible that the system, under
certain conditions, admits a unique sparse solution, the original sparse signal 6.
We are going to study this possibility, as well as the specific conditions in the
next sections.

2.5 Underdetermined system of linear equations

As we mentioned previously the mathematical problem that lies behind the
sparse signal recovery problem is the solution of an underdetermined system of
linear equations, given the constraint that the solution we seek is sparse. First
of all, we are going to study the general solution of the unconstrained problem.
Therefore, we have | ]

y=A40, AcR™" yeR™ 6 cR", m<n. (2.3)

Without loss of generality we assume that matrix A has full row rank, so
it describes m independent linear equations of n variables. Obviously the set
of solutions is infinite. Specifically, each equation defines a hyperplane in the
n-dimensional space. Notice that the hyperplanes are non-parallel as a result
of the linear independence of the respective equations. So the solutions set is
created by the intersection of the m hyperplanes in the n-dimensional space. As
a result, the intersection is a (n — m)-dimensional hyperplane. We denote the
solution set as

G):{BER": yi:a?O,izl,...,m},

where a! denotes the rows of A.
Equivalently this set can be written as

O =0y + null(A),

where 6 is a solution of (2.3). We can easily see that if we consider a fixed
solution @y and an arbitrary solution @ of system (2.3). Then we have that

A6 —0)=0= 0y — 0 € Null(A) = 0 = 6y + Null(A).

In order to obtain the solutions of the constrained system of linear equations
we are going to employ our intuition in finding the correct solution strategy.
Probably the first idea that comes in mind is to search in the set of all possi-
ble solutions of the unconstrained system and pick the solutions that have the
smallest number of non-zero elements. In the following subsection we are going
to formulate that idea as an optimization problem.
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2.6 The optimization tasks of sparse recovery

We are going to reduce the problem of (noiseless) sparse recovery to the solution
of an optimization task of the form

o 0
minimize lefl,
subject to y = A#.

where |||, is some [, norm. Actually, we are going to evaluate three different
optimization tasks, corresponding to p = 0,1, 2.

The setting in which we study the optimization tasks is the following: Sup-
pose that we have a signal vector @y, which admits a sparsifying representation
0y € . We measure the signal g and as a result we obtain the observations
y = dxyg = ABy, where A = Ud. At many points we are going to consider
the optimization tasks as algorithms that admit as input the matrix A and the
observations y and produce as output an estimate 0 of the vector 6y. Then we
can obtain an estimate of the original signal vector, & = W6. Also, note that we
are going to treat matrix A as the measurement/sensing matrix that measures
the sparse signal vector 8, although we described it differently in the previous
section.

2.6.1 [j norm

The analysis in this part relies on the notion of the [y norm. The [y norm
is defined as ||0]|o = card(supp(@)). However, it is important to stress that
technically the lp norm is not valid, as it does not satisfy all the necessary
conditions in order to constitute a norm. Nevertheless, we are going to use the
term "Iy norm” keeping though in mind this technicality.

A first idea in the direction of solving the problem is described by the fol-
lowing optimization task.

Definition 2.6.1 (Ip minimization task).
minimize |0,
BER’H
subject to y = A8.

Essentially, what the [y minimization task does is from the set of all possible
solutions of the system of linear equations y = A6 returns the solutions that
have the smallest [y norm, i.e the sparsest ones. Clearly we hope that there is
only one solution that exhibits the smallest Iy norm, the one that was sensed
(6p) and its respective measurement y = A@y was given as input along with
matrix A.

This problem is NP-hard in the general case, where we consider as possible
input all the matrices A € R™*™ and observations vectors y € R™. The im-
portant issue here is whether the output of the /[y minimization task returns a
unique and correct sparse solution in all possible cases. The answer is no, since
problems can occur if, for example, we pick the measurement matrix A in a way
that will project (at least) two sparse signals (where one of them is the true
signal; the one that was sensed and we seek to reconstruct) to the same vector
in the low dimensional space.
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More formally we have the following theorem that characterizes the adequacy
of Iy optimization task in recovering sparse vectors from linear measurements.

[FR13]

Theorem 2.6.1. Let A € R™*" be a matriz. Then the following statements
are equivalent.

1. For every g € Xy, it holds that Q¢ is the unique k-sparse solution of the
linear system y = A, where y = ABy and 0 € R™.

2. For every Oy € X, it holds that ¢ is the unique solution of the ly mini-
mization task
minimize /0|,
OcR™

subject to y = A6
where y = A@y.

3. For the matrizx A € R™*" it holds that

KerAn Xy, = {0}.

Essentially, the previous statement provides a necessary and sufficient con-
dition for a measurement matrix A that ensures that every k-sparse vector can
be successfully reconstructed using (2.6.1), after sensing using A. Also, it says
that if the system of equations has a unique k-sparse solution then the Iy min-
imization task will find it. Finally, it is worth noting that for the number of
measurements m that are necessary in order to reconstruct every k-sparse vec-
tor, using the same matrix, we can deduce that (at least in principle) m > 2k
observations are sufficient.

Consequently, regarding its ability to provide a unique and correct sparse
solution we notice that this task captures the notion of finding the sparsest
solution, but fails to deliver the solution we seek in all cases. It only works
under certain conditions, depending on the choice of the measurement matrix
A. Nevertheless, even in the case where the conditions will proven to be relaxed
enough for us to claim that the correct solution is obtained in all practical
situations, the computational intractability renders this task useless. As a result,
we need to resort to a different approach.

2.6.2 [, norm

One idea in order to mitigate the intractability of the previous optimization
task is to relax our objectives, deviating from the task that captures the notion
of finding sparse vectors, hoping though that in many (practical) cases the new
task will provide the correct solution. One such relaxation is contained in the
following optimization task.

Definition 2.6.2 (I minimization task).
minimize /6|,
OcR™
subject to y = A6.
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The solution of this problem is unique and is given by the closed form ex-
pression | ]

0 = AT(AAT) 1y

It is straightforward that this problem is computationally feasible as com-
puting its solution requires only matrix multiplications and inversions, tasks for
which we possess efficient algorithms. Again the important question is whether
the ls minimization task provides a unique and correct sparse solution. Although
a unique solution is guaranteed, this solution is not necessarily the correct one,
the one that was sensed. Actually in many cases the [ minimization task it
doesn’t even return sparse solutions. Hence, the [ optimization task does not
have practical value for our problem and so we are going to omit a more detailed
analysis.

Consequently, this task, although computationally tractable, it does not
always provides us with sparse solutions. So we are forced to consider another
relaxation.

2.6.3 [; norm

The middle ground between the previous two optimization tasks is the I; min-
imization task.

Definition 2.6.3 (I; minimization task).
manimize /6],
6cR™
subject to y = AB.

This problem can be reduced to a linear programming task, which is a prob-
lem that belongs to complexity class P. Thus, there are several efficient algo-
rithms which can be used to obtain the solutions of such tasks (e.g interior point
methods, simplex methods).

The main question here is whether the [; minimization task can provide us
the correct sparse solution. As anyone by now might have anticipated the answer
is: under certain conditions, depending on the choice of the sensing matrix A.
The different outcomes of the [; minimization task are the following

e An infinite number of solutions
e A unique sparse solution, but not the correct one

e The correct sparse solution (unique solution).

The different outcomes highlight the importance of choosing the proper sens-
ing matrix. Figure 2.2 illustrates these three different cases. Next, we are going
to present a necessary and sufficient condition for matrix A, such that the [y
minimization task returns the correct sparse solution, for every possible k-sparse
vector 8 € R” given as input. The condition we will discuss is called the null-
space property.
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the correct sparse solution

Figure 2.2: The three different scenarios that can arise in the sparse vector
recovery problem using the /; minimization task. Suppose that we have n =
2, m = 1, 6 is the l-sparse vector we sense and 6; some other 1l-sparse
vector. (a) The Iy minimization task finds the correct sparse solution. (b) The
[; minimization task finds a 1-sparse solution but not the correct one (8g). (c)
The /3 minimization task returns an infinite number of solutions including the
correct one. It is obvious that only case (a) is considered successful. The figure
is based on [ ]

Definition 2.6.4 (Null-space property of order k). [ ] Let A € R™*™ be
a matriz. We say that A satisfies the null space property of order k if it holds
that

lzsll, <llzpmpsll,, Vo € KerA\ {0} and ¥ S C [n] with card(S) <k, (2.4)
where [n] ={1,2,...,n}.

Now we can state the following theorem that links the null space property
with exact recovery of sparse vectors using the [y minimization task.

Theorem 2.6.2 (Null-space property and exact recovery). [ ] Let A €
R™*™ e a matriz. The following statements are equivalent

1. For every Oy € Xy, it holds that 8 is the unique solution of the l; mini-
mization task, with y = A6g.

2. The null space property of order k holds for matriz A.

2.7 Compressed sensing

One possible way to exploit the fact that a signal is sparse in some basis is in
data compression schemes. To illustrate that we consider the following example.
Suppose that we have a signal & € R™ that is (approximately) sparse in some
basis, where it is expressed as 8 € R™. Essentially, that means that we have
performed a sampling procedure before that resulted in n observations (the n
elements of vector x). We want to exploit the signal’s sparsity in order to
compress it. We use the following steps in order to do that. | ]

1. Transform the signal to the basis where it admits an approximate k-sparse
representation. That is performed by 6 = ®x.
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2. Keep the k largest values of @ and encode their locations and their values.
We can store a compressed version of the original signal using the previous
encoding.

3. Create the signal vector 6y, where the vector 6 is equal to 8 in the
positions that correspond to the k largest elements of 8 and 0 in the rest.
Using the inverse transform g = ®76, we can obtain an approximate
version x( of the original signal & € R™, when this is necessary.

The previous procedure appears to be effective for compressing (approxi-
mately sparse) signals, but there is one thing that needs further consideration.
We sample/measure n elements of a vector € R™, but in the end we keep only
k of the coefficients, where usually & << n. That makes us wonder whether
we can do better. What if we managed to sample less than n elements of the
n-dimensional signal x, just enough in order to provide us with the k& coeffi-
cients that adequately describe the signal in the sparsifying basis? That is the
motivating idea that gave birth to the field of Compressed sensing or Compres-
sive sampling. Ideally we would like to obtain a number of samples m close to
k << n (obviously k& < m must hold). In other words, we directly obtain a re-
duced number of samples, merging the steps of compression and sampling, that
is the lowest possible, such that the information content of the signal (contained
in the k largest coefficients) is preserved.

Compressed sensing is essentially a technique in signal processing. Leaving
for a moment aside the exact formulation of the sparse recovery problem we used
until now and considering it in a more general framework we have the following
characteristic example that we should not omit from our exposition. We know
from Nyquist’s sampling theorem that in order to be able to perfectly recon-
struct a bandlimited (continuous-time) signal we must sample it with sampling
frequency fs > 2f, where fs is the sampling frequency and f is the highest
frequency of the signal. We call the smallest possible sampling frequency, i.e
fn =2f, Nyquist frequency. The field of compressed sensing essentially claims
that given that the signal is sparse in some (continuous) basis (e.g Fourier basis)
we can sample it with frequency lower that the Nyquist frequency and be able to
perfectly reconstruct it. This capability is important in cases where the signals
are wideband.

2.8 Measurement matrices

One of the most important aspects of the field of sparse recovery is that of
designing the suitable measurement matriz. It is crucial to design the proper
measurement matrix as it is the main factor that determines whether we can
recover the correct sparse solution. Essentially, what we need is a measurement
matrix that provides a stable embedding for the set of k-sparse vectors. In order
to evaluate the capability of an arbitrary measurement matrix in performing a
stable embedding we introduce two measures. The two measures are given
below.

1. Coherence

2. Restricted isometry property
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2.8.1 Coherence

A measure that characterizes the ability of a matrix to provide a stable embed-
ding for the class of k-sparse vectors is mutual coherence. The definition is given
below.

Definition 2.8.1 (Mutual coherence). [ ] Let A € R™*™ be an m X n
matriz and a;, 1 < i < n be the columns of A. The mutual coherence of A is
defined as
T

WA= max M@l
1<i<i<n [|ag|2]|a 2

Roughly, mutual coherence is a measure of orthogonality of the columns of
a matrix A. In other words, mutual coherence measures the ”correlation” or
”independence” between the columns of a matrix. In an orthogonal matrix A,
where the columns are orthogonal, the mutual coherence is 1 (A) = 0. In non-
square matrices with (n > m), where full orthogonality is impossible, mutual
coherence shows how close a matrix is to an orthogonal one. Specifically for
the mutual coherence of an arbitrary matrix A it holds that 0 < u(A) < 1. If
n > m then we can obtain an improved result, known as Welch bound,

n—m

WSH(A)SI-

In the context of sparse recovery, the smaller the mutual coherence of a ma-
trix A, the better, in the sense of matrix A is able to handle greater levels of
sparsity and recovery becomes easier. Intuitively, we want the columns of the
measurement matrix to be as ”independent/uncorrelated” as possible (small
mutual coherence). Then in the formulation of the observations vector 2, each
component of the sparse signal vector is provided by a column, which has small
”correlation” with the other columns. Roughly that means that the information
encompassed in each component of 6 is captured by a column that is ”uncor-
related” (”independent”) with the other columns, hence making the process of
separating these components and unveiling the information they contain easier.
As aresult, a significant amount of the information content of the original signal
is preserved and recovery becomes easier.

2.8.2 Restricted isometry property

The Restricted Isometry Property (R.I.P) is probably the most important mea-
sure.

Definition 2.8.2 (Restricted Isometry Property (R.I.P) condition). [ ]
Let 6, 1 < k < n be the kth restricted isometry constant of a matriz A € R™*™,
It is defined as the smallest constant such that the following condition holds

(1= 00118113 < 14815 < (1 + 81613, ¥ € L. (2.6)

2Note that the operation A@ can be equivalently written as

n
y=A40=> 6ba;, (2.5)

=1

where a;, 1 < i < n are the columns of A.
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Roughly, we say that the Restricted Isometry Property of order k£ holds
if equation 2.6 holds and 6 is sufficiently smaller than one. Essentially, if a
measurement matrix satisfies the R.I.LP that means that the ls norm of the
projection of every k-sparse vector is approximately preserved. Also, note that
we want the measurement matrix A to satisfy the R.I.P with as high k as
possible, since that means that it is capable of providing information preserving
projections for a wider range of sparsity levels.

It is easy to see that if the measurement matrix A manages to provide a
projection with a certain accuracy for some sparsity level k, it can also provide
at least the same accuracy to vectors with smaller levels of sparsity. Hence, for
the R.I.P constants it holds that

01 <0 <o <o K1 Lo <y (2.7)

We also consider another form of the R.I.P. Let 81, 85 € X} be two k-sparse
vectors. Then, 81 — 05 is a 2k-sparse vector, so the R.I.LP condition takes the
following form.

(1= 621161 — Oall3 < | A(B1 — 02)]15 < (1 + 621161 — 625, (2.8)

If a measurement matrix satisfies the R.I.P of order 2k, i.e expression (2.6)
holds with dy sufficiently small, then the expression (2.8) dictates that the Iy
distances between every pair of k-sparse vectors are approximately preserved
after the projection in the lower dimensional space. Thus, we can see that when
the R.I.P holds it is straightforward that the projection provided by A is a stable
embedding for the class of k-sparse vectors.

Matrices that obey the R.I.P

Establishing the R.I.P for a general matrix is a difficult task. Therefore, we need
to find classes of matrices for which the R.I.P can be evaluated in an efficient
way. Perhaps the most important class of matrices that obey, under certain
conditions, the R.I.P are specific classes of random matrices.

Several characteristic classes of random matrices for which, under certain
conditions, the R.I.P holds with high probability are the following. | ]

[ ]

e Gaussian random matrices
A (normalized) Gaussian random matrix is a matrix A € R™*", whose
entries are i.i.d Gaussian random variables with mean p = 0 and variance

1 1
2=—ieA;; ~N(0,—).
0 = —.fe Ay ~ N0, —)

e Bernoulli random matrices
A (normalized) Bernoulli random matrix is a matrix A € , whose en-
tries are i.i.d Bernoulli random variables. The Bernoulli random variables
in this case take the following values

Rmxn

——  with probability 1/2

with probability 1/2
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e Subgaussian random matrices
A (normalized) subgaussian random matrix is a matrix A € R™*", whose
entries are i.i.d subgaussian random variables, i.e P[|A; ;| > ] < e™"/2 Vt >
0. Note that the previous two classes are special cases of subgaussian ran-
dom matrices.

One might have noticed that in the scenario we described earlier we can
freely choose the measurement matrix, but we obviously do not have a choice
on the transformation matrix, since we cannot pick the basis in which the signal
is sparse. As a result, we cannot completely specify matrix A = ®W. At first
this seems to be a problem as we need to specify the matrix ® with respect to
W, in order for the R.I.P to hold for the matrix A = ®W¥. However, in many
cases, this is not a problem. For example, the classes of random matrices we
mentioned before provide a universal choice of projection matrices that work
for any orthonormal basis, i.e matrix A = ®U satisfies the R.I.P, when & is a
suitable random matrix and ¥ is some orthogonal dictionary. Hence, we can
choose the matrix ® independently from the orthogonal basis matrix .

Random matrices offer a practical way to construct matrices that provably
obey the R.I.P with high probability. Establishing that under certain conditions
the R.I.P holds for subgaussian matrices is going to be one of the main topics of
the second part of this thesis, so we postpone the detailed analysis of the above
topic for the next chapters.

2.9 Reconstruction schemes

The are several types of algorithms/reconstruction schemes for sparse recovery.
The most important ones are the following. [ ]

1. Greedy algorithms
2. Convex optimization algorithms

3. Iterative shrinkage algorithms

We are going to evaluate the following aspects of the sparse recovery algo-
rithms. | ]

1. Computational complexity
A very important aspect of an algorithm is its computational complex-
ity, that is the amount of computational resources it requires in order
to provide an output, with respect to input size and other parameters.
Specifically we care about time complexity, i.e roughly the number of
steps required in order to compute the solution, with respect to the input
size.

2. Stability
Stability concerns the ability of the reconstruction scheme to provide sat-
isfactory solutions in cases where the signal vector is not exactly sparse,
but it is compressible. It is logical to demand from an algorithm to work
successfully in more realistic scenarios (remember that in reality there are
no sparse signals), in the sense of introducing an estimation error that is
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controlled by the approximation error of the compressible signal vector by
a sparse one.

3. Robustness
Robustness refers to the ability of an algorithm to tolerate errors intro-
duced to the measurement process, either by noise or by our inability to
measure a quantity with infinite precision. We expect that the estimate
produced by a robust algorithm to deviate from the correct value by an
amount that is controlled by the measurement error.

It is vital for the reconstruction algorithms to possess the last two qualities
and at the same time to be able to work fast in order to have practical signif-
icance. In the opposite case the algorithm cannot be applied to practical situ-
ations and has purely theoretical significance. Taking into consideration more
realistic scenarios we modify the formulation of the sparse recovery problem in
order to accommodate for noise, measurement inaccuracies and compressible
vectors.

For the noisy case we know from section 2.4 that y = A6 + e, |le]|2 < € and
as result we have that

ly — A0 |, <e (2.9)

Therefore, we develop an extension of the I; minimization task (2.6.3), which
we call noisy or robust l; minimization task. | ]

Definition 2.9.1 (noisy /; minimization task).

minimize |0,
oeR? (2.10)
subject to  [ly — Af|, < e.

We should note that in this case seeking a unique sparse solution no longer
makes sense. Instead, the main issues here are robustness and stability (the last
aspect was already an issue in the noiseless case). In other words, we expect
from the algorithms that solve the previous task to be able to withstand noise
and deviations from the sparse signal model, in the sense of introducing an
estimation error that is roughly controlled by the noise level € and the [, error
of the best k-term estimate o(6o), of the original signal @ (the signal that
was sensed).

We are going to study one typical example from each type of reconstruction
schemes. For every reconstruction scheme we will provide a theorem concerning
the estimation error of the respective scheme for arbitrary input, when given
some guarantee about the R.I.LP constant of the measurement matrix. The
general formulation of that theorem would be as follows.

Theorem 2.9.1 (Sufficient condition for robust and stable recovery). [ ]
Suppose that the restricted isometry property of order rk holds for a matriz
A € R™* ™ with constant 6r, < § < 1. Then for any 8 € R™ an output 6
of algorithm Alg, with input A, y = A@ + e and € satisfies the following error
bounds

10 — 8], < Coor(0)1 + C1Vke (2.11)
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and

10—, <28 L oy (2.12)

vk

where Cy, Cy are constants that depend only on 6.

For every reconstruction scheme Alg we consider we provide the estimation
error in the form given in the above theorem (with different constants Cy, C;
for each scheme), for specific choices of the R.I.P constant (r and 4, different
for every scheme). It is straightforward to see that the algorithm Alg, under the
condition that the theorem 2.9.1 holds for a reasonable R.I.P constant (6 < 1),
is stable and robust as the estimation error scales moderately with respect to
the approximation error o (0)1, the noise level €, as well as the sparsity level k.
As a result, the algorithms that satisfy theorem 2.9.1 with a reasonable R.I.P
constant are considered successful.

2.9.1 Greedy algorithms

In general, a greedy algorithm is an algorithm that at each stage takes a locally
optimal choice, which may not necessarily lead to globally optimal solution,
although that is the final aim. A greedy algorithm for sparse reconstruction
[ | iteratively improves the current estimate of 6, using locally optimal
updates of its coefficients at each iteration, in order to reduce the estimation
error. There are several greedy algorithms for sparse reconstruction. Some of
them are the following

e Orthogonal matching pursuit (OMP)

e Least angle regression (LARS)

e Compressed sensing matching pursuit (CSMP)
— CoSaMP

— Subspace pursuit

The algorithm that we are going to study in more detail is Orthogonal Match-
ing Pursuit (OMP).

Orthogonal matching pursuit

Orthogonal Matching Pursuit is one of the oldest algorithms for sparse recon-
struction. A detailed description of OMP is provided next. [ ]
Orthogonal Matching Pursuit (OMP)
Input : Measurement matrix A € R™*" observations y € R™.
Output : A k-sparse estimate 6 € R™.
Parameters :

° 9(1) : the i-sparse estimate at iteration ¢

e eV : the error at iteration i, i.e el =y — 407,

e SU) : the support set at iteration i
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e A : the matrix formulated by considering the columns of A correspond-
ing to the indices of S, i.e the active columns

e ¢ : the termination tolerance

Algorithm:

1. Initialization

0" =0, e® =y, 5O =g =1,

2. Identification of the column maximally correlated to error vector
Select the column a;, of A that exhibit the maximal correlation with the

error vector (e(?) =y — Aé(l)) at the previous iteration. Specifically, we

pick the column

| a7 o1
, =arg max ———. '
Ji gj:L,..,n ||a'jH2

3. Update of the support set

The support set at iteration ¢ is

S0 = 56— {5},

4. Update of the sparse vector estimate

We can obtain the new estimate by solving the following least-squares
problem ~ _
0 = arg min|jy — A" z|3.
z€eR?

Then we can obtain 9(” by taking the elements of @ and inserting them in
the positions specified by the support set S*), while setting the elements
in the other positions to 0.

5. Update of the error vector

The error at iteration ¢ is
el) = Yy — A@(Z).

6. Condition check

The user picks a constant € at the beginning as a termination tolerance.
If e < ¢ then the algorithm terminates, else the algorithm moves back
to step 2.

Essentially, OMP is based on the idea that at iteration ¢ the column which

exhibits the maximum correlation (equation (2.13)) with the error vector e(*~1)
is the one that leads to the highest reduction of the I3 norm of the error, when
taking into account all the active columns in the formulation of the new error
vector. Furthermore, notice that the error vector is orthogonal to the space

spanned by the active columns, i.e e® L {z;,,...,zj}, since é(z) is the optimal

solution in the least squares sense. This property establishes that at the next
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iteration the algorithm will not select a column that has already been chosen,
i.e an active column. | ]

Also, notice that the algorithm after k iterations returns a k-sparse solution.
However, there is no guarantee that the final solution is a successful estimate
of the correct one. The only thing we know is that the error (in the Iy norm
sense) decreases at every iteration. Theorem (2.9.2) essentially provides some
conditions for matrix A under which OMP returns solutions with specific guar-
antees. Finally, the computational complexity of OMP is O(rnm), where r is
the level of sparsity of the final solution. | ]

We provide a theorem containing a sufficient condition for robust and stable
recovery with OMP, as well as some performance bounds. | ]

Theorem 2.9.2 (Sufficient condition for robust and stable recovery with OMP).
Consider the scenario described in theorem (2.9.1) and suppose that the re-
stricted isometry property of order 13k holds for a matriz A € R™*™ with con-
stant d13, < 0.1666 (r = 13,0 = 0.1666). Then for Orthogonal Matching
Pursuit (OMP) theorem 2.9.1 is satisfied.

2.9.2 Convex optimization algorithms

Convex optimization algorithms offer an attractive approach for sparse recovery.
These algorithms solve convex optimization problems and therefore there are
polynomial time algorithms that can be used (e.g interior point methods). The
algorithm that we are going to discuss is robust l; minimization.

Robust /; minimization

Robust /; minimization is simply the algorithm that solves the robust variant
of the familiar [; minimization task we introduced previously as robust /; min-
imization task.

Definition 2.9.2 (robust /; minimization). Let A € R™*™ be a measurement
matriz and € be the noise level. The optimization task robust l{ minimization
solves is
minimize |0,
OeR™ (2.14)
subject to  [ly — AB]|, <.

The following theorem contains a sufficient condition for robust and stable
recovery with robust {; minimization. | ]

Theorem 2.9.3 (Sufficient condition for robust and stable recovery with ro-
bust {1 minimization). Consider the scenario described in theorem (2.9.1) and
suppose that the restricted isometry property of order 2k holds for a matriz

4
A € R™*™ with constant dop, < \/ﬁ ~ 0.6246 (r =2, 6 = 0.6246). Then robust

Iy minimization satisfies theorem 2.9.1.

2.9.3 Iterative thresholding algorithms

This class of algorithms can be considered an extension of the classical iterative
schemes for the solution of linear systems of equations, such as Gauss-Seidel
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and Jacobi algorithms, to underdetermined systems of linear equations. The
general formula of the iterative scheme is the following | ]

é(iJrl)

_F (@)(” 4 Z(y - Aé(’))) , (2.15)
for some matrix Z. The function F; is a nonlinear thresholding operator that
is applied component-wise. The two most notable choices for F; is the hard-
thresholding operator and the soft-thresholding operator. The hard-thresholding
operator Hy, acts on a vector and keeps its k largest elements unchanged, while
putting the rest of the elements to zero. The soft-thresholding operator S, sets
to zero all the elements of the vector whose values are below the threshold a
and reduces the magnitude of the rest by a. Some basic iterative thresholding
algorithms are the following | ]

e Basic thresholding
e Iterative Hard Thresholding (IHT)
e Hard Thresholding Pursuit (HTP)

Iterative hard thresholding

Tterative hard thresholding (IHT) follows the formula (2.15) described before
with F; = Hy and Z = §A”T, for some parameter § which may depend on
the iteration number. Roughly, choosing Z = AT makes sense since in sparse
recovery scenarios we want the measurement matrix A to be as orthogonal as
possible (low coherence) and therefore it holds that

y=A0= ATy = AT A0 ~ 6.

A detailed description of IHT is provided next.

Input : Measurement matrix A € R™*" observations y € R™, sparsity
level k

Output : A k-sparse estimate 6 € R"

Parameters :

° é(i) : the estimate at iteration ¢
e ¢ : the termination tolerance
1. Initialization
0" =o.
2. Update of the estimate

0" — 1,0 4+ AT(y — 40Y)),

where Hy, is the hard-thresholding operator.

3. Condition check

Ify— Aé(z) < € then the algorithm terminates, else the algorithm moves
back to step 2.
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The following theorem contains a sufficient condition for robust and stable
recovery and an assessment of the estimation error of THT. | ]

Theorem 2.9.4 (Sufficient condition for robust and stable recovery with IHT).
Consider the scenario described in theorem (2.9.1) and suppose that the re-
stricted isometry property of order 3k holds for a matriz A € R™*™ with con-

1
stant 035, < % ~ 0.5774 (r =3, 6 = 0.5774). Then Iterative Hard Thresholding
(IHT) satisfies theorem 2.9.1.

2.10 Applications

The development of the theoretical aspects of sparse signal models led to many
practical applications. After all several of the tools used in this field were discov-
ered many years before and their creation was motivated by practical applica-
tions. The list of applications includes geophysics, sampling, machine learning,
radars, medical imaging, image processing, neuroscience, telecommunications,
computer vision, etc.

The study of sparsity led to significant advances in the solution of linear
inverse problems. We are going to give a characteristic example of how the
knowledge of sparsity allows us to solve an inverse problem that was previously
considered ill-posed. | | Suppose that we have a signal * € R™, which
admits a sparse representation @ € R™ in a basis W. Signal « suffers some
kind of distortion (e.g blurring in an image), a procedure described by a linear
operator D. Also, we consider some noise e and consequently the final signal
can be written as

y=Dx+e=DV0O +e. (2.16)

Solving the corresponding inverse problem entails obtaining a good estimate
0 of 6, given D, ¥ and y. Then, we can estimate the original signal x, as
& = U0. Exploiting the fact that the original signal is sparse in some basis we
can formulate the solution of the inverse problem as a noisy [; minimization
task, i.e

argmin 6],
OcR™
subject to [ly — DU, <e.

The previous example can describe a wide range of situations, such as image
impainting, signal restoration, signal denoising, etc.

One of the most important applications of sparsity is in Magnetic Resonance
Imaging (MRI). MRI is a medical imaging technology that is used in tasks such
as brain imaging and angiography. It is able to produce pictures of the anatomy
and the processes of the human body using radiowaves and magnetic fields. As
a result, it does not expose the patients to harmful ionizing radiation. However,
the time required to obtain a high-resolution picture (in other words perform a
set of measurements) is generally high, ranging from several minutes to hours.
Compressed sensing can be employed to overcome this shortcoming by requiring
less samples and consequently reducing the time of an MRI scan.
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Chapter 3

Low-rank matrices

3.1 Introduction

Low-rank matrices signal models are another important class of low-dimensional
models that captured the interest of machine learning’s community the recent
years and is currently a very active topic of research. Here the main problem of
interest is low-rank matrix recovery and especially a special case of this problem
called matriz completion. In matrix completion problems we are given a matrix
with missing entries and the objective is to complete those entries based on the
prior knowledge that the underlying matrix is low-rank. Low-rank matrix recov-
ery has numerous applications, including quantum mechanics, recommendation
systems, sensor networks and among others the famous Netflix problem.

3.2 Preliminaries about matrices

The main object of interest in this chapter are low-rank matrices. Therefore,
we need to introduce some basic definitions and results about matrices. A
fundamental quantity in linear algebra characterizing a matrix is rank.

Definition 3.2.1 (Matrix rank). Let M € R**" be a matriz.

e The row rank of M is the greatest number of linearly independent rows of
M. Equivalently is the dimension of the row space, i.e the vector space
spanned by the rows of M.

e The column rank of M 1is the greatest number of linearly independent
columns of M. FEquivalently is the dimension of the column space, i.e
the vector space spanned by the columns of M.

o The column rank and the row rank of M are always equal. This quantity
is also called rank and is denoted as rank(M).

3.2.1 Singular value decomposition

A very useful tool in linear algebra is Singular Value Decomposition (SVD),
which provides a factorization of a matrix M into three other special matrices. It
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has numerous applications, especially in the field of machine learning. Formally,
the singular value decomposition of a matrix M is defined as follows.

Theorem 3.2.1 (Singular value decomposition). Let M € R¥*™ be a matriz
with rank(M) = r < min(k,n). The singular value decomposition (SVD) of M
18

M=UxV"

where

o U € R¥*k s an orthogonal matriz, whose columns are the (normalized)
eigenvectors of MM™ (left singular vectors).

o V € R™™ 4s an orthogonal matrix, whose columns are the (normalized)
eigenvectors of MT M (right singular vectors).

o ¥ € R¥*" s q (rectangular) diagonal matriz, whose first r diagonal entries
are the singular values of M, i.e o; = \/A;; 1 < i <r (\; are the non-zero
eigenvalues of MM?T ), in descending order (o1 > 09 > ... > 0,.).

Also, we can write the SVD of a matrix M as
M =U%, VT,

where U, € R*¥*" contains the first r columns of U, V,. € R™*" contains the first
r columns of V and X, € R™" is a diagonal matrix formulated by inserting
only the r non-zero singular values in the diagonal, in descending order. Using
this form we can see that the SVD can be expressed as a sum as follows

M= Zaiukv{, (3.1)
i=1

where u;, 1 < ¢ <r and v;, 1 <14 < r are the first r left and right singular
vectors respectively.

We can use the SVD of M to obtain the best [ rank (with I < r) estimate
of M, in the Frobenius ||-||r and spectral ||-||2, norm sense. This can be found
simply by keeping the first [ elements of the SVD expansion (3.1), obtaining

l
M = E oiukv{.
i=1

The theorem that establishes that property of SVD is the Eckart- Young theorem.

The time complexity for obtaining the exact SVD of a k& x n matrix is
O(min {kznz, k‘zn}) Therefore, computing the SVD is a tractable problem for
small and medium size matrices. However, for large data sets or problems where
online processing is required, computing the SVD is a difficult task.

Singular value decomposition can reveal several important aspects of low-
rank matrices, such as their geometry and the number of parameters that is
needed for describing them.| ] From a geometric point of view, the set of
k x n matrices with rank(M) = r, forms an uncountable union of subspaces in
RF*™_ First, notice that every outer product of singular vectors makes a k x n
matrix, i.e u;v] € RF*". Using expression (3.1) we can see that M is a vector
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in the matrix vector space spanned by ’U,i’UZT, 1<i<r<knando;,1<i:<r
are the respective expansion coefficients. Taking into account that the set of all
k x n matrices with rank(M) = r accounts for all the different values the 2r
left and right singular vectors can take (in a continuous domain) and the fact
that each different configuration of the singular vectors span a r-dimensional
subspace of R¥*™ we conclude that the collection of all & x n matrices, with
rank(M) = r, is a union of an uncountable number of r-dimensional subspaces.

Singular value decomposition unveils another intresting aspect. We notice
that every element o;u;v! is fully specified by k+mn+ 1 parameters. As a result,
the number of parameters fully characterizing a k xn matrix, with rank(M) = r,
are r(k +n+1). If r is relatively small we have that r(k +n + 1) << kn, thus
the number of essential parameters of that matrix is much smaller than the
number of it’s entries. This succinct representation of a low rank matrix is
the element that make possible the recovery from a relatively small number of
measurements.

3.3 Low-rank matrix recovery

Let M € R*¥*™ be a k x n matrix. A linear measurement operation on M is
modeled as | ]
y=AM)+e, (3.2)

where y € R™ is the observations/measurements vector, e € R™ is the noise
vector and A : RF*™ — R™ is a linecar measurement operator that acts as
follows:

kE n
yi = (M AD )b = tr (AO" M) +e; = D05 MuA§ +ei, 1 <i <m, (3.3)
j=11=1
where the A, 1 < i < m are set of pre-defined matrices and e; is the respective
component of the noise vector.
In contrast to the sparse vector recovery problem, we are going to restrict

our attention to special kind of measurements and therefore to specific kinds of
recovery problems. The most notable cases are the following : | ]

1. Matrix completion

In the matrix completion scenario the matrices (A(i))lgigm are defined as

(i) 1 7(j7l):(svt) .
& ‘{o G Ay S .

for (s;,t;) € {1,...,k} x {1,...,n}. Essentially, we have a matrix M and
we observe only a subset of it’s entries. The objective is to recover the
matrix M, given the fact that M is low rank. In other words, the objective
is to complete the missing entries of the matrix.

2. Low-rank matrix recovery from random observations

In this scenario each A is a random matrix. The most common case is
the one of Gaussian random matrices, where the entries of each matrix are

i.i.d Gaussian random variables with mean equal to 0 and variance —.
m
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3. Low-rank matrix recovery from rank-1 measurements

In this case the matrices A®) have rank 1. Characteristic examples of
problems that belong this category is phase retrieval and blind deconvo-
lution

The most important and well-studied scenario is matrix completion. Thus,
we are going to restrict our attention to that case only.

3.4 Matrix completion

As we mentioned previously, in a matriz completion problem we are given a
subset of the entries of a matrix M € R¥*™ and the knowledge that M is low-
rank. The objective is to complete successfully the missing entries of M. There
are several reasons why a matrix may have missing entries. First, the size of the
matrix may be large enough and as result observing the full matrix can be very
expensive. Also, it is possible that the missing entries is an intrinsic character-
istic of the problem we are dealing with, such as in the case of recommendation
systems, where it is practically impossible for every user to rate every possible
item.

In general, it is not always possible to complete a low-rank matrix and we are
going to study conditions that establish that the matrix can be completed with
high probability. Before we do that we must present a characteristic application
of matrix completion in order to motivate the development of this subject.

3.4.1 The Netflix problem

The most common example that accompanies a presentation about matrix com-
pletion is the Netflix recommendation system problem. We are going to give a
brief overview of this problem since it will proven to be useful to have a concrete
example to evaluate the soundness of our arguments. In that problem we con-
sider a set of users and a set of movies, where every user can rate any movie in
the movies set. We model that recommendation system using a matrix, where
each row corresponds to a different user and each column to a different movie.
Each entry A;; of the previous matrix corresponds to the rating given by user i
to movie j. Obviously, the rating matrix has missing entries, since in a realistic
scenario we are talking about thousands of movies and users and therefore it is
impractical for every user to rate every possible movie.

The problem that arises is to find a way to fill the missing entries of the
matrix, inferring this way the preference of users towards movies they haven’t
rated (from which a big portion of them most likely correspond to movies they
haven’t watched yet). In general this problem is impossible to solve. The
assumption that renders this task feasible is the low-rank of the rating matrix.
The low-rank of the rating matrix reflects the fact that the users often share
preferences, as well as movies belonging to the same category may be rated
in the same way by different users. The low rank of the rating matrix is the
mathematical notion that captures this empirical observation.
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3.4.2 Which matrices can be completed?

One of the first thing we must examine is what kind of matrices can be com-
pleted. In principle problems arise in the following cases.

e Sparse matrices

Sparse matrices create a problem as we need to observe the majority of
their entries in order to be able to successfully complete them. As a result,
it is impractical to complete sparse matrices. For example, consider the
following matrix (* denotes the non-zero entry).

(el en e Ban}
O O *x O
o O oo
oo oo

It is obvious that if we do not observe the non-zero entry we cannot cor-
rectly complete the matrix, as there is no way to know that this element
is non-zero.

e Matrices with sparse singular vectors

Matrices that possess at least one sparse singular vector are problematic.
Consider the following example (taken from | ]) of a rank 2 matrix.

= Jlulv{ + oguwg =

NN NN
W NN NN
NN NN
W NN NN

-3
0.5
0.5

8105 [0.5 05 05 0.5]+6
0.5

0

[-0.5 05 —05 0.5].

o O oo

Notice that the elements of the singular vectors wq,v; contribute to the
formation of almost all the rows (rows 1-4), while the elements of the
singular vectors us, v2 contribute only to the formation of the 5th row. In
other words, only the 5th row of the matrix contains information about the
singular vectors uo, vo. Essentially, that means that we need to observe
at least all the entries of the 5th row in order to be able to successfully
complete the matrix, since the important information of the low rank
matrix is contained in its singular vectors and values.

In conclusion, we want the information provided by the singular vectors to
spread to many elements of the matrix. As a result, we want spread (or in other
words not sparse/spiky) singular vectors. The measure that quantifies how well
a matrix M, or more precisely the column and row space of that matrix (the
left singular vectors span the column space and the right singular vectors span
the row space), adhere to these guidelines is coherence.

33



We also need to examine which sampling sets give completable matrices.
Mainly, we have only one problematic case.

e Matrices with at least one row or column missing

It is impossible to complete a matrix if we fail to observe at least some
row or column. The following example contains a matrix with rank 1 and
a missing row (* denote the known entries and ? the unknown).

o1 [****]

* X N K
* X N K
* % N0 X
* % N X
* ¥ N0 X

It is apparent that there is no way to infer the missing value in the left
singular vector, since this value contributes only to the formation of the 2nd
row, whose entries are unknown to us. As a result, we need to observe at least
one entry from every column and every row.

We can establish with high probability that we are going to obtain at least
one element in every row and column if we apply the uniform sampling model
on the entries of M and the number of known entries satisfies some lower bound.
Note that in the uniform sampling model every possible subset with m elements
of the set of k- n entries of M is picked with equal probability. From the well-
known coupon collector’s problem we can deduce that we need at least klogk
(assuming that k& > n, else we need nlogn) known entries in order to ensure
with high probability that we have at least one entry in every row and every
column.

3.4.3 Coherence

A measure that quantifies the spread of the elements of the singular vectors of
a matrix M € RFX™ is coherence.

Definition 3.4.1 (Coherence). [ | Let U be a subspace of R™ with dimU =
r. Also, let Py denote the orthogonal projection onto U. Then, we define the
coherence of U, with respect to the standard basis (e;)7_, as

_n 12
wl) = - 1I£ia<xn||PUez”2- (3.5)

Notice that Py = UU”, where U is the matrix formulated by inserting the
the basis vectors of U as columns. Thus,

|Pre;l2 = (Pre;)” (Pre;) = ef PEPye; = el UUTUU e; = (U orthogonal)
= E;IUUTEZ' = (UTei)T(UTei) = ||UT6,L||§
Therefore, we can rewrite coherence as

w(U) =2 max [UTe;||?, (3.6)

r 1<i<n

where U in the right-hand side denotes the subspace matrix, i.e the matrix
whose columns are the basis vectors of the aforementioned subspace.

34



For the values of u(U) it holds that

1< u(U) <

JE

The smallest value is attained in cases where all the vectors that span U
1 1
" .
\/ﬁ""’\/ﬁ> eR" 1 <i<r.
The largest value of u(U) is attained when there exists ¢ € {1,...,n}, such that
e; lies in the span of U.

In the context of matrix completion we are interested in p(U) and p(V),
where U and V are the column and row space respectively of M or equivalently
the matrices U € R¥*™ and V' € R™ " of the left and right singular vectors
respectively, as provided by the SVD. We want the value of coherence to be as
small a possible. This implies that the correlation between the singular vectors
with the ("spiky”) standard basis vectors is small and as a result the singular
vectors are dense and not sparse (i.e "spiky”). Ounly one sparse singular vector
is sufficient to force coherence to attain its maximum value.

1
have entries with magnitude —, i.e u; =
Vn

3.4.4 The optimization tasks of matrix completion

We proceed to the formulation of the matrix completion problem and its solu-
tion. The general setting of the matrix completion problem is the following:

Let M € RF*" be a k x n matrix with rank(M) = r (approximately) small.
We observe m entries of the matrix M picked uniformly at random, while the
rest remain unknown. We denote the positions of the known entries as 2.

The recovery of M is achieved using optimization tasks, as in the case of the
sparse vector recovery problem. We are going to provide two different optimiza-
tion tasks and we will evaluate their capability in accomplishing our objective,
i.e successful matrix recovery.

Rank minimization

The optimization task that captures the notion of finding the matrix with the
lowest rank is rank minimization. The formal definition follows.

Definition 3.4.2 (Rank minimization).

minimize rank(X)
X eRkXn

subject to  X;; = M,;, (i,5) € Q.

Essentially, this task searches in the space of all possible k& x n matrices that
have the same values as M in the specified positions and picks the solution with
the lowest rank. Rank minimization is an NP-Hard problem in the general case,
where we consider all possible matrices M € R¥*™ and all possible sampling sets
QC{l,...,k} x{1,...,n} as input. Notice that this task corresponds to the
lp minimization task used in the sparse vector recovery problem. We can easily
notice the correspondence if we see that rank(X) = ||o(X)||o, where o(X) is the
vector of the singular values of matrix X. Both problems are intractable and
although they capture the essence of the problem, we reject them and search
for tractable alternatives.
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Nuclear norm minimization

The search for a tractable alternative leads to an optimization task called nuclear
norm minimaization.

Definition 3.4.3 (Nuclear norm minimization).

minimize || X,
XeRk Xn

subject to  X;; = Myj, (i,7) € Q.

This optimization task can be reduced as a semidefinite optimization prob-
lem, hence we can find efficient, polynomial-time, algorithms that can solve
it. Notice that this optimization task corresponds to the /; minimization task
we studied in the previous chapter, since for the nuclear norm we know that

T
X1« = > |oi| (remember that o; are the singular values of X).
i=1

The first provable recovery guarantee using nuclear norm minimization for
matrix completion was given in [ ]. We are going to provide a newer result
due to Recht | |, which improves the previous result by providing a better
bound for the number of measurements.

Theorem 3.4.1 (Recovery guarantee with nuclear norm minimization). / ]
Let M € R¥*™ be a matriz of rank r with singular value decomposition M =
USVT. Without loss of generality, we impose the conventionsm < n, ¥ € R™>",
UeR™" VeR"™" . Also, we make the following assumptions

o The row and column spaces have coherences bounded above by some posi-
tive pio, i.e pro = max {u(U), u(V)}.

o The matriz UVT has a mazimum entry bounded in absolute value by

H1 L, where pp > 0.
\ mn

Suppose that we sample uniformly at random m entries from M. Then if
m > 32max {43, o } (k +n)Blog*(2n),

for some 8 > 1, the solution of problem (3.4.3) is equal to M with proba-
bility at least 1 — 6log(n)(k + n)6>~26 — n2-28'"7

There are several algorithms that solve the nuclear norm minimization task,
as well as algorithms that solve the matrix completion problem using different
approaches. Algorithms for matrix completion is the topic of chapter 6, so we
will postpone the analysis of some algorithms and the necessary discussion for
that part of the thesis.

3.5 Applications
Low-rank matrix recovery has many applications in a wide range of fields in

science and engineering. For instance, in literature we encounter the following
examples. [ ]
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¢ Quantum state tomography: In quantum mechanics we describe the
state of a quantum system using a matrix that is called density ma-
trix. Suppose that we have a particle whose state is described using a
2-dimensional state vector, i.e a qubit. Then the dimension of the state
space of a system comprised by n qubits is 2" and as a result the dimen-
sion of the density matrix is 2™ - 2™ = 4™. We notice that the dimensions
of the density matrix scale exponentially, making the task of finding all
the entries of the density matrix and thus the state of the quantum sys-
tem a difficult task. It is possible when the density matrix is low-rank, i.e
the system consists of a small ensemble of pure states, to fill the missing
entries of the matrix using matrix completion algorithms. [ ]

e Recommendation systems: As we mentioned previously, recommen-
dations system is one of the most characteristic examples in the field of
matrix completion. Organizing the responses of individuals to a set of
items into a matrix, we end up with an incomplete matrix, as it is very
difficult to enforce every individual to evaluate every single product. Ex-
ploiting the fact that different individuals may share the same preferences,
which translates to the low-rank of the corresponding matrix, we apply
matrix completion algorithms to fill the missing entries of the ratings ma-
trix.

e Distance matrices: In many problems it is useful to have the matrix of
pairwise distances between the components of the system we are studying.
A characteristic example is a wireless sensor network, which consists of a
set of sensors scattered in an area. The respective distance matrix is
low rank and may have missing entries, rendering the usage of matrix
completion algorithms necessary.

There are many other problems and fields in machine learning and signal
processing that contain incomplete low-rank matrices, such as principal compo-
nent analysis(PCA), natural language processing, multi-task learning, etc.
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Part 11

Mathematical aspects
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Chapter 4

Tools from probability
theory

4.1 Probabilistic preliminaries

The purpose of this chapter is to provide all the necessary tools of probability
theory that are vital for the next chapter. The tools we develop cover a wide
range, starting from elementary definitions and propositions that are part of
a typical undergraduate probability course and reaching more advanced topics
usually treated within the context of high dimensional probability theory. In
this section we are going to provide the most elementary definitions that are
necessary for the development of this thesis. This chapter is mainly based on
[ ], essentially comprising a partial presentation of chapters 7 and 8.

The setting in which probability theory takes place is a probability space
(Q,%,P), where  is the sample space (the set of all possible outcomes/results
of a random experiment), 3 is a o-algebra on the sample space Q) (the set of all
possible events) and P a probability measure on (£2,X) (a function that maps
every event to a real number).

Given a probability space (2,2, P) and 1 < p < oo, we define the L, (2, X, P)-
space of random variables as the set of random variables on (2, X3, P) with finite
L, norm, i.e

Ly(Q,5,P) = {X QSR X, = E]X)Y? < oo}‘

Note that for 1 < p < oo the L, space is a Banach space. In the special case
where p = 2 the Ly space is a Hilbert space, with the inner product defined as
(X, Yy =E[XY].

From the definition of the norm we can immediately obtain the triangle
inequality for L, random variables.

Proposition 4.1.1 (Triangle inequality). For every X,Y € L,(Q, 3, P) it holds
that
EIX +YPD" < ®IXPD” + @YD"

for some 1 < p < o0.

A very useful inequality is Holder’s inequality.
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Proposition 4.1.2 (Holder’s inequality). For every X € L,(,X,P) and Y €
1 1

L,(Q,%,P) with p,q > 1, such that — + — =1 it holds that
p q

E[XY]| < E[X[PDY?- E Y]

A special case of Holder’s inequality, that we can easily obtain by setting
p = q = 2, is the famous Cauchy-Schwarz inequality.

Proposition 4.1.3 (Cauchy-Schwarz inequality). For every X,Y € Ly(Q, %, P)

it holds that
EXY] < (E[X?] - E[v?))".

Another important inequality is Jensen’s inequality.

Proposition 4.1.4 (Jensen’s inequality). Let X € R™ be a random vector and
f:R™ = R be a conver function. Then,

fEIX]) <E[f(X)].

One useful function that we are going to use in order to facilitate some proofs
is the characteristic function of a random variable X.

Definition 4.1.1 (Characteristic function). The characteristic function of a
random variable X on an event A is defined as

1 z€A
I = .
{XEA}(I) {O x ¢ A

Two very useful functions in probability theory are the moment-generating
function and the cummulant-generating function. Essentially the moment-generating
function provides an alternative representation of the probability density func-
tion of a random variable.

Definition 4.1.2 (Moment-generating function). The moment-generating func-
tion of a (real-valued) random variable X is a function Mx such that

Mx(t) =E[e"*],t R,
whenever this expectation exists.

Definition 4.1.3 (Cummulant-generating function). The cummulant-generating
function of a random variable X is a function Cx such that

Cx(t)=In(E[e]),teR
Lebesgue’s dominated convergence theorem is given without a proof.

Theorem 4.1.1 (Lebesgue’s dominated convergence theorem). Let {X,}, oy
be a sequence of random variables, such that lim X, (w) = X (w), for almost all
n—oo

w € Q. Also, let Y be a random variable, with E[|Y|] < co. If | X,| <|Y], Vn €
N, almost surely, then
lim E[X,]=E[X].

n—oo
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A generalization of the notion of the random variable is that of a random
vector, which is a finite collection of random variables.

Definition 4.1.4 (Random vector). A collection of n random variables, X =
[X1, Xo,...,X,] € R, defined on a common probability space (2,3, P) is called
a random vector.

The type of random vector that we are going to utilize the most is the
standard Gaussian random vector.

Definition 4.1.5 (Standard Gaussian random vector). A random vector g =
[91,92,  ,9n] € R™, such that its components g;, 1 < i < n are indepen-
dent standard Gaussian random variables, i.e g; -~ N(0,1), is called a standard
Gaussian random vector.

More generally, about Gaussian random vectors we have the following defi-
nition.

Definition 4.1.6 ( Gaussian random vector). Let X € R™ be a random vector
defined as X = Ag+pu, where A € R"*™ a matriz, g € R™ a standard Gaussian
random vector and p the expectation of X. Then, X € R" is called a Gaussian
random vector.

The notion of isotropicity is roughly a high dimensional generalization of
the notion of unit variance in random variables. A characteristic property of
isotropic random vectors is provided below.

Definition 4.1.7 (Isotropic random vector). A random vector Y € R™ is
isotropic if
E (KX, )| = |ol3, ¥2 € R",

A further generalization of a random vector is that of a random matriz.
In the next chapter part of the results are going to refer to Gaussian random
matrices and therefore we provide the formal definition.

Definition 4.1.8 (Gaussian random matrix). A Gaussian random matric is
a matrix A € R™*™ whose entries are independent standard Gaussian random
variables, i.e A;j -~ N(0,1).

Finally, we give the definition of a stochastic process or a random process.

Definition 4.1.9 (Stochastic process). A stochastic process is a collection of
random variables, on the same probability space (2, %, P), indexed by some set
T, i.@ {Xt}tET'

4.2 Basic results in probability theory

In this section several fundamental results in probability theory are going to
be presented. We provide the majority of them without proofs. The interested
reader can refer to | | for more details.

For the expectation of the absolute moments of a random variable we have
the following result.
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Proposition 4.2.1 (Expectation of absolute moments). Let X be a random
variable. For p > 0 it holds that

E[|X]|"] p/]P’ |X| > t)tP~Ldt.
0

One of the most famous inequalities in probability theory is Markov’s in-
equality.

Theorem 4.2.1 (Markov’s inequality). Let X be a random variable. Then the

following inequality holds

E[1X]]
t

P(X|>t) < LVt > 0.

A very important theorem in probability theory is the central limit theorem,
which underlines the value of the Gaussian distribution.

Theorem 4.2.2 (Central limit theorem). Let (X;)ien be a sequence of indepen-
dent, identically distributed random variables, with E[X;] = p and Var(X;) =
o?. Also, consider the following sequence of random variables

ovn
Then, the sequence of random variables (Z;)ien converges in distribution to a
standard Gaussian random variable for all bounded continuous function, i.e

lim E[f(Z,)] =E[f(9)],

n—oo

where g is a standard Gaussian random variable.

It is useful to have at our disposal the following formula for a standard
Gaussian random variable.

Lemma 4.2.1. Let g be a standard Gaussian random variable. Then, fort € R

and ¢ < 3 we have that

5 1 t2
E [exp(cg® + tg)] = mexp (2(1 — 20)) . (4.1)

The following proposition shows a connection between the moments and the
tails of a random variable.

Proposition 4.2.2 (Moments and tails for random variables). Let X be a
random variable that satisfies

P (|X| > el/'yau) < Be™ 7 Yu > 0, for some v > 0. (4.2)
Then, for p > 0 it holds that

E[|X[?] < faP(er)?/ T (5 n 1) . (43)
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Also, it holds that

E(X]")"? < CraCy/P 8V ept /7 vp > 1, (4.4)

12
where Cy = /(29 and Coy = ] eV/12,
Y

An important theorem in probability theory is Cramer’s theorem.

Theorem 4.2.3 (Cramer’s theorem). Let Xi,...,X, be a finite collection of
independent random variables. Then, we have that,

’ (Z;X - t) = (52%{ 9’5*;(1&(9)}) LVt >0

Proof. For 6§ > 0, we have that

P (ix > t) = ( <9ZX> > exp 9t)> ; {exp (Q%X)] = (Markov’s inequality)

exp (0t

B | ew@x)| el 0x)

exp (6?) == exp (6t) - (Independence of X;)
l;[l exp (In (E [exp (0X;)])) 4];[1 exp (Cx;, (0))
- exp (60t) - exp (0t) -

= exp (—9t + E”: Cx, (9)) .
i=1

The previous result holds for an arbitrary 6 > 0, so we can conclude that

P (2:;)(1 > t) < 52{) {eXP <—9t + éCXi(9)> } = exp (mf { ot + ZCXz })

O

4.3 Subgaussian and subexponential random vari-
ables

A subgaussian distribution is a class of probability distributions, whose tails
decay at least as fast as the tails of the Gaussian distribution.

Definition 4.3.1 (Subgaussian random variables). A random variable X is
called subgaussian if Ik, r > 0 such that

P(|X|>¢t) <ke ™ Vt>0. (4.5)
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We should mention that Bernoulli, Gaussian and bounded distributions are
all special cases of subgaussian distributions. There are several ways to describe
subgaussian random variables. One of those ways is contained in the following
proposition.

Proposition 4.3.1 (Property of subgaussian random variables). Let X be sub-
gaussian random variable. Then, there exists c; > 0,co > 1 such that

E [eclx2} < eg.

Proof. First of all, we see from definition 4.3.1 that equation (4.2) of proposition
4.2.2 is satisfied for a subgaussian random variable with o = (Qer)’l/z, v =2,
B =k and u = (2r)"/?t. As a result, we can easily obtain the following estimate
for p = 2n, using property (A.3) of Gamma functions,

E [X*"] < k(2er) "(2¢)"T (n+ 1) = kr~"n!

Using the Taylor expansion of the exponential function yields

E[CIX} i i'E <1+kzclr ”n._ 14 keyr™1
— - 1—cyr—v’
k
if we choose ¢; such that a < 1. Notice that ¢ = 1 + 10717“71 > 1, since
r —cir
S < 1and k> 0. 0
r

Also, the following moment estimate for subgaussian random variables will
proven to be useful.

Lemma 4.3.1 (Moment estimate for subgaussian random variables). Let X be
a subgaussian random variable. Then,

EIXP)Y" < Cr 2R rpt2 vp > 1,
1 1 T
C= — 4= —.
Jor 6‘“’(2@ + 6> %
Proof. Using the definition of a subgaussian random variable and proposition
1
4.2.2 we notice that « = ——, v = 2 and 8 = k ( «, v and § are the parameters

v 2er

introduced in proposition 4.2.2). Hence, substituting these values in equation
(4.4) yields

E [|X|p]1/p < C’1(2er)_1/2021,/2pk1/pp1/2 _
_ 61/(26)(26)71/27,71/2(\/Eel/ﬁ)l/pkl/ppl/2 <
< el/(Qe)(26)—1/2ﬁel/6r—1/2k1/pp1/2 (\/Eel/G >1,p>1)
_ Crfl/le/ppl/Q’

1 1 T
here C' = — )= O
where exp (26 + 6> %

46



We need an estimate for the moment-generating function of a subgaussian
random variable.

Proposition 4.3.2 (Moment-generating function of a subgaussian random vari-
able). Let X be a subgaussian random variable, with E[X] = 0. Then, we have
that

E[e!X] < e, Vit €R, (4.6)

where ¢ is a constant depending only on k and r.
Proof. Let t > 0. We use the Taylor expansion of the exponential function and
the fact that E[X] = 0 to obtain

E[etx]zl—&-tIE[X}—&-iMSl-i—itnELﬂ.

n
n=2 n=2

First, we consider the case where 0 < t < tg, for some ty > 0 So, we have
that

7n/2nn/2 k e Cntnrfn/an/Q

= C "y
tX _
E[e*] <1+ kn§:2 " <1+ T HE:Q Ty = (lemma 4.3.1),(A.5.2)
E & m+2
=14+ —== Cetor—1/? m+2)" (272 < m=n—2),t<t
mm§_jo( o) (m 4+ 2) < ( ), (¢ < t0)

C?*t2e%k _19\"
<1+ e Z <Cet0r 1/2) =

n=0
C?t2e%k 1
- \/Te r 1— Cetgr—1/2 (provided Cetor~/? < 1)
n - 0
=1+c*< ect® (c= C’etor’l/z)

Next, we move to the case where t > ty. Notice that

X \? x2 X2
tX7/t2:7 't — - < =
¢ <\E 2\/g> + 4c — 4

Therefore, we can obtain

E [etx*cltg} <E [exp (ff;)] .

1

We set ¢ = o where ¢; > 0 is the constant of proposition 4.3.1. Then,
C1

using the same proposition we can conclude that

E |:6txfc,t2:| S E |:661X2i| g Co.
Let define 0 as 0 = In(cy)ty?, then

742 _ 042 / 2
E[@tx] SCQ€Ct = cqe ot e(c+9)t <

< Czefetge(cure)ﬁ _ e(c'+0)t2.
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Thus, if we set ¢g = maz {c, ¢ + 0} we have established that
E[eX] < e, vt >0

Finally, if we exchange X with —X we can easily see that the previous inequality
also holds for ¢ < 0. O

Note that any constant ¢ that satisfies equation (4.6) is called a subgaussian
parameter of the subgaussian random variable X, however we prefer to use as
¢ the smallest possible value. From now on, when we refer to a subgaussian
random variable with parameter ¢, we mean the parameter ¢ that is involved in
equation (4.6).

The next theorem essentially states that the distribution of a sum of inde-
pendent subgaussian random variables remains subgaussian.

Proposition 4.3.3 (Sum of subgaussian random variables). Let X1,..., X, be
a sequence of independent subgaussian random variables, with E[X;] = 0,1 <
i < n and subgaussian parameter c. For a € R™ it holds that the random

variable .
Y = Z aiXi
i=1

is subgaussian with parameter c||al|3

Proof. We know that X1, ..., X, are subgaussian random variables with E [X;] =
0,1 < i < n and subgaussian parameter ¢, so using proposition 4.3.2 we can
obtain

E[e"N] <e’ Vi e R, 1<i<n. (4.7)

For the random variable Y we have,

E [etY:I =E lexp <tZaZX1> =K HetaiXi‘| _
n =1 . y i=1
= H]E [etaiXi] < Heca,;t — (Independence), (47)
i=1 1
_ ccllali3e®

As aresult, the random variable Y is subgaussian, with parameter c|al|3. O

Next we provide the definition of a subgaussian random vector. Essentially,
a random vector X € R"™ follows a subgaussian distribution if all of it’s one
dimensional marginals (X, ) also follow a subgaussian distribution.

Definition 4.3.2 (Subgaussian random vector). A random vector X € R™ is
called o subgaussian random vector if, for all x € R™ with ||x||2 = 1, the random
variable (X, x) is subgaussian, with subgaussian parameter ¢ (independent of x ).

Again here, when we refer to a subgaussian random vector with parameter
¢, we mean the parameter ¢ that is contained in definition 4.3.2.

A large part of the presentation that is going to follow uses subgaussian
random matrices. So, we provide a rigorous definition of a subgaussian random
matrix.
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Definition 4.3.3 (Subgaussian random matrix). A subgaussian random matriz
is a matriv A € R™*", whose entries A; ; are independent subgaussian random
variables, with E[A; ;] = 0, Var [A; ;] = 1 and the same subgaussian parameters
k,r.

Note that the entries of a subgaussian random vector, as well as the entries
of a subgaussian random matrix are not necessarily identically distributed.

A subexponential distribution is a class of probability distributions, whose
tails decay more slowly than any exponential tail. It is a wide class of distri-
butions accounting for subgaussian distributions and some other distributions
whose tails are heavier than Gaussian tails.

Definition 4.3.4 (Subexponential random variable). A random variable X is
called subexponential if Ik, > 0 such that

P(|X|>t) <ke ™ Vt>0.

4.4 Bernstein’s inequality

One important topic in probability theory is concentration inequalities. Roughly,
a concentration inequality is an inequality that quantifies the deviation of a ran-
dom variable X around its expectation E [X] (or more generally around some
other variable), i.e P[|X —E[X]| > t] < f(t), for some function f of t. One
important tool we need for the next chapter that falls under the scope of con-
centration inequalities is Bernstein’s inequality.

Theorem 4.4.1 (Bernstein’s inequality). Let X1,..., X, be independent ran-
dom variables, with E[X;] =0,1<i<n and

E[X;|™] <mlc™202/2,1 <i<n, m>2, (4.8)

where ¢ > 0 and o; > 0, 1 <1i <n are constants. Then the following holds,

&

n
where 02 = Y o2.
i=1

n

>

i=1

t2
2 t) S QeXp (_2(0'2+Ct)> ,Vt > 07

Proof. Using the Taylor expansion of the exponential function and taking into
account that E[0X;] =0 we get

= OME[X] 020? X 20 2E[X]7] ,
E [exp (0X;)] = 14+6E[X,]+ > T =1 > e 1<i<n
m=2 m=2 g
(4.9)
For clarity we replace the summation with the following expression
X 20m2E[X M ,
si(e)ZmZ:QTag, 1<i<n

Using the well-known inequality 1+ z < e® and (4.9) we can obtain
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2 2
Efexp (0X;)] = 1+ L%

2 2 2 2
Si(0) < exp (9 ;i SZ-(H)) < exp (9 ;i S(G)) ,1<i<n,

(4.10)
where S(0) = max S (0).
For the cummulant-generating function of X; we have that
2 2
Ce.(0) = In (B [exp (0X)]) < 2050) 1 < <, (4.11)

2

where we have used inequality (4.10).
So Cramer’s theorem (4.2.3) and expression (4.11) yields

P zn:xms < exp [ inf 79t+zn:C’ @) < inf e 79t+iw _
AR *P 620 — X =450 P pot 2 N
_ 025(0) <~ , 62025(0)
= —0t + —— )= —0t + ———2 )t <
é1>1f(‘) {exp ( ot + 5 ;O’l ér>1f0 {exp( 0t + 5 )} <
2 2
< inf {exp <9t + 905(9))}
0<ch<1 2

(4.12)
where c¢ is the constant defined in (4.8).
For 0 < c¢f < 1 it holds that
[e] _ 00 0 m—2
20m2E[X ™ 20m2E[| X;|™] 1 )
s(0)= Y, T <y T < Z( ) - ici<a

m=2 m=2 9 m=2

where we have used the moment bound (4.8).
As a result,

1

The combination of the previous result with expression (4.12) leads to

(o <t (e )

t
Finally, by considering 6 = T which satisfies cf < 1, we have that
o2 +c

£\,
- t 2ret) C
P E X, >t <exp| — -1+

2 t
i=1 o tct 2(1 ¢ "
o2 +ct

= exp (2(02251@)) .
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Exchanging X; with —X; in the final expression yields

P (ZX < ) <o (st )

Consequently, using the union bound we obtain

> < — .
IP<§ X; _t) _2€xp< 2(02+Ct)> NVtE>0

i=1

We can use Bernstein’s inequality for subgaussian random variables in order
to prove that the same inequality holds for zero mean subexponential random
variables.

O

Corollary 4.4.1 (Bernstein’s inequality for subexponential random variables).
Let X1, ..., X, be independent subexponential random variables, with E[X;] =
0,1 <¢<n. Then, for everyt >0

b n ¥ 7242
d>t) <2 _— .
Z - )~ exp< 4k:n—|—27“t)

i=1
Proof. For n € N, n > 2 we have,

E[|1X;|"] n/IE” | X5 > )" dt < kn/e—”t"—ldt = (pro.4.2.1), (def.4.3.4)
0 0

=knr " / e "“u" tdu = knr "T'(n—1) = (u=rt = du=rdt)
0
2 2
=knr "(n—1)!=knlr " = n!rf("”)% (def.A.3.1)

Thus, the above expression satisfies condition (4.8) with ¢ = r=! and o2 =
2kr=2. As a result, Bernstein’s inequality (theorem 4.4.1) holds for the zero-
mean subexponential random variables defined in the beginning. O

4.5 Expectation of norms of Gaussian vectors

In this section we are going to prove some results concerning the expectation
of the I norm of a Gaussian random vector. In order to do that we need some
intermediate results.

Lemma 4.5.1 (Pdf of sum of independent random variables). The probability
density function of the sum X +Y of two independent random variables X and
Y with probability density functions px and py respectively is given by

o

pxav(2) = (px * pv) (2) = / px (Wpy (z — u)du

— 00
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Two necessary tools in order to estimate the expectation of the norm of a
Gaussian random vector are Beta and Gamma functions. For the respective def-
initions, as well as useful properties that we are going to use, refer to subsection
A.3.1 of the appendix.

Proposition 4.5.1. Let g = [g1,92, - ,9n] € R™ be a standard Gaussian
random vector. The random variable

n
Y =llglf =) ¢!
=1

follows a x%(n) distribution. The probability density function of the latter is

1
(n/2)—1,—u/2
U e ,u>0
0 ,u<0

Proof. We are going to use induction in the number n of elements of g. For
n =1 we have

P(g® < u) = P(-vus<g<vu) ,uz20 _ JEvon(Va) = Exven(—Vu) u=0
- 0 ,u<0 0 u <0

where F(,1) is the cumulative density function of a standard Gaussian
random variable.

The probability density function of the random variable g2 is

pi(u) = % (FN(OJ)(\/'E) - FN(O,l)(*\/a)) = %PN(OJ)(\/E) + %PN(OJ)(*\/E) =

1 1 1 1

_ - s —u/2 - —u/2) - —1/2 —u/2

= e + e = u € )
2\/6 (\/271' \ 21 ) Qﬁ

for u > 0 and p; = 0, for u < 0.
1
Note that T’ (2) = /7 (eq. A.4), so expression (4.13) holds for n = 1.
Suppose that expression (4.13) holds for somen > 1. We are going to show

that it holds for n 4+ 1. Obviously, for u < 0 we can deduce that p,41(u) = 0.
For u > 0 we can use lemma 4.5.1 to obtain
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o0

Prnr1(u) = (pn *p1) (u) = / pr(t)p1(u —t)dt = (t>0and u—t>0)
1 u
_ H/2) =1 =t/2 () \=1/2—(u=t)/2 gy
2n/29172T (n/2)T(1/2) / e lu—t)" e
0
1 u
t
— —u/2 t(n/2)71 —t 71/2dt — Set r = —
2D /20 (n/2)0(1/2) € / (u=1) (Set z=2)
0
) 1
— —u/2,,(n/2)—(1/2) (n/2)=1(1 _ V" Y24p — 0 < 1
22T (nj2r(1/2)¢ " /I (1 —a)=de (O<e<)
0
= = vzt (00 1) (def. A.3.2)
200+1)/20(n/2)0(1/2) 2’ 2 B
r(3)r(3)
— 1 e—u/2u(n+1)/2—1 2 2 —
2(n+1)/2T (n/2)T(1/2) o(ntl
2
— 1 (n+1)/2-1,—u/2
2(n+1)/21((n + 1) /2)
As a result, the formula (4.13) holds for every n € N. O
The following theorem contains some bounds for the expectation of the Iy
norm of a Gaussian random vector.
Theorem 4.5.1. Let g = [g1,92, - , gn] € R™ be a standard Gaussian random
vector. Then,
()
n
<E = \/57 <+/n
2
Proof. We know from proposition (4.5.1) that the random variable ||g||3 follows
the x?(n) distribution, with probability density function Py2(n)(u), given in
equation (4.13). So, we have that
_ 2\1/2] _ 1/2 _ 1 1/2, n/2—1_—u/2 ;. _ _u
Ellgll) = & [(Ig18)'"*] = [ v/ ()i = s / wn e i = (= 3)
0
o0 o0
1 1/2 (g p\n/2—1 —t 2 / /2-1/2 ,—t
= —— 2t 2t 2dt = t" dt =
2n/20(n)2) / (@)= @7 e 20/2T (n/2) ¢
0 0

1
21/ 7 r (7142- )
/t (n+1)/2) =1t — (/9 -
r(3)
0 2
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Since g; ~ N (0,1), 1 <i < n, it is straightforward that

E[lglz] = >_E 5] =n.
i=1
Jensen’s inequality (definition 4.1.4) provides us the upper bound

(Ellgll2D? <E[llgl3] = Ellgll] < /Ellgl3]
= E[llgll2] < vn.

Let E,, denote the expectation of the I3 norm of a Gaussian random vector
gceR" ie
E, =E[|g]2].

Then, using equation (A.2) yields

n—+ 2 n+1
Eni1Ep = \/§FF<<n_§1)> \/iF <r (g) )

Finally, the previous expression combined with E,,+; < v/n+ 1 yields the
lower bound

n n n
AERDINUIC)
9\ 2 92 \2

r@ )

=n.

4.6 Gaussian width

An important geometric quantity in high dimensional geometry, characterizing
a subset T' C R"™, is Gaussian width. The definition of Gaussian width follows.

Definition 4.6.1 (Gaussian width). Let T C R™ be a subset of R™ and g € R™
be a standard Gaussian random vector. Then, the Gaussian width of the set T
is defined as

w(T) =E Ls;ég (g, as)} .

Roughly, Gaussian width provides a measure of the width of some set T' C R™
averaged over the set of directions defined by a standard Gaussian random
vector.

Next, we provide some basic properties of Gaussian width. | ]

Proposition 4.6.1 (Properties of Gaussian width). Let T C R™. Then for the
Gaussian width w(T') of the set T the following properties hold

(a) w(T) is finite <= T is bounded
(b) Invariance under translations

(¢) Invariance under unitary transformations
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(d) Homogeneity, i.e w(cT) = cw(T), Ve >0
(e) Monotonicity, i.e if Ty C Ty then w(Ty) < w(Ts)

(f) The Gaussian width of a set is equal to the Gaussian width of it’s convex
hull, i.e w(T) = w(conv(T))

4.7 Gordon’s Lemma

The purpose of this section is to prove Gordon’s lemma. This lemma can be clas-
sified to the part of high-dimensional probability theory that aims at bounding
the expectation of the supremum of a stochastic process, i.e E {sup Xt] . Note

xcT
that we use the notion of lattice supremum, i.e

E {sup Xt} = sup {E {sup Xt} } .
xcT T'QT xcT’
T’ finite

Using the lattice supremum helps avoiding measurability issues that may
arise in the calculation of the supremum of an uncountable set of random vari-
ables.

The underlying notion behind Gordon’s lemma is that the relation between
the expectations of functions of two families of Gaussian random variables are
determined by the relation of their respective covariances, since the latter com-
pletely characterizes the distribution of a mean-zero Gaussian random vector.
In order to prove Gordon’s lemma we need several intermediate lemmas and
propositions. First, we give the definition of a function of moderate growth.

Definition 4.7.1 (Functions of moderate growth). Let F': R™ — R be a func-
tion. We say that F is of moderate growth if for every ¢ > 0, it holds that

lim F(ar:)e_cum”g =0.
lll2—o00

The first result that we are going to employ is Stein’s lemma, also known as
Gaussian integration by parts formula.

Proposition 4.7.1 (Stein’s Lemma). Let F': R™ — R be a differentiable func-
tion. Also, suppose that F and its first-order partial derivatives are of moderate
growth. Then the following statements hold

1. Let g be a Gaussian random variable, with B [g] =0, and n = 1. It follows
that
E[gF(9) =E[¢*] E[F'(g)]-

2. Let g = (g1,---,9n) be a zero-mean Gaussian random vector and go be a
zero-mean Gaussian random variable (not necessarily independent of g).
Then it holds that

Elnr(o)] =3Bl |1 (o)]

=1
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Proof. 1. For the random variable g we know that E[g] =0, so 02 = E [gz].
Then using integration by parts we can find that

Mﬂ@h]?;fw@ngﬂwW:

_ % / (—02exp (—;;))/F(u)du -

— 00

_ 1 9 u? e r u? / _
== 5,0 |ep (—M) F(u)‘_OO - / erp <_%12) F'(u)du| =

— 00

2

= 52 7 \/;?gexp (27“;2) F'(u)du = E [¢°] E[F'(9)].

1

The fact that F is of moderate growth (with ¢ = 2—2) is what establishes
o

that

u? o0
exp| —53 F(u)’ioo:().

E .
2. Let g/ = g; — go IE[?;g]Z]’ 1 <i < n be n random variables.

0
Also, consider the function G : R — R with

_ / E [9091] / E [90971]
G(t)F(glth E [g2] yeeesGn 1 E [g2] )

Then, if we condition on g’ we have that

E [90F(9)] = E[goF (g1, .., 9)] = E [goF (gi + 90 E]E[“fzg]ﬂ et 90 ]EE[Q[‘;%"] )] =
=E[9G(g90)] = E [¢5] E[G'(90)] =

[dF E [9091] E [gogn]
_ 2 o / / —
_E[gO]IE_dt <g1+tE[gg] ,...,gn—f—tE[gg] ‘t:go

~ OF E E [gogn] ) dx
e (g'1+t o0g1] oy [9051)

75_90‘|

= Elg3] ’ Elg2] ) dt
Cetotm NS YF ( Elpgn]  ,  Elgogal Elgogi]
= Eln]E _;ﬁxi <gl+g° Elgg] TR ) E [g3]
01 %=, [OF E [g0g:
:E[QO]ZE{MZ- (g1, 9n) EL?;%]] =
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A characteristic result in integration theory that we are going to use is given
in the following proposition.

Proposition 4.7.2. Let J C R be an open interval and f : J x Q@ — R be a
function defined on it. Also, let X : @ — R be a random variable, such that
the mapping t — f(t,X) is almost surely continuously differentiable in J. If for
every compact subinterval I C J,

E [stg?| f’(t,X)] < (4.14)

then the function g : R — R, with g(t) = E[f(¢, X)], is continuously differen-
tiable and

g'(t) =E[f'(t X)].

Proof. Let t € intJ and I C J a compact subinterval containing ¢ in its interior.
For some h € R\ {0} consider the set [t,t + h] (or [t — h,t] in the case where
h < 0), such that [t,t + h] C I. Then, the mean value theorem establishes that
there exists ¢ € [t,t + h], such that

ft+h X) - f(t, X)

116, X) = P

= fn(t, X).
It is obvious that

[F1(¢ X)) < sup [f'(t, X)| = | fu(t, X)| < sup |f'(t, X)].
tel tel

Also, we know that E [sup |f’(t,X)|} < 0.
tel

As aresult, by Lebesgue’s dominated convergence theorem (Theorem (4.1.1)))
we get that

i B (16 )] = B [ (6, 30)] = 5170, 30).

Using the definition of g(t) we know that

g (t) = lim gp(t) = lim ————"~ =
h— —

0 h—0 h
o  EfE+ R X)) -E[f(X)]
= him h = Hm B [falt, X)].

Combining the previous two expressions yields,
gt =E[f'{X)].
O

The next proposition contains a vital tool for the proof of Gordon’s lemma.

Proposition 4.7.3. Let F : R™ — R be a differentiable function, with F and
all its first order partial derivatives to be of moderate growth. Also, let X =
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(X1,...,Xp) and Y = (Y1,...,Y,) be two independent Gaussian random vec-
tors with zero mean. We define a random vector U (t) = (Uy(t),...,Un(t)), t €

[0,1], with
Ui(t) = VtX; + V1 —tY;, 1 <i < n.

Then the derivative of the function

8

ZIE [ M (t))} :

Furthermore, if F is two times differentiable, with all of its second order partial
derivatives to be of moderate growth then

0= 35 3 (BIX] - YY) E | - w0)]

=1 j=1

Proof. We want to use proposition 4.7.2 in order to find the derivative of f. The
first thing we must do is establish condition (4.14) for F. So, let I = [a,b] C [0, 1]
be an arbitrary compact subinterval. Then

B [sup (7' (U(0)] = [sup (00| = sup (ZW;U(“’CZH <

tel tel i—1
- IF
su U(t .
<)k sup (U150 (0) )|
Also, it is straightforward that
du; 1 1
Ut)= —"(t)= —X; — ——Y;, 1 <i<n.
z() dt() 2\/{ 7 2\/17—t 79 TN

As a result, it suffices to bound the expectation of an arbitrary term of the
above sum.

B [sup |01 57 )| < % [sup 070 sup | S 00| <
J (sup 101 >|)2]- | (sup | 5 (U(t»\ﬂz (pro. (4.13))

" uw)

sup Oz
%

tel

B sup V7o) JE

We want to prove that the previous expression is bounded. We work with
each term separately. For the first term we have that

o8



I 1 1 1
E (sup |U!(t 2] =4 /E |su (X2 - — XY, + Y-2>] <
\/ |:t€II) (0l \/ _tel? NV 41-1)" B

IA

1
| 4a

[ 1 1 1
E[sup (Lx2) + (Xm>+ (W)}:
o [ (362) oy (o) + s (g

11-0b) ¢

|
=

() at=)

<

2
1 1
E X+ Y;
(2\/& 2V/1-b )

(1 1
<G /|E|-—X? E|—Y?| <
—\/ | 4a ] +\/ [4(1—6) ] =
Now we move to the second term. We know that the first-order partial

derivatives of F' are of moderate growth. Thus, for every ¢ > 0, there exists
A > 0 such that

<Al vz c R, 1<i<n (4.15)

‘ IF (@)

19{)31‘

Also,

IO = (VEX: + VI =, VX + VT = 172 2 =

= |Vt(X1,..., X)) +VI—t(Y1,..., V)2 <
VX2 + VI =Y <
< 2maz {|| X||2,||Y |2}, Vt € T (4.16)

Combining (4.15), (4.16) yields

2
<.|E [Sup (AecnU(ma)?] =
tel

= \/E [A2 sup (620||U(t)|§):| <
tel

< A\/E [eBe (maz{| X |12, |¥[12))*] = (eq.4.16)

- A\/E [maz {8l XI5 c8elYI3)] <

IF

E |sup |5 (U(1))

tel

< A\/E [e8elI X3 1 eSelY 3],

99

1
Xf] +E [ Y-Q} < (X;,Y; zero-mean, independent)

< (Triangle inequality, (4.1.1)))



We know that X and Y are Gaussian vectors, with zero mean. Hence, we
can write them as X = Dg; and Y = D’g,, where D, D’ are n x n matrices
and g,,g9, € R" are independent standard Gaussian random vectors. Then,

2
E |sup 19F(U(t)) gA\/]E [e8ellDI 2 llgul3+8el D752 l9:13] = (]| X3 < || DII3S2]l9:113)
tel |V
= A [H escllDH%—m(gl)? . Hegchlllg—>2(g2)?‘| =
i=1 i=1
= A [H eSCHD”sz(Ql ‘| HCSCHD 13- 2(92); ] = (Independence)

= A HE [eSCHDH%Hz(Kh)?] HE [esanlﬂgaz(.‘h)?] = (Lemma 4,2,1)

i=1 i=1

= e . e =
st \V1=16¢[D[3, ) 5 \V1-16¢[D'[I3.,,

1 " 1 "
V1 =16¢|D|5_,5 V1= 16¢| D5,

The usage of lemma 4.2.1 is permitted, since we can choose ¢ such that,

. 1 1
c=min , .
{16||DII%H2 16||DII%H2}

As a result,
9F 2 1 ! 1 '
E [sup U) | =4 . < o0
et |V 1~ 16¢[ D[, 1 —16¢[.D7]l3-,

and consequently

E {Sup Ul(t)

tel

)| <o

Then from proposition (4.7.2) we have that

ro) = | GFO)| - ZE[ o w).

Furthermore, if F' is twice differentiable with all of its second-order partial
derivatives of moderate growth we can use proposition 4.7.1, i.e. Stein’s lemma
and obtain

n 2
P = B [t = X S BOU 0)E | g—w)].



Working the first expression inside the summation yields
1 1 1
E[U/U;(t)] = E [Vi—=X;X; — VI——e=X;Yi + —=V1 — tY; X; — ——=\/1 - t—=Y}Y;
[z()]()] |:2\[ 2\/7112\/1? j<hi 2@ Qﬁjz

(E[XiX;] - E[Y;Yj]).

l\DM—

This leads to the final form of the derivative of f,

n n

— 32> BN -ENYDE [ 0]

21]1

O

Lemma 4.7.1. Let F : R™ — R be a Lipschitz function for some constant
L > 0. Also, let X = (X31,...,X,) and Y = (Y1,...,Y,) be two Gaussian
random vectors, with zero mean. Suppose that (in the distributional sense)

(IE [|Xi —Xjﬂ ) “yi _ YjI2D 19;9;;; >0,1<i,j<n (4.17)
and
F(x +te) = F(x)+ct, Ve € R", (4.18)
where ¢ is some constant and e € R™, with e = (1,...,1). Then
E[F(X)] < E[F(Y)] (4.19)

Proof. F is a Lipschitz function, so it holds that
[F(x) — F(0)| < Lilz — 0|2 = |[F(z)| — [F(0)|| < L|j=2 =
|F(z)| — [F(0)] < Llz|2 =
|F ()| < Lllzll2 + |[F(0)],Va € R™.

As a result, we can establish that F' is of moderate growth. Suppose b > 0,
then

lim  F(z)e 1?12 < lim  (Ll|al|s + |F(0)]) e tI=IE = 0.
llzll2—+o0 llzll2—+o0
First, we are going to prove the theorem for the case where F is a two
times continuously differentiable function, whose first and second-order partial
derivatives are of moderate growth.
Also, note that condition (4.18) is equivalent to the following expression

" 9F
= R" 1<i<n.
2 ﬂxiﬂxj(w) O,V eR", 1<i<n
Then,
" 9F " 92F 92 F
; Y0, (x) =0 j:;# Y0, () Va2 (@) =0=
9?F - 9?F
= R*" 1<:< 4.2
527 (@) ]_1;‘# Froda; @) € i <n. (4.20)



Consider the function
f)=E[FU({))], te[0,1].

which is defined as the corresponding function in proposition (4.7.3). As we said
before, we deal with the case where F' is a two times continuously differentiable
function , whose partial derivatives up to second-order are of moderate growth.
Hence, from proposition (4.7.3) the derivative of f is

7= 333 (BIXX] - EVY)E

i=1 j=1

[19;9;;;, (U(f))] L teo0,1).

Working the right-hand side of the previous expression for an arbitrary x €
R™ yields

>3 EXX] B (@) -
-y [(E X -ED) U o@ Y EXX) ENY) ()| = (e (4.20))
i=1 @ G=1,i#j v

==Y |EXI-ER) Y S Y BN -ENY) ()| -

n n 2
--32 O |BIX BN+ B[] -] -2 (€0 - E M) (@)

> 2 Vx;x;
1=1 j=1,i#j
5 [l o)l ]

Condition (4.17) establishes that

_;ii[(]gﬂxi—xjﬂ—IE[M—YJFD zE (w)] <0

a0 ;
i=1 j=1 UL

and consequently

?F

> EXX] - B YY) o

15=1

<0,Vax eR"

n

(2

It is not difficult to see that
f(t)<0,tel0,1].
That means that f is a decreasing function in [0, 1] and thus,
f) < £0) = Ef(X)] <E[f(Y)].
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Turning now to the general case, where there is no guarantee that F' is

two times continuously differentiable, we seek to find a two times continuously
differentiable approximation of F'.

Let ¥(x) be a two times continuously differentiable, nonnegative function,
with support in B(0,1), such that

R[ W(@)da = 1.

Also, we define the following function

vn =h—"w(%), h>0,

for which it holds that

[on@ia= [nroGriz = [o@hnay =1,
Rn Rn Rn

It is easy to see that

supp(y) C B(0,1) = supp(vn) C B0, h).
We define the following sequence of functions
Fa@) = (F e in)@) = [ F)in(e—y)dy = [ Fla—y)inwdy. (421
R R

Furthermore, we can see that Lebesgue’s dominated convergence theorem
(theorem A.3.1) allows us to interchange the derivative with the integral. There-
fore, we can easily see that F} is two times continuously differentiable. Indeed,

’19Fh 9 ’191#}1 19¢h
= F — = F — == F .
@) = o [P -y = [ F@) 5 @ - ydy = F < 5
Rn R"L
In the same way we can also attain
V2, 92
h _r Yn

Y0z z) = F Va0,

Also, it is easy to verify that the first and second order partial derivatives
of I}, are of moderate growth, using the definition of convolution and the fact

that v, has compact support and is two times continuously differentiable.
2
We know that, in the distributional sense, it holds that

> 0, if for
TiVUT

all nonnegative functions g, two times differentiable, with compact support we
have that




So, let g be a nonnegative, two times continuously differentiable function on
R"™, with compact support. Then,

Vg g
F) = F - = Fubini’s th
/ h(m)ﬂxiﬂmj (x)dx / / (y)n(x — y)dy Teiia; (x)dx (Fubini’s theorem)
Rn ]Rn n

¥?g ,
= /F(y) /¢h(y —x) 19x'79x4(w)dw dy =  (Lebesgue’s th. (A.3.1))
UL
]Rn n

=/ 19:“9 /T/)h —z)g(z)dz | dy =

R™ 192
= [ Pt o).
]R'n.

As a result, condition (4.17) holds for Fj,.
Moving to establishing the condition (4.18) for Fj,, we can write that

Fp(x +te) = (F x¢p)(x+te) = Yp(x +te)x F =

- /F(w +te —y)Un(y)dy =

i
- / (F(a —y) + ct)in(y)dy =
in
- /F(:I: —y)n(y)dy + /ctwh(y)dy =
R™ R
= Fy(x) + ct/¢h($)dw =
= Fh(a:) + ct.

Consequently, the function F}, satisfies all the conditions of this theorem and
in addition the conditions imposed by us in the first half of this proof. Using
the results obtained on the first half of this proof we can write that

E[F,(X)] < E[Fu(Y)], Yh > 0.

Moreover, we want to show that F}, converges uniformly to F'. Before we do
that notice that

y€B(x,h)= ||z —ylla <h=xz—ycB(0,h) D supp(vn).

In order to prove the uniform convergence of F} to F' we consider the fol-
lowing sum.
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|Fi () — F(x)| = / (F(y) — F(@))n(e — y)dy| <

n

< [ |F(y) - F(@)|én(@ — y)dy < (F Lipschitz), (5 nonnegative)
B(x,h)

< / Ly — zlovn(z — y)dy <
B(x,h)

< / Lhapn (2 — y)dy <
B(xz,h)

< Lh,Vx € R™.

Therefore, we have established that for h — 0, F} converges uniformly to F.
Thus, the uniform convergence of F}, can be exploited to show that

E[F(X) =E [Flbig%) Fh(X)} = lim E[F,(X)] <

h—0

< Jim B[F,(Y) = E [gn Fhm} _E[F(Y)].

O

At this point we have all the tools at our disposal that are necessary in order
to prove Gordon’s Lemma .

Theorem 4.7.1 (Gordon’s Lemma). Let X;;,Y;;,1 <i<n,1<j<m be
two finite families of Gaussian random variables with zero mean. If

E [|Xi,j - Xk,ﬂ <E [m,j - Yk,lﬂ Vi kgl

E[1Xi; - Xial| > E[IYiy = YiaP], vi.jil,
then it holds that

E| min max X;;| >E| min max Yj;|.
1<i<n1<j<m 7 1<i<n1<5<m

Proof. We define the following function

F(x) = mi y 4.22
(x) = min  max z;; (4.22)
where € R™™ is a doubly-indexed vector & = (2i;)1<i<n,1<j<m-

We are going to use lemma 4.7.1. We can easily see that F' is Lipschitz, with
constant 1. Indeed,

_ — 3 L ; = s — s s | <
|[Fz) - Fly)l = | min  max 25 — min  max yij| = |2ij, — Yiojs| <
n m
2
< DD e =il =l =yl
i=1 j=1
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Next we want to show that (4.17) holds. We notice that only two variables
are involved each time, so we can choose two of the variables and fix the others.
Let t = x;; and s = xy;. Then, we can express I as

Flz) = Alt,s) i=k _ [maz{f(t),g(s)} 71-:,?-
B(t,s) ,i#k |min{f(t),g(s)} ,i#k

The functions f, g are of the form

a ,t<a
(ty=<t ,a<t<b, (4.23)
b ,t>b

where a < b . Note that it is possible that a = —00,b = +00.
The weak derivative of [ is

0 ,t<a
U't)=<¢1 ,a<t<b (4.24)
0 ,t>0b

The function A(¢,s) can be equivalently written as

A(t,s) = maz {f(t),9(s)} = 5 (f () + 9(s) + |f(t) = g(s)])-

N =

We calculate the partial weak derivative of A with respect to t.

hit, s) = ﬂA(t, s) =5 (f'(t) + [/ ()sgn(f(t) — g(s))) =

1
It 2
1
[ sontt— o)) a<i<p
0 ya<t,t>b
2
The function h(t, s), with fixed ¢, is nonincreasing, thus 3 19tA(t’ s) <0, in
s

the distributional sense.
Moving to the other case we have

B(t,s) = min{f(t),g(s)} = % (f@) +9(s) = £ () = g(s)]) -

Using the same reasoning with the previous case we can conclude that
2

3 q%B(t, s) > 0, in the distributional sense.
s
Consequently, in the sense of distributional derivatives it holds that

V2F )
— < =k
19(,62‘]‘219%“

9°F ’
ﬁxijﬁxkl 20 iFk
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Furthermore, the following condition is provided in the definition of Gordon’s
lemma,

E|X;;— Xeal?| —E[[Yiy —Yial’| >0 Li=k

, , T (1)
E|Xi; — Xl | —E||Yi; —Yiy|"| <0 ,i#k
Thus,
92F
s P — 2 2 .
ﬁxijﬁxklgo =k (E(X; — Xl | —E|Yi; - Yl | 20 Ji=k

2 : 2
197}720 ,’L?ék‘ E |X¢)j—Xk’l‘ —E |Y;
ﬁxijﬂxkl

= (B[1Xes = Xual’] B [y i)

g —YiP| <0 Ji#k
92F

— < 0,Vi4,75, k1.
ﬁxljﬁxkl — ) Z)J’ Y

In addition, for r € R

F(x+re) = i, 121}5?7"(9% +r)= nin 122—%)3”(.%‘”) +r=F(x)+r.

Then, the conditions of lemma (4.7.1) are satisfied for —F and as a result it
holds that

E[-F(X)] < E[-F(Y)] = E[F(X)] > E[F(Y)] (4.26)
O

An important observation is the fact that Gordon’s lemma also holds for
Gaussian processes. This result is a combination of two things. First, we know
that any finite subset of a Gaussian process is a Gaussian random vector, i.e. if
(Xi);er is a Gaussian stochastic process, then the vector (X;),.q, S C T with
card(S) < oo, is a Gaussian random vector. Secondly, the suprema we consider
here are lattice suprema, which roughly means that the supremum is computed
on finite subsets of the stochastic process.

An immediate consequence of Gordon’s Lemma, is Slepian’s Lemma.

Corollary 4.7.1 (Slepian’s Lemma). Let X, Y € R™ be two Gaussian random
vectors with zero mean. If

E[|Xi—Xj|2} g]E[m—Yﬂ L 1<ij<n, (4.27)
then it holds that
E | max Xl} <E {max YZ} . (4.28)
1<i<n 1<i<n

4.8 Concentration of measure

In this section we aim at proving a concentration of measure argument. We are
going to follow the entropy method. As with every complex argument the proof
requires several intermediate propositions, definitions and lemmas.

First, we need to define the entropy of a random variable.
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Definition 4.8.1 (Entropy). Let X be a nonnegative random variable on a prob-
ability space (2,2, P). Also, let define the convex function ¢p(x) = zin(z), x > 0,
which we continuously extend to x = 0 by setting ¢(x) = 0. The entropy of X
is defined as

E(X) = E[p(X)] = ¢(E[X]) = E [XIn(X)] - E [X]In(E [X]).
IfE [XIn(X)] = oo, we set E(X) = oo.

We can easily verify that the entropy is a nonnegative quantity, i.e £(X) > 0
and it is homogeneous, i.e £(tX) =tE(X), V¢ > 0.

We are going to use the entropy in order to develop a concentration in-
equality for a random variable X. This approach is called the entropy method.
Specifically, we want to obtain a bound of the form

& (etX) < g(t)E [etx] ,

for ¢ > 0 and some suitable function g(¢). Then we can use the following
procedure in order to obtain a concentration inequality for X.

First of all, note that M% (t) = E [Xe'™]. As a result, we can rewrite the
entropy of e!X as

E(e) = tM (t) — Mx (t)in (Mx (t)) < g(t)Mx (1)
My (t)  In(Mx(t) _ g(t)

— < 2
= M (t) A
Then by setting F(t) = w we can deduce that
(t e
/ gt g 1
F(y <2 S iy - F0) < / a: = (F(0) = lim

F(t)—E[X]g/gi’j)dzéln(MtX(t))_E[X]S/@dzi
0 0

t
etn(Mx (1) —tE[X] < exp t/g(j) dz | =
z
0
t

E {et(X—E[X])] < exp t/g(z)dz
22

0

Combining Markov’s theorem with the previous result yields the following

tail bound
t
9(z)
exp (tof Zde)

P[X —E[X]>s] <

ois ,$>0

This approach is also called the Herbst argument. The next lemma contains
some basic results about entropy.
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Lemma 4.8.1 (Results about entropy). Let X be a nonnegative random vari-
able such that E[X] < co. Then, it holds that

(a)

(b)

E(X)=sup{E[XY]:E[e"] <1}, (4.29)

E(X) = sup {E[XIn(Z)] - E[X]In(E[Z])} .

(¢) The entropy is a subadditive function, i.e

EX+2)<EX)+E(Z),

where Z is also a nonnegative random variable.

Proof. (a) First of all, assume that X is a strictly positive random variable.

Notice that the homogeneity of entropy allows us to assume that E [X] = 1.
Also, let Y be a random variable such that E [ey} < 1. Using Fenchel’s
inequality (A.5.3) and the fact that E [ey] <1 we can obtain the following
expression.

E[XY] <E[e"] + E[XIn(X)] — ezX < E[XIn(X)] = £(X).

Hence,
sup {E[XY]:E [ey} <1} <&(X).

In order to show the opposite inequality, we pick Y = In(X) — In(E [X]).
For that Y we can easily verify that

E [eY} ) [eln(X)fln(IE[X])} =E {X]E 1 } =1.

Then,
E[XY] =E[Xin(X) — XIn(E [X])] = £(X).
Thus,
E(X) <sup{E[XY]:E[e"] <1},

and the proof for a strictly positive random variable is complete. It is
now easy to show that the main result holds for a nonnegative random
variable using the continuity of ¢(the function introduced in the definition
of entropy) at 0 and an elementary approximation argument.

Z
This result is obtained by setting in (4.29) Y = In <]E[Z])’ where Z is

a positive random variable. Notice that E [ey] < 1 is satisfied for every
Z > 0.
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(c) It is straightforward that
E(X+Z)=sup {E [(X+2)Y]:E [ey] < 1} <
<sup{E[XY]:E[e"] <1} +sup{E[ZY]:E[e"] <1} =
=E(X)+E(2).
O

Before we proceed to the next proposition we need to give three more def-
initions. Let X = (X1, X2,...,X,) be a random vector and f : R" — R be a
function. We denote with X the following vector

XO = (X1, ., Xie1, Xy Xn).
Now we can define the following quantities.

e Conditional expectation

Ex, [f(X)] =Ex, [f(X1,..., Xi,..., X)) = E [f(X)|X<i)} .

The conditional expectation is a function of Xy,..., X; 1, X;41,..., X,
and is constant with respect to X;.

e Conditional entropy

Ex, (X = € (F(X)IXD) = Ex, [/ (X)in(f(X))]~Ex, [/(X)]in Ex, [[(X))

The conditional entropy is a random variable that depends on X @),

e Conditional expectation operator

E'[f(X)] = Ex,,...x, [f(X)] = E[f(X)|Xi,..., Xn]
Notice that E! [f(X)] = f(X) and E"*! [f(X)] = E[f(X)]
We are now ready to prove the tensorization inequality for entropy.

Proposition 4.8.1 (Tensorization inequality). Let X = (Xi,...,X,) be a
random vector, where X;, 1 < i < n, are independent random variables and f
be a nonnegative function for which it holds that E[f(X)] < oco. Then

E(f(X)) <E lZcfxi [f(X)]l :
i=1

Proof. First, assume that f is strictly positive. The use of lemma 4.8.1(b) with
Z =FE!'[f(X)] > 0 leads to

Ex, [f(X)in (B'[f(X)])] - Ex, [f(X)]in (Ex, [E'[f(X)]]) < &x, [f(X)]
= Ex, [f(X)in (E'[f(X)]) - f(X)I

S
5
"
=
>
IN
=
=
>
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Using the fact that X;, 1 < ¢ < n are independent random variables and
Fubini’s theorem we can obtain the following result

Ex, [E'[f(X)]] = Ex, [Ex,...x,, [f(X)]] = E™ [f(X)]. (4.31)

Also, we create the following telescopic sum
In(f(X))—In(E =" (In (B [£(X)]) — In (B [£(X)]))

=1

using the conditional expectation operator. Then, using the above expression
we can obtain the following

E(f(X) =E[f(X)In(f(X)) = f(X)in (E[f(X)])] =

=Eﬂxﬁ]mwwam—mmwwmmﬂ=
= > E[£(X0in (B /(X)) - O (Ex, [E*[F(X))])] = (eq.(4.31)

= 2B [Ex, [[(X)in (B'[f(X)]) = F(X)in (Ex, [B'[f(XOI)]] < (eq.(4:30))

ng ]

Notice that the main result extends to nonnegative random variables using
the continuity of ¢ (the function introduced in the definition of entropy) at 0
and an elementary approximation argument. L]

In order to prove the concentration of measure argument we need the loga-
rithmic Sobolev inequality for Rademacher vectors.

Theorem 4.8.1 (Log-Sobolev inequality for Rademacher vectors). Let f :
{=1,1}" = R be a function and € be an n-dimensional Rademacher vector

L. Then
1| 2
e z’éz( 0]7
=1
where € = (€1, vy €im1y —€iy €Eitly -y En)-

Proof. First, we are going to show that

1 N2
16 < 35 | (10 - 1) | vie 1. (432)
Suppose that we have an arbitrary realization of the vector (e1,...,€;-1,€i11,...,€x).
Since ¢; is a Rademacher random variable, the vector (e, ..., €,—1,€;, €41, -+, €n)

1A Rademacher random variable ¢; takes the values +1,-1, with probability 1/2 for each
event. A Rademacher random vector € is a vector of independent Rademacher variables.
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and as a result the function f(e€) can take two possible values, which we denote
as a,b € R. Notice that f(E(l)) can take the same two possible values.
Using the definition of conditional entropy we can deduce that,

&, [[2(e)] = Ee, [f2()in(f*(€))] — Ec, [f*(€)] In (Ec, [f*(€)])

E
1 2 b2 2 b2
=5 (a®ln(a®) + b*In(b?)) — a ;_ In (a ;_ > .

Also,

g (10 = 5E) | = 3 (g =07+ 30 07) = 3a- 0

Thus, we want to show that

1 2402 2 4 p? 1
3 (a®ln(a®) + b*In(b?)) — @t In (a + ) < i(a —b)2.

We define the function

(2In(a®) + b*In(b?)) —

z? + b? <x2+b2> 1
glx) = In — —(=

2 2

N =

We calculate the first and second derivatives of g(a)

g (z) =zin (3;?;) — (z —b),

222 222
2 + b2 2 + b2 :

g'(z)=1+In (

We notice that g(b) = ¢’(b) = 0 and ¢”(z) < 0,Vz € R. The last expression
was obtained using the inequality In(x) < 2 — 1. So we have established that
g(b) = 0 is a global maximum and consequently g(x) < 0, Vo € R. Therefore,
equation (4.32) is valid for all 7 € {1,...,n}.

From proposition 4.8.1 we can obtain the following result

E(f*e) <E lz Eei [fz(e)]] ~ (4.33)

i=1

Combining proposition 4.8.1 and equation (4.33) yields the result provided
in the definition.
O

Theorem 4.8.2 (Gaussian logarithmic Sobolev inequality). Let f : R — R
be a continuously differentiable function such that E [d)(fz(g))} < o0, where
g € R" is a standard Gaussian random vector. Then it holds that

E(f*(9)) <2E[|VF(9)l3]
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Proof. We start by proving the above result for n = 1 and g = g, where g is
a standard Gaussian random variable. Suppose that f has compact support.

For the modulus of continuity w(f’,d) = sup |f'(t) — f/(u)| we have that
lt—u|<6

gir% w(f’,0) =0, because f’ is uniformly continuous.
—
Let define

Sm:\}%geiv

where € = (e1,...,€6,) is a Rademacher vector. Also, consider the function
fi(e) = f(Sm). Using theorem 4.8.1 we can attain

where € = (€15 . vy €im1y —€iy €1y ey €m)-
Isolating and working with an arbitrary term of the above sum yields

Sim

‘f(Sm)f<Sm\2/%>‘ Frswe [ - e <
Sy —2€;//m

2 s )4 2o, 2

Squaring both parts of the previous expression leads to

IN

3

(st = (30~ 22)) < 2+ S ipsmtetss o+ ot 2oy

Therefore, we have that

S (5= (50~ 22) ) <4550+ U Slels' ) + 4l )

i=1

Using the central limit theorem 4.2.2 and taking into account that f and f’
are bounded function we can deduce that

lim E[f'(Sm)?] =E[f'(9)]

m—o0

and

lim E(f2(Sm)) = E(f2(9)),

m— o0

where g is a standard Gaussian random variable.
Therefore,
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2)2

lim E£(f3(S,)) < lim iE 4f’<sm>2+8\f’<sm>|w<f',i>+4w<f',ﬁ

m— oo m—oo 2 \/ﬁ
= E(f*(9)) < 2E[f"(9)°] .

Moving to the general case, assume that f does not necessarily have compact
support. The expression E [¢(f?(g))] < oo implies that for a given € > 0 there
exists T > 0, such that for any subset I C R\ [-T,T7],

\/% / |6(f(t)?)] e /2dt < e (4.34)
I
and
\% / e 24t < e. (4.35)
I

Also, let h be a continuously differentiable function, such that 0 < h(t) <1
and

)1 te[-T,T]
h(t)_{o Jt¢ [-T,T]"

Then, we define the function f = fh. Notice that f is a continuously
differentiable function with compact support. Consequently, using the results
we proved in the first part of this proof,

E(f(9)?) < 2E [ f(9)?] .

Using the fact that entropy is a subadditive function (lemma 4.8.1(c)) we
can see that

E(f(9)) =€ (F9) + £(9)* (1= h(9)?)) <
<&(f97?) + £ (£l9)* (1= h(9)?)- (4.36)

In order to obtain a bound on the second term of the above expression we
consider thesets I; = {t e R\ [T, T]: f(t)2 < e}and I, = {t e R\ [-T,T] : f(t)* > e}.
Then

E [f(9)%(1 - h(g)®)] = ——= / F(9)2(1 — h(g)?)e t"/2dt <
R\[-T,T]

L 2,-t%/2 L 2 —t2/2
Sm/f(g)e dt+m/f(9)€ t <

L o122 1 o[ 22
< m}/e e " /2dt + m/\qb(f(g) )| e " /2dt < (eq.(4.34), (4.35))
< (e+1)e. (4.37)
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As a result,

6 (E [f(9)*(1 = h(9)*)])| < ¢ ((e + D)e),
for sufficiently small e.
Also, we introduce the sets Iy = {t € R\ [-T,T]: f(t)*(1 — h(g)?) < e},
I = {t e R\ [-T,T]: f(t)*(1 — h(g)?) > €} and the value ¢y = nax lo(t)| =
—1 -
Then,

€

E 6 (f(9)*(1 — h(g)*)]| =
/ g0 -2t + 1% / |6(f(9)?)| €0 2dt <
n

< ¢Oe+/\¢ f9)?)]e™ g < (eq.(4.34), (4.35))
I

< (¢po + 1)e.

Therefore, using the definition of entropy (definition 4.8.1) we can conclude
that

(97 (1=N(9)?) < [E[o (f(9)*Q —h(9)M)]| + ¢ (E [f(9)*1 — h(9)")])| <
<lo((e+1)e)| + (¢o + e
So, we have obtained a bound on the 2nd term of (4.36). Next we are going

to improve the bound on the first term of expression (4.36). We have already
shown that

E(f(g)?) < 2E [ff(g)z] .

We can use the triangle inequality to obtain that

E [ } VEI(Fh + FiN @) < VEI(FR) (92 + VE[(F7)(9)2].
For the first term of the above expression we can easily see that
E[(f'h)(9)*] =E[f'(9)*h(9)*] <E[f'(9)*]-

Moving to the second term we can show that

/ ’ — h/||2 2 —t2/2
E[(fh')(9)?] F()?H (t)%e t/gdt<H f(t)2e v 2dt <
\/ﬂ / V2T 1142

< (113 (e + 1)e.

(6]



In the last inequality we used the same reasoning as in expression (4.37).
Therefore, we can obtain the following bound

E(f(9)%) < 2E [/(9)?] = 2\/W2 <
<2 (VETFGP] + W lloeV/ie ¥ ) -

For the entropy of f2 we can obtain the following bound combining several
of the previous results

£0/(6) = 2 (VEIF@R + IWlloev/TeF ) +19((e + 1)e)| + (90 + e

The above result result holds for all € > 0. Combining that with the fact
that tlir% ¢(t) = $(0) = 0 we can conclude that
—

E(f(9)?) < 2E[f(9)].

Finally, we can generalize the previous result for any n € N using the ten-
sorization inequality (proposition 4.8.1),

E(f*(9) <E [Z &y, [f(9)]

=2E[|[V/(9)l3] -

Finally, we are ready to state and prove a concentration of measure argu-
ment.

Theorem 4.8.3 (Concentration of measure). Let f : R™ — R be a Lipschitz
function (with constant L) and g € R™ be a standard Gaussian random vector.

Then,
2

P(f(g) ~E[f(g)] > t) < exp (—;L> VS0

and

t2
B(If(g) ~ E[f(g)]] = ¢) < 2eap (

2[/2)7vt>0.

Proof. Assume that f is differentiable and let ¢ > 0. Then, using the fact that
f is a Lipschitz function we can see that |V f(z)|2 < L, V& € R™. Also, let
define the function h(x) = e/f(®)/2 2 € R™. Using the same fact we can easily
deduce that et/(®) < tFOlLtlzll2 g € R™ and thus h(ax) satisfies condition
E [¢(h?(g))] = E [¢(e!f@)] < oo. Therefore, h satisfies the conditions of the-
orem 4.8.2. Thus, using the logarithmic Sobolev inequality (theorem 4.8.2) on
the function h(g) yields
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(1) < 2B [T @] = 2k | 2619729 f(g) | =

_ gE [etf(g)wf(g)”g] < gE [etf(g)} :

So, we have found an inequality of the form

& (etx) <g(t)E [etx] ,

242
with g(t) =

bound for t > 0,

and X = f(g). As a result, we can obtain the following

2
=P[f(g) —E[f(g)] >t <exp (—) . (s = % global minimum)

If we replace f with —f we obtain the bound

PIELfa)] - flg) > 1 < con (5.

Therefore, the union bound establishes that

2
P(1fig) - ELfla)l 2 8 < 260 (=55 ) vt >0,

Now moving to the case where f is not differentiable, for each € > 0 we can
find a differentiable function h(x), which is Lipschitz with the same constant L
as f, such that

[f(x) = h(z)| <€ Vo eR™
Consequently,

P1f(e) - Elf(g)) 2 1) < Plhly) ~ Efulg)) 2 120 < eap (-2

The previous expression holds for every € > 0, hence we can establish that
the basic result is also valid for non-differentiable functions. O
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Chapter 5

Sparse vectors recovery
with random matrices

5.1 Introduction

In chapter 2 we introduced the problem of sparse vector recovery and its ex-
tension to noisy scenarios. In both settings we highlighted the importance of
choosing correctly the measurement matrix in order to ensure that the algorithm
we use succesfully recovers all k-sparse vectors. In this chapter we are going to
present in a mathematically rigorous way some results that refer to the ability
of specific classes of random matrices to guarantee succesfull recovery of sparse
vectors, under certain conditions, using the I; minimization task. This whole
section is mainly based on | ], essentially providing a partial presentation
of chapter 9.

There are two types of recovery results, uniform and non-uniform recovery
guarantees. In wuniform recovery guarantees the algorithm is able to recover
successfully all k-sparse vector (after projection using a randomly drawn mea-
surement matrix A), using the same matrix A, with high probability on the
choice of matrix A. A uniform recovery guarantee roughly contains a statement
of the form | 1,

P(Vx € X, recovery of x is sucessfull using matrix A) > 1 —e.

On the other hand, in non-uniform recovery guarantees the algorithm is able
to recover successfully a fixed k-sparse vector (after projection using a randomly
drawn measurement matrix A), with high probability on the choice of matrix
A. A non-uniform recovery guarantee contains a statement of the form [ I,

Vo € ¥y, : P( recovery of x is sucessfull using matrix A) > 1 —e.

In the present chapter we are going to prove the following results:

e A uniform recovery result for subgaussian matrices using the /; minimiza-
tion task (section 5.2).

e A non-uniform recovery result for Gaussian matrices using the [y mini-
mization task (section 5.3).
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5.2 Uniform recovery with subgaussian matrices

In this section we are going to prove a uniform recovery result for subgaussian
matrices using the [; minimization task. First of all, we are going to show that if
a random matrix A satisfies concentration inequality (5.1) then for that matrix
the expression (5.2) holds, which constitutes an intermediate result in order to
prove the R.I.P for A.

Theorem 5.2.1. Let A € R™*" be a random matrix for which the following
concentration inequality holds

P (|| Az|3 — [lz]3] > t]la]3) < 2e70™, va € R, t € (0,1). (5.1)
Given 0,e € (0,1) and S C {1,...,n} with card(S) =k, if
14k + 41n(2¢71)
m > o EAee )
- RIK

then
|A§As — Il22 < 6, (5.2)

Lwith probability at least 1 — e.

Proof. We perform a discretization of the unit ball of vectors with at most &
non-zero elements in the positions specified by the index set S. Specifically,
we consider the set Bg = {& € R™ : ||z||2 < 1 A supp(x) C S}. From theorem
(A.4.1) about covering numbers we know that, given a radius p € (0,1/2), we
can find a finite set U C Bg, such that the following expressions hold

card(U) < (1 + i)k (5.3)

and
min||z — ull2 < p, Vz € Bs.
uelU

Using concentration inequality (5.1) it is easy to see that

P (||| Aull3 — [[u[|3] > tl|u|3 for some uw € U) < > P (||| Aull — [|u]|3] > t[|u]3)
uelU

<2 card(U)e*cO"“62

92 k
S 92 <1 + ) e—comtz-
P

Suppose that for a randomly drawn random matrix A, from the probability
distribution for which the inequality (5.1) holds, we have that

[l Aw]l3 — [lu]3] < tllu]3, Yu € U.
Also, we set B = ALAg — I. Then, we can write the previous expression as

|{Bu,u)| < t,Yu € U. (5.4)

1 Ag denotes the matrix created by keeping the columns of matrix A specified by the index
set S and removing the rest.
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The previous expression holds with the following probability,

k
2 2
(Al - ull] <t vu e 0) > 1-2 (14 2) et 55

We want to show that for appropriate choice of p and ¢ expression (5.4)
implies

A3 — [lz]l3] < dll=[l < 6, Vo € Bs
which in turn implies
|(Bx,x)| < §,Va € Bs
and
| Bl2—2 < 6.

So, let « € Bg and u € U, such that ||z — ull2 < p < 1/2. Then we have
that

|(Bz,x)| = [(Bx,x) + (Bu,u) — (Bu,u) + (z, Bu) — (z, Bu)| =
= |(Bz,z) + (Bu,u) — (Bu,u) + (Bu,x) — (Bz,u)| = (B symmetric),(commutativity)
= |(Bu,u) + (B(x +u),x — u)| <
< [(Bu,u)| + [(B(x + u),x —u)| <

<t+[|B(x+ w2l —ul2 < (Cauchy-Schwarz ineq.), (eq. 5.4)
<t |Bllawzllz + ullz]lz — ulls <

<t +[[Bllasa(llll2 + [lull2)p <

<t+2p||B|l2a=2-

‘We know that we can obtain the norm of B as

|Blla—2 = sup (Bx,x).

xEBs

Therefore, from the previous inequality we can conclude that

t 1
Bl <t 20Blozp = [Bllaoe < =gt < 010 € (0.5

We choose t = (1 — 2p)d and as a result we establish that || B]|2—2 < ¢. For
the probability that this event occurs we can use (5.5) to deduce that

k
2 .
P(|Bllass <) >1—2 (1 + ) ¢—eom(1-20)%67
p

It is straightforward that

k
2
B(|Bllasz > 8) < 2 (1+p) eem(1-209", (5.6)
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So, if we denote € = P (|| Bl|2—2 > 0) we have that
[Bllas2 <6

occurs with probability at least 1 — € provided

9 k
€<?2 <1 + ) emcom(1=2p)"0%
p

1 2
> - -1 .
m_co(1—2p)262 (ln(1+p>k+ln(26 ))

We can obtain the bound provided in the definition if we consider p =

2
EIE which leads to
e7/2 —

-1
m > 14k + 41n(2e1)
- RIK
O

In the following remark an alternative description of the R.I.P is provided
that is necessary for the next theorem.

Remark 5.2.1 (Alternative description of R.I.P). Starting from the definition
of the R.I.P provided in expression (2.6) we can obtain the following alternative
description

(1= D)lial; < | Azll; < (1 +9) @[3, Yo € S
= [I4sal} ~ lel3| < slel3, vs € {1,2,...,n}, card($) < b, Vo € RS
(Asz, Agx) — (x, x)

<6,VSC{1,2,...,n}, card(S) < k,Vx € R¥\ {0}

(15
ATAg — 1
(45 ﬁxng )2,2) <6,¥S C{L,2,...,n}, card(S) < k, V& € RS\ {0}
2
<(A£AS -z, 33> T
<4, VS C{1,2,....,n}, card(S) <k AgAg — I Symm.
Ry ey 2O ) card(s) Vs s =1 Sy

= |ALAs —I|ayo <6,¥VS C{1,2,...,n}, card(S) < k

a ATAg — 1T < 0.
sg{1,2,...gll},)§ard(S)gk|| sAs ~ 1|22 <

Therefore, the R.I.P constant of order k is

O =

= max ||A§AS _I”Q*}Q.
SC{1,2,...,k}, card(S)<k

Now we can use the previous theorem to establish the R.I.P condition for a
random matrix that satisfies concentration inequality (5.1).

Theorem 5.2.2. Let A € R™*" be a random matrixz for which the following
concentration inequality holds

—C m2 n
P (|l Az — lzl3] = tlzl3) < 2e7™", Ve € R", t € (0,1)  (5.7)
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Given d,¢ € (0,1), if

n

2% (9+2n (7)) +4m(2e ™)
"= 3]:}052 ’

then the restricted isometry constant of A satisfies 0 < § with probability at
least 1 — €.

Proof. Taking into account remark 5.2.1 we can easily see that

op = sup ||A§AS —1Il[22 = sup | Bl2—2
SCln],card(S)=k SCln],card(S)=k

Therefore, we have that

P (8, > 6) < > P (|| Blla2 > 0) < (Union bound)
SC[n],card(S)=k
n 2 k 2 2
<o) (145) e (cq. (5.6))
k p
k
<2 (ﬁy 1+ 2 =08 (1=2p)"m (lemma (A.5.1))
<2(4 5

2
Let set e = P (|| Blj2—2 > 0) and choose p = T Then we can see that
772 —
0, < § holds with probability 1 — e if

en\* 2\* 52 2
< —_— — —cod”(1-2p)"m 5.
e_Q(k) (1+p> e = (lemma (A.5.1))
2k (9 +2in (%)) +4ln(2eY)
m > .
36052

O

Next, we are intending to show that a matrix with independent, subgaussian,
isotropic rows satisfy concentration inequality (5.7).

Proposition 5.2.1. Let A € R™*" be a random matriz with independent,
isotropic and subgaussian rows (all rows have the same subgaussian parameter
¢). Then the following concentration inequality holds

1
P — A 2 2
(| & el - o

zﬂmﬁ)sze%mineR%teme

for a constant cy that depends only on c.
Proof. The matrix A is of the form
Yy
Y3
A=1| 1, (5.8)
vy

m

83



where Y;, 1 < i < m are independent, isotropic, subgaussian random vectors.
We define the following finite sequence of random variables,

Zi = (Yo, )] = |3, 1 <i<m,

where & € R™ with ||z||3 = 1 (we can assume that without loss of generality).
Using the fact that Y'; is an isotropic random vector (theorem 4.1.7) we can
see that
2
E(Z] =E [[(Yi,2)] - E [l213] = |=]3 - |=/3 = 0,

for every 1 < i < m.
Notice that the random variable (Y;, x) is subgaussian, since Y; is a sub-
gaussian random vector. Hence, Z; is also a subexponential random variable.
Also, we have that

m m

1 1 1
— || Az|? — ||z||2 = = (Yi 2 2):7 Zi.
~aal el = 3 (1Yo @)~ llal) = - >

i=1 i=1

The random vectors Y'; are independent and as a result the random variables
Z; are independent as well. We have established that Z; satisfy all the conditions
of Bernstein’s inequality for subexponential random variables (theorem 4.4.1).
Therefore, we can obtain the following result

“ K2m?2t? /2
>t| =P Zil>mt| <2 —_—— | =
) e (S]] <o (2

,,,2 ,,,2
=2 - mt?) <2 - ). (¢ 1
emp( er ot > exp( o ) (t€0.1])

1 m
b

K2

———. As a result, we conclude
45 + 2kt

Finally, we choose ¢y =

1
P (Lo} - lal} > tlel) < 27", Vo € R, t € (0,1)
O

Using the previous results we can state rigorously the R.I.LP condition for
matrices with isotropic and independent subgaussian rows.

Theorem 5.2.3. Let A € R™*™ be a random matriz with independent, isotropic,
subgaussian rows (all rows have the same subgaussian parameter c). If

. ¢ (kn () +m(2¢71))

m > 52 ;

1
then the matric —A satisfies the R.1.P condition with a constant d; < 6 and
m

with probability at least 1 — €.

Proof. Combining proposition 5.2.1 with theorem 5.2.2 and possibly altering
some constants establishes the above result. O
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At this point we have established that a (normalized) matrix with isotropic,
subgaussian rows under some specific conditions satisfy the R.I.P. What we need
now is to show that this result also holds for subgaussian matrices. We are going
to show that using the following lemma.

Lemma 5.2.1. Suppose that Y € R™ is a random vector of independent sub-
gaussian entries, with E[Y;] = 0, Var[Y;] = 1,1 < i < n and the same sub-
gaussian parameter c. Then'Y is an isotropic, subgaussian random vector with
parameter c.

Proof. From the definition we know that Y; are independent subgaussian ran-
dom variables with E [Y;] = 0 and Var [¥;] = 1. Obviously,

0 i#y
E[ViY;] = { FI
1 i=y
Then, for x € R™ we have that
n 2 n n
B[V, @) =E [ evi| | =B |3 wayviy; | =
i=1 i=1 j=1
n n n
= v BV = af = [|l=3.
i=1 j=1 i=1

As a result, from definition (4.1.7) we deduce that Y is an isotropic random
vector.

Also, considering x € R™, ||x||2 = 1, proposition (4.3.3) establishes that the
random variable

(Y, x) = Z%YZ (5.9)

is subgaussian with parameter c||z||3 = ¢ (independent of = € R", ||z|2 = 1).
Then, from definition (4.3.2) we can conclude that Y is a subgaussian random
vector with parameter c.

O

We can now use the previous lemma to establish the R.I.P for subgaussian
matrices.

Theorem 5.2.4. Let A € R™*™ be a subgaussian matriz. There exists C > 0
(depending only on the subgaussian parameters k and r) such that if

c (k1 () +m (2¢71))
> = :

m

1
then the matric —— A satisfies the R.I.P condition with a constant §; < 6 and
m

with probability at least 1 — €.

Proof. This theorem follows immediately from theorem 5.2.3 and lemma 5.2.1.
O
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Finally, we can present a uniform recovery guarantee for subgaussian matri-
ces using the /1 minimization task, in the noisy case.

Theorem 5.2.5 (Uniform recovery guarantee for subgaussian matrices-noisy
case). Let A € R™*™ be a subgaussian random matriz and € € (0,1). There exist
c1,¢2 > 0 (depending only on the subgaussian parameters k, r) and dy,dz > 0
(universal constants) such that if

m>clkln<k)+021n(2e )7

then for all € € R™ a solution of the robust Iy minimization task (2.9.2),
with y = Az + e and |e|la < v/mn (for some n > 0), satisfy the following
conditions

|z — 2|1 < diog (@)1 + d2Vkn

and
or(x)1

vk

Proof. The robust I; minimization task (2.9.2), with ||e||2 < v/mn), is equivalent
to the following optimization task

e — |2 < dy + dan.

minimize ||@ H 1
xeR”™

subject to  ||— Aw|| <n.

f f

Therefore, combining theorems 5.2.4 and 2.9.3 prov1des the result we want.
O

In the noiseless case we have the following theorem.

Theorem 5.2.6 (Uniform recovery guarantee for subgaussian matrices-noiseless
case). Let A € R™*™ be a subgaussian random matriz and € € (0,1). There
exist ¢1,c2 > 0 (depending only on k,r) such that if

m > clsln( ’ ) +coln (26 ) (5.10)

then the 1y minimization task (2.6.3), with y = Az, recovers x, V& € %
with probability at least 1 — €

Proof. Combining theorems 5.2.4 (in the special case where oi(x), = 0 and
e =0), 2.9.3 and taking into account that exact recovery is not affected by the
normalization of the matrix provides the result we want. O

5.3 Non-uniform recovery with Gaussian matri-
ces

In order to fully develop the theoretical results of this section we need to define
the tangent cone of the [; norm.
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Definition 5.3.1 (Tangent cone of I; norm). The tangent cone of the l; norm
at x € R™ is

T(x) =cone{z—x: zeR"and||z|1 <|zl1},
where cone defines the conic hull of a set.

Essentially, the tangent cone of the /1 norm is the set of all descent directions
from x, i.e. the set of all direction from @ such that the I; norm decreases. We
can now state a necessary and sufficient condition for the successful recovery of
a k-sparse vector with the [; minimization task, using the tangent cone of the
{1 norm.

Theorem 5.3.1 (Sufficient and necessary condition for successful recovery-noise-
less case). Let @ € R™ and A € R™*™. Then optimization task (2.6.3), with
y = Ax, returns x© as a unique solution, if and only if

Ker(A)NnT(x) = {0}.

Proof. Suppose that Ker(A)NT(x) = {0} holds. Also, let & denote a solution
of (2.6.3) with y = Ax. Then, we have that ||y < ||| and y = AZ. Let,
z = & — x. From definition (5.3.1) we can see that, z € T(x). Furthermore,
Az = Az = A —z) = 0 = z € Ker(A). As a result, Ker(A)NT(x) =
{0} =2 ==

Now, suppose that x is the unique solution of (2.6.3) with y = Ax. Let
z € T(x)\ {0}. We can write this vector as z = > ¢;(u; — ), where ¢; > 0 and

3
lluilli < |lz||i. Notice that z # 0 = > ¢; > 0. Suppose now that z € KerA.
i
Then,

A(Zq( Za:))O:sA ch] —x) 0:>A<Zc;ui>Am,

% i

where ¢, = . Furthermore, || ciu;lli < > cilluilli < ||x||1. However, we
i i

¢
2.¢

j
have made the assumption that  is a unique solution of (2.6.3) and thus
chuizmﬁz:&
i

So, we reached a contradiction. Therefore,
z¢ KerA= KerAn (T(x)\{0})=0= KerAnT(x)={0}.
O

In order for the content of the previous theorem to become more clear we
provide figures (5.1) and (5.2). So, let g € R™ and A € R™*". We have
successful recovery if and only if the affine space

X={xeR": y= Az, withy = Ax¢} =z + Ker(A)
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Figure 5.1: We have a sparse vector &y € R" , the affine space generated by the
solutions of the equation y = Az, with y = Axg, the [; norm ball (with radius
|[zol|1) and the tangent cone of the /1 norm at xq. Notice that we have successful
recovery if and only if the affine space intersects the shifted tangent cone only
at xg. In that case we can successfully recover xgy using the [; minimization
task. The image is based on | ]

xo + Ker(A)

Lo

xo + T (x0)

Figure 5.2: In this figure we share the same setting with figure (5.1). However,
we illustrate the case where the [; minimization algorithm fails to recover x.
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intersects the (shifted) tangent cone T (x¢) + xo only at {xo}. Equivalently, we
have successful recovery if and only if

Ker(A)NT(xo) = {0}.

In the theoretical analysis that will follow, we are going to work with an
alternative condition, equivalent with the initial one.

Proposition 5.3.1 (Alternative sufficient and necessary condition for successful
recovery-noiseless case). Let © € R"™ and A € R™*". Then optimization task
(2.6.3), with y = Az, returns  as a unique solution, if and only if

inf ||AZ||2 > 0.
z€T(x)nSn—1

Proof. We are going to show that

Ker(A)NT(x) ={0} & in |Az]|2 > 0.
z€T(x)nSn—1

Assume that Ker(A)NT (x) = {0} holds. Then, if z € T (x)NS™~! it is obvious
that z ¢ Ker(A) and thus ||Az||2 > 0. As a result,

inf ||AZ||2 > 0.
z€T(x)NSn—1
Now assume that inf ||Az]|2 > 0. Remember that T'(x) is a cone,
zeT (z)nSn—1

hence if y € T (x) then there exists A > 0 and z € T ()NS™ ! such that y = Az.
So let z € T(z) N S™~1. Then, for all A > 0 we have that ||A(Az)|2 > 0. This
means that (7(z) \ {0}) N Ker(A) = 0 and thus Ker(A) N7 (z) = {0}. O

The next theorem contains a sufficient condition for robust recovery in the
noisy case.

Theorem 5.3.2 (Sufficient condition for successful recovery-noisy case). Let
x € R" and A € R™*"™. Then for a solution & of optimization task 2.9.2, with
y= Az +e, |le|2 <, it holds that

. 2€
& - el < =,

for some T > 0, if

inf |Az||2 > 7.
zeT (m)NSn—1

Proof. Let & be a solution of (2.9.2) with y = Az +e, then ||Z|; < ||z|;. From
the definition of the tangent cone follows that (& — x) € T (x) and thus

r—x

e T(x),

z2=—
[z — |2

assuming that & # x. It holds that ||z||2 = 1, hence

[Az]ls > 7 = [A(Z — @)[2 > 7[|& — [,
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So we can write that
Tz —zf2 < [A(@ — z[]2 <
< |AZ — y[l2 + Az — y)||2 <
<e+e<2=

. 2€
=T —xl < —.
T
O

In the previous definitions we referred to some arbitrary matrix A € R™*".
The focus in this chapter is on random matrices, hence it is apparent by now
that we want an estimate of the following quantity

P ( inf  [JAz|2 < t> , t>0.
z€T(x)nSn—1

Roughly, we want to find the probability that the kernel of the measurement
matrix A misses the tangent cone at a point x. If we put it in a more general
framework, we want to obtain an estimate of the probability that a random
subspace (following a uniform distribution) misses a set. The result we are
looking for is called Gordon’s escape through the mesh theorem. [ ]

Theorem 5.3.3. (Gordon’s escape through the mesh theorem) Let A € R™*™
be a Gaussian random matriz and T C S™~! be a set. Then,

P (infT|AZ||2 < gy — w(T) —t) <2150,
zE

where g,,, = E[||gl||l2] and w(T) is the Gaussian width of the set T.

Proof. We define the following Gaussian processes

Xz y = (Az,y) ZZA”x]yZ

=1 j=1
and
wiy = <g,.’13> + <hay>7

where g € R™ and h € R™ are independent standard Gaussian random
vectors.
Let z, ' € S ! and y,y’ € S™~ L. Then we have that

2
m n

n
ZAU TY; — x;y;) ZZ TjYi — @ yz

1j=1 =1 j=1

Ms

E || Xy — Xwﬂy’ﬂ =E

-
Il

M:

>

=17

(2397 — 2xjyxly; + () (4))?) =
1

j=1
I3yl — 2 (@, @) (y,9") + |2 [5]y']13
=2-2(z,z) (y,y').

Jj=1
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We have used the fact that A is a Gaussian random matrix and as a result
for its entries we can write

0 ,ifij# kl

E[AijAw] = {1 ifij =kl

Also, for the process Y, we have that

E[[Yoy — Yo '] =E[llg.2) + (hy) — (9.2) = (. y/)I] =
E[l(g.2 — )+ (hy—y)f] =
E

[|<g7 T — a:’>|2} +E [|<h7y — y’>|2} = (Independence of g, h)

=22+ v -3 (Isotropicity),(lemma 5.2.1)
= llll3 — 2 (@, @) + 12/ + [yll3 — 2 (y,5") + |y/'II3 =
=4-2(z,2') - 2(y,y’).

Working the difference between the previous two expressions yields.

E |:|Yw1y - Yw’,y’|2} -E |:|me - Xac/,y’|2 (1 - <$, :l?l> - <y7y/> + <$, m/> <yay/>) =

2
2(1 — (z, =) (1 - (y,9)).

Cauchy-Schwartz inequality and the fact that x, ' € S*7!, y,y' € ™!
yield

(@,2) < z|2]2]l2 =1

and
(v.y") < lyll2lly'll2 = 1.
As a result,
E [|me - Ym’,y’|2} —-E [\me - Xm,,y/ﬂ > 0.
Note that

E Vay — Yora '] = E [[Xay = Xary )| =06 (@,2') = Lor (y,y/) = 1.
So, he have established that

E |way - Xw/,y’|2 <E |Ym,y - va’,y"2 ,if:l: 7é x’
E |Xw,y - X:c’,y’|2 =E |Ym,y - Ym’,y"2 vife=a
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Using Gordon’s lemma (theorem 4.7.1) and the observation that states its
generalization in Gaussian processes we get

E{inf max Xm,y} > E |inf max Ym’y} =

xzeT yeSm—1 _:EETyESm_l

=E | inf h =
2 g+ )

—E | inf h =
_;relT{<g,w>+y€H§%3<1< y>H

— & |inf {(g.2) + [ll}| =

=E[|h|2]+E [ (g, a:)] = (symmetry of std. Gaussian vector)

inf
xeT
~ B[] - & [sup (9.0} =
xecT
= h,,, —w(T).
Notice that

E {inf |Aa:||2} =E {inf max Xm7y] .
xcT xzeT yeSm—1

Therefore, combining the previous two expressions yields
E [infTHA:cQ} > hy —w(T). (5.11)
xTe

This result is known as Gordon’s Comparison theorem.
We define the function

F(A) = if |Az|s.

The function F' is a Lipschitz function with respect to the Frobenius norm
and constant 1. Indeed,

inf {|[4zl2} = inf {|(A— B)z + Balla} < inf {|(A— Blals + | Bala} <

< inf {14 Blaallzlle} + inf {|Bal} < (TC s

A

(A= B)llacsa + inf {1Bl} <
< |I(A-=B)|lr+ 11611;{||Ba:|\2} (Lemma A.1.1)
x
i — 1 < - .
= inf (| Az} - inf {[Bala) < (4~ B

In the same way we can show that

inf {|Balla} - inf {[[Az]} < (4 - B)|r
So we conclude that,

[F(A) = F(B)| < [|(A=B)l|F-
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Notice that F' is Lipschitz with respect to the Frobenius norm ( which is the lo
norm if we treat the matrix as a vector) with constant L = 1 and A is a standard
Gaussian vector in R™™ if we treat matrix A as a vector. Consequently, the
function F' satisfies all the conditions of theorem 4.8.3 and thus

P [inf |Az|2 <E {inf A:c||2} - t} <e 2
xcT xzeT

The use of Gordon’s comparison theorem (5.11) leads to the final result,

P | il Aels < by~ w(r) ~ o <P |inf el < B | ut ola] — ] <72
xcT xcT xcT
O

At this point we have at our disposal a bound for the probability that a
random (uniformly distributed) subspace misses a subset of the n—1 dimensional
sphere. In order to adapt this result to the specific situation we are facing we
need to specify the two parameters it employs, the expectation of the I norm
of a standard Gaussian random vector g,, and the Gaussian width of the set
TN S" 1. We have already calculated an estimate for g,,, (section 4.5, theorem
4.5.1), which is sufficient. Hence, we need an estimate for the Gaussian width
of the set of unit-norm vectors of the tangent cone at a sparse vector x € Y.
Before we proceed, we need to define the normal cone of the Iy norm.

Definition 5.3.2 (Normal cone of I; norm).
N(x) ={z e R" : Vws.t ||lwl|1 < ||z|1 it holds that (z,w —x) <0}. (5.12)
So we can now state the following proposition.

Proposition 5.3.2. Let g € R™ is be a standard Gaussian random vector. Then
we have that

n—1 . _
w (T(x)NS )SJELEH}\;?E)IIQ z||2].

Proof. We have that

w(T(m)ﬁS”l):E[ max <g,z>}§]E

T (z)NSn—1 <gvz>:| < (Lemma A.2.1)

max
z€T (x),]lz]l2<1

<E i — =K i — .
<& | min_llg~2la] = | min llg - =l

In the last equality we have used the fact that the polar cone of the tangent
cone is the normal cone, i.e T°(xz) = NM(x). (def. A.2.2) O

It is apparent that in order to obtain a bound for the Gaussian width we need
to calculate the normal cone of the [; norm at a sparse vector. The following

theorem provides that result.
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Lemma 5.3.1. Let * € R™ such that S = supp(x) C {1,2,...,n}. Then the
normal cone on x can be written as

N(m)—U{zeR":{Zi:mgn(xi) ,forieS} (5.13)

£50 |zi] <t ,forieS

Proof. First, we are going to show that the right-hand side of (5.13) is a subset
of the right-hand side of (5.12). So, let z € R™ be an element of the right-hand
side of (5.13). Also we consider an arbitrary y such that |ly||; < ||«|/1. Then

(z,y —=) = (z,y) — (z,2) < |zlllylr = 2]l =
= [IZllec [yl = ll2[l) < O.

Therefore, z € N ().

Now we are going to show the converse direction, i.e the right-hand side of
(5.12) is a subset of the right-hand side of (5.13). So, let z € N'(x), i.e for all y
such that ||ly|l1 < ||«|1 we have that (z,y —x) < 0. Then we choose a vector
y such that ||ly||; = ||=||1 and

)

y— Yi forist |z] =zl
0 ,otherwise

with sgn(y;) = sgn(z;). So we have that
1Zllscllylly = (2,9) < (2, 2) <|[[z[lcllzlls = 2]l [lyl]1-
The previous expression implies that
(z,2) = [|Z]loc |1,
which in turn implies that z; = sgn(z;)| 2|/, Vi € S. Also, notice that |z;| <
|Zllocs Vi € S. Therefore, if we choose ¢ = ||z]| We can see that z belongs to

the right-hand side of (5.13). O

Now we are ready to provide a bound for the Gaussian width of the set of
unit-norm vectors of the tangent cone at a sparse vector.

Proposition 5.3.3. Let @ € R™ be a k-sparse vector. Then we have that
(w (T(@)n5")* < 2kin ().

Proof. First, notice that we can attain the following result

2
(w (T(x) N Sn71))2 < (E ngl\}?m)”g - Z||2]> < (proposition 5.3.2)

<E [ min |[|g — z||§} . (Holder’s inequality)
zeN (x)

Let S = supp(x) be the support of . We isolate the expression inside the
expectation which yields,
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g}\}? lg — |3 = rtnzlgl Z (9; — tsgn(z;)) zg —z)? (lemma 5.3.1)

2| <t,icS (€5

=min{ Y (g — tsgn(z;))? + min _ > (gi - %)’
>0 | < |2i|<t,i€s | =
eSS €S

It is easy to verify that

. 2 2
m i —2)" = S; (94
|2 |1£t (gl Zz) t (gl)a

where S; is the soft thresholding operator

4+t < -t
Se(u) =<0 ,—t<u<t.
r—t ,x>1

Then,

min ||g — 2|3 = min Z(g —tsgn(z;)) JrZS2 (94)
zEN (x) t>0 Py =

Thus, for some fixed ¢ > 0, independent from g we have that

E[ min ||9—z|2} <E Z(g._tsgn (x:)) —|—2:S2 (9)| =
N | €S i€S

=FE Z(gftsgnacz +E ZSzgz

LieS

IN

i€S
<EE([(g+1)°] + > E[SP(g)] =
i€S
=k(L+t*) + (n—k)E[S7(g:)] -

(g standard Gaussian r.var)

For the expectation of the square of the soft thresholding operator we have
that
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—t +oo
E[S7] = \/% / S (w)e "/ 2du + / S2(u)e™ " Pdu | = (Symmetry of g and S;)

00 t

r2e (/2 — (r=u-—t)

400
= \/% /(u - t)2e_“2/2du = \/%
t
400
e~t/2 / r2e= T 2dr =
0

o o\-é—

“+o0
2 2 2 X
— et /2 / 7“26_7 /Qe—Tth <
0

V2r T V2

= T2 [¢*] = e t'/2 (g standard Gaussian r.var)

Hence, using the previous two expressions yields
n—1 2 : { 2 _ *t2/2 }
< E(1+1t k <
(w(T(x)nsS" 1)) < min (I1+t)+ (n—ke <

< min {k(l + ) + ne_t2/2} .
t>0
Finally, if we pick t = 4 /2In (%) we can obtain

(w (T(w) N S"*l))Q < min{k(l n t2) +n67t2/2} <

t>0
n

gk(1+2ln<k))+k:
= 2kin (%)
O

Now we have all the tools that are necessary in order to state the two main
theorems concerning non-uniform recovery with Gaussian matrices.

Theorem 5.3.4 (Non-uniform recovery with Gaussian matrices-noiseless case).
Let ¢ € R™ be a k-sparse vector, A € R™*™ be a random Gaussian matriz and

PN rcoiccai) M

for some e € (0,1). Then, with probability at least 1 —e€, x is the unique solution
of the optimization task (2.6.3), with y = Ax.

Proof. Tt is easy to see that
P ( min  ||Az|2 > 0) >
zeT (x)nSn—1

>P i A — NS 1) —t) =
2P (__ min 145> g, — u(T(@) N 5™ )

=1-P i Az||s < g,, — NS 1) —t
(Lo min 4212 < g~ w(T(a) n5") ~ )
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provided that
9, —w(T(x)nS" 1) —t>0.
Notice that from theorem 4.5.1 we know that
> J—
Im = m+1

and from proposition 5.3.3 we can obtain the following bound

w (T(z)NS™ 1) < y/2kin (%)

Hence, if we set t = y/2in(2e~1) we have that

Iim —w(T z)NS" ) —t>0=

e (G )

and

P < min  ||Az|2 > 0> >
zeT (@)nSn—1

>S1—et/2=1_¢

We conclude that if expression (5.14) holds, then proposition 5.3.1 establishes
that we have successful recovery with probability at least 1 — e.
O

In the noisy case we can obtain the following result.

Theorem 5.3.5 (Non-uniform recovery with Gaussian matrices-noisy case).
Let x € R™ be a k-sparse vector, A € R™*™ be a random Gaussian matriz and

2 en n(e™! T ?
m"il 22k<1/ln(k>—|—\/l (k )+\/E>

for some € € (0,1) and 7 > 0. Then for every solution & of the optimization
task (2.9.1), with y = Ax + e, |le|]|2 < n, it holds that

2
|z — &> < =2,
.

with probability at least 1 — €.

Proof. Using the same reasoning with the previous proof, notice that if we set
2In(2e~1) we can deduce that

g —w(T()NS" ) -7 —t>0=

2

2

m en In(e! T
>2k | 4/In(— — | .

m+1- ( n(k)+ k +\/E>
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Using theorem (5.3.2) and the expression below we complete the proof

IP’( min  ||Az|2 > T) >

z€T (z)NSn—1

>P i Azllz > g,, — nNS* N —r—t)>
> P ming Azl > g - u(T(e) 15" ) 7~ )

>S1—et/2=1_¢
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Chapter 6

Algorithms for matrix
completion

The purpose of this chapter is to introduce five different approaches for the
matrix completion problem and evaluate the performance of the respective al-
gorithms on synthetic and real data (MovieLens dataset). The experiments were
performed in MATLAB.

6.1 Algorithms

In this section we will describe the five algorithms that we are going to evaluate
at the next section. Before we do that we will make some general remarks and
some comments about the notation we are going to use.

We denote the matrices with capital letters, such as X, the ith column of a
matrix X as X(. ;) and the ith row as X(;.). We consider X ;) to be a column
vector and X(;.) to be a row vector. Note that we are also going to use the
notation x; for the ith row of X and x.; for the ith column of X, but these will
be clearly stated. Finally, the expression C' = diag(X(;.)) denotes a diagonal
matrix, whose entries are the elements of the row vector X; ..

We introduce the operator Py, for a sampling set Q@ C {1,...,k} x{1,...,n}
(the positions of the known entries) and a matrix X € R¥*" which is defined
as follows.

xij a(iaj)EQ

PQ(X):{O )¢ 0

Unless otherwise stated, we consider the cardinality of the sampling set, i.e
card(f2), to be m.

Consider an incomplete matrix X € R**". We denote with P € R**" the
matrix with one in the positions (4, j) of the known entries and zero otherwise,

- (1 Gg)en
P‘{o (g0

where 2 is the sampling set of X.
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6.1.1 Proximal forward-backward splitting

In chapter 3 we introduced the nuclear norm minimization task (definition
(3.4.3)). We can relax the constraints of this task and express the cost function
in a different form. The new cost function is

H(X) = %HPQ(M)—PQ(X)||%+/\||X||* ; (6.1)

for some A > 0.
The respective minimization problem is provided below.

Definition 6.1.1 (Relaxed nuclear norm minimization). Let M € R¥*". The
nuclear norm minimization task is

1
(in Sl Pa(M) — Po(X)|F + A X

We can interpret the previous minimization problem as the task that tries
to minimize the first term of (6.1) (the error term) and at the same time to
penalize large (in the nuclear norm sense) values of X. Essentially, the second
term reflects our prior knowledge that the solution we seek is low-rank and is
forcing the optimization task 6.1.1 to take that into account. This technique in
optimization theory is called reqularization and is encountered in many different
scenarios. | ] Notice that parameter X specifies the trade-off between the
error term and the regularization term (the nuclear norm term) in the above
optimization task. The higher the value of A, the lower the rank of the recovered
solution, but at the cost of increasing the error. Finally, from now on we will
refer to the above task as nuclear norm minimization.

1
We define the functions f(X) = §HPQ(M) — Po(X)||% and g(X) = M| X]|«.

Notice that f(X) is a differentiable function, while g(X) is not. However, the
problem is a convex one, since it is a sum of convex functions. One possible
approach for solving problems of that structure is using the proximal gradient
method or prozimal forward-backward splitting method | 11 ]. In order
to describe the proximal gradient method we need to define the notion of the
proximal operator.

Definition 6.1.2 (Proximal operator). Let f : R™ — R. The prozimal operator
of index & is an operator
proxss : R™ — R"™,

such that

roxss(x) = arg min
prozss (@) = arg min

P+ sl -yl
{70+ g5l vl

Notice that the proximal operator is a point in R™. It can be proven that
the previous optimization task is strictly convex (as a sum of a convex and a
strictly convex function) and consequently it admits a unique minimum. Also,
the proximal operator serves as a generalization of the projection operator, i.e

1
Po(z) = in i ez -yl
c(x) arg min {m(y) +5l= y|2}7

102



where C' C R™ is a nonempty closed convex set and i¢ is the indicator function
of the set C (returns 1 if x € C and +oo otherwise). Now we are ready to
introduce the proximal forward-backward splitting method.

Let f,g : R™ — R be two convex functions defined on R™. Also, assume
that f is differentiable, while g is not. Suppose that we have the following
optimization task

min {f(x)+ g(x)}. (6.2)
xTcR"™
The solutions of the above optimization task are characterized by the following
fixed point equation

x = proxsg(x — IV f(x)), V6 > 0.

Therefore, the proximal gradient method applies the following iteration
scheme on the previous optimization task

2+ = prox(;kg(a:(k) — 6ka(a:(k))), (6.3)

for some appropriately chosen sequence {dj}.

Essentially, the proximal gradient method is a combination of the proximal
method | | and the gradient descent method | ]. Roughly, it can be
shown that the iteration scheme (6.3) converges to a minimum of optimization
task (6.2), i.e

@) — arg min {f(y) +9(v)},

under certain conditions; specifically the differentiable function f must have
continuous Lipschitz gradient, i.e

IVf(x) = V(Y2 < Lllz - yll2, Vo, y € R",

for some L > 0 and the sequence {d;} must be chosen appropriately.

The first step towards adapting the general method of proximal gradient in
the nuclear norm minimization problem is to calculate the proximal operator of
the nuclear norm.

Proposition 6.1.1 (Proximal operator of the nuclear norm). Let M € RFx"
with SVD M = UXVT. The prozimal operator of the nuclear norm is

1
LX) = i Y)+ — X =Yl b = Ds(X
prozsj. . (X) argyglﬁggn{f( )+ 55l IIQ} 5(X),

where Ds(X) = USs(X)VT and S5(X) is a diagonal matriz with entries

Yi—60 Xiu >0

(95(2));; = {0 Y.< §

The operator Dgs(X) is the soft-thresholding operator for the singular values
of X and therefore we can refer to it as singular value shrinkage operator.
Also,

V700 = ¥ (31Pa(0) - a0 1) =
= PQ(M) — PQ(X)
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As a result, the solutions of the nuclear norm minimization problem are
characterized by the following fixed point equation

X = Dys (X —5[PQ(M) — PQ(X)]) , V6 > 0.

Therefore, for our problem the proximal gradient method provides the fol-
lowing iteration scheme

X*+D) = Dy (X(’“) A [PQ(M) - PQ(X““))D .

In order to simplify the description of the algorithm we use the following
notation for the iteration scheme at iteration ¢ + 1.

YD o X0 — 5, [Po(M) — Po(X )]
XD Dys, (YD) = USy5, (D) VT

where U, X,V is the SVD of Y.

We call this algorithm Matrix Completion with Proximal Forward-Backward
Splitting (MC-PFBS) and it’s pseudocode is provided in Algorithm 1. Notice
that we use a fixed step 9.

The complexity per iteration of the above algorithm is O(min(k,n)*max(k,n)).
Notice that the main load in each iteration is computing the SVD of matrix Y,
which is a tractable problem, however for large dimensions this problem becomes
quite heavy.

Algorithm 1 Matrix Completion with Proximal Forward-Backward Splitting
(MC-PFBS)
Input: Po(M) € RF>" § A
Output: X
X© with 2! ~ N (0,1)
while ¢ < maziter do
YD o X — §; [Po(M) — Po(X®)]
(U, %, V] < SVD(Yit+1)
XD TSy, (2)VT
X6 X0
IX®p
end if
end while

< toler then break

6.1.2 Alternating regularized least squares

One approach to reduce the size of the problem is to factor the matrix X € RF*",
with rank(X) = r, into two matrices U € R¥*" and V € R™*" such that
X = UVT. An immediate advantage of this approach is the reduction of the
number of variables from k-n to (k+n)-r, which is a notable difference in large
problems. It can be proven that for the nuclear norm the following result holds.

Proposition 6.1.2. [ | Let X € R¥*" then for the nuclear norm of X it
holds that

1
1 X« = min 3 (|UI7 + IV||F) subject to X =UVT.
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Using the previous proposition we can factorize matrix X into two factors U

and V and replace the nuclear norm term in cost function (6.1) with the expres-
1

sion 3 (IUl1% + [V||%). This technique is known as Burer-Monteiro heuristic,

after the authors who proposed this approach for general semidefinite programs.
[ il ] Therefore, we can replace (6.1) with the following cost function

A
f(U,V) = %IIPQ(M) = PoUVI7+ SUUIE+IVIE) |, (64)

where U € R¥*L and V € R"*L | for some r < L < min(k,n).
The respective minimization problem is

Definition 6.1.3 (Matrix completion with the Burer-Monteiro heuristic). Let
M € R with rank(M) = r. We choose r < L < min(k,n). Then, we
formulate the following optimization task for matrix completion,

. 1

in —

UeR™*L y gRFXL 2
st X=UVT

A
1Pa(M) = Po(UV)|[7 + SIUIE + IVIE)-

Note that the choice of L should be based on the prior knowledge we have
about the nature of the problem we are dealing with. Specifically, the choice of
L should be a safe overestimate of the true rank of the matrix. For example,
in the Netflix problem the choice of L reflects our belief about the number of
essential factors that determine the preference of users for the different movies.

We can solve the above optimization task using the technique known as
alternating minimization. That means we fix one of the two factor matrices
and minimize the cost function with respect to the other factor matrix. Then
at each iteration the optimization task that occurs is reduced to a regularized
least-squares problem, specifically to a ridge regression problem. Therefore,
we call this algorithm Matriz Completion with Alternating Regularized Least
Squares (MC-ARLS).

We fix V' and we minimize the cost function (6.4) with respect to U. In order
to do that we compute the derivative of fo with respect to U. After performing
all the necessary algebraical manipulations we end up with the following closed-
form expression for the jth row of U,

wj = (VTCV + A1) VTeYl (6.5)

where C' = diag(P(;.)) and Y = Po(M).

)

Using the same reasoning, for the jth row of V' we have
v; = (UTCU + )~ UTCY,. (6.6)
where C' = diag(P. j)) and Y = Pq(M).
The pseudocode of this algorithm is given in algorithm 2. The complexity

per iteration of the above algorithm is O(mL? + max(k,n)L?).

105



Algorithm 2 Matrix Completion with Alternating Regularized Least Squares
(MC-ARLS)
Input: Y = Po(M) € R¥>" P X L
Output: X =UV7T
U© € RPL with u!) ~ N (0,1)
VO e R with o) ~ N(0,1)
while i < maxiter do
for j=1:kdo
c = diag(P(j,.)) )
'u,;ZH) “ (V(i)TCV(i) —l-/\I)f V("’)TC'Y(?).)
end for
for j=1:ndo
C = diag(P. ;)
v§1+1) « (U(i+1)TCU(i+1) + )\I)_l U(iJrl)TCYV(.J')
end for
x(+1) . G+ E+D)T
. ||X(i+1) —X® HF
[ X @ F
end if
end while

< toler then break

6.1.3 Alternating iteratively reweighted least squares

In | ] the I3 /l> norm for a matrix X € R¥*™ was introduced, i.e

n
XNz = llweille,
i=1

where x.,, i € {1,2,...,n} are the columns of X. In that paper the [; /lo norm
was employed in the design of an online low-rank subspace learning scheme.
Next, this norm was incorporated in the optimization task of a low-rank ma-
trix factorization problem | ] and in a nonnegative matrix factorization
problem | ]. Here we use this norm in the formulation of an optimiza-
tion task for a matrix completion problem. This approach is contained in the
following cost function

L
1
f(U,V) = S[Pa(M) — Po(UVT) |3 +06) \/Huc,iH% +llveillz,  (6.7)

i=1

where . ;,v.,; denote the columns of matrices U € RF*L and V e R™*L re-
spectively.
The respective minimization problem is the following.

Definition 6.1.4 (Matrix completion with [y /Iy norm). Let M € RF*" with
rank(M) = r. We choose r < L < min(k,n). Then, we formulate the following
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optimization task for matriz completion,

L
1
min S Po (M) — Po(UVT)|% + 6 \/uci2+ v.2. (6.8
e B PO~ PoVIE 453 el el 09
s.t X=UVv"T =

In order to unveil the intuitive explanation of the usage of the l; /ls norm in a
matrix completion problem, we rewrite the above cost function in the following
way

1
f(U, V) = S[|Pa(M) — Po(UVT)|[5 + 0l Z|h2 =

L
1
3 1Pa(M) — PoUVI) 5 +6) llzeilles

i=1

where

and z.; are the columns of Z.

The new regularization term penalizes the l1 /I3 norm of matrix Z. Hence this
optimization task promotes solutions such that the columns of Z have elements
with small magnitude. Loosely, the above optimization task tries to shrink
as many columns of Z as possible, thus minimizing the rank of the recovered
solution . As a result, this optimization task promotes low-rank solutions.

We will apply here the same methodology as in the previous case, i.e al-
ternating minimization. Hence, for the jth row of the matrix U we have the
following closed-form expression,

u; = (V'CV + D) VIO, (6.9)
where C' = diag(P(;.)), Y = Po(M) and’

. 0 )
D—dlag< > > IRREE 5 > 2).
Ve a3 + llveall3 +n Ve Ll3 + llve.cl3 +n

Using the same reasoning, for the the jth row of V' we have
v; = (UTCU + D) UTCY,. ), (6.10)

where C' = diag(P. jy) and Y and D are defined as previously.
Notice that in this algorithm we introduced the term D, which considers the
values of the columns of the factor matrices U and V' at the previous iteration.

1We use a small constant 7 to guarantee smoothness.
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That term changes in every iteration and essentially serves as a weighting factor
in the formulation of the newest estimate. Therefore, we call this algorithm
Matrix Completion with Alternating Iteratively Reweighted Least Squares (MC-
ATRWLS) and it’s description is provided in algorithm 3. Finally, the complexity
per iteration of MC-AIRWLS is O(mL? + maz(k,n)L?).

Algorithm 3 Matrix Completion with Alternating Iteratively Reweighted Least
Squares (MC-AIRWLS)
Input: Y = Po(M) e R**" P, §, L
Output: X =UV7”
U© € RF*E with uf)) ~ N(0,1)
VO e R with o) ~ N(0,1)
DO € REXL with d'% ~ A/(0,1)
while i < maziter do
for j=1:kdo
C = diag(F;..) )
u;z-&—l) - (V(i)TC’V(i) + D(i))_ V(i)TC«Yg’.)
end for
for j=1:ndo
C = diag(P. j)) .
v§1+1) — (UEITOUG+) 4 D) yEHIT Oy

end for
) ) 6
DU+ « diag _ ' et — —
VIR ol 2 Il I3+ D13 + 2
X+ . G+ DT

. ||X(i+1) _ X(i)HF
[X®]p
end if
end while

< toler then break

6.1.4 Fast alternating regularized least squares

This algorithm also applies the alternating minimization framework to the cost
function (6.4), i.e fo(U, V). However, at each iteration it computes the minimum
of an upper bound of an approximation of f2(U, V), after fixing one of the two
variables. Specifically, we fix one of the two variables of f2(U, V') and compute an
upper bound for the 2nd order Taylor expansion of the respective cost function,
using an approximation for the Hessian. Finally, we minimize the cost function
that is formulated with respect to the other variable. Note that the technique
we use was introduced in | ] for the cost function (6.7).

Suppose that we want to find the new estimate of U at iteration 7 + 1,
i.e UG+, At this stage we have at our disposal the estimates U®) and V®.
Therefore, we fix the variable V' and compute an upper bound for the 2nd order
Taylor expansion of fo(U, V®) at U® | which is
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fg(U|U(l), V(l)) — fQ(U(z)’ V(Z)) +tr { (U _ U(z)) va2(U(l)’ V(Z))}
. ~ . . N7
+tr { (v -vD) HED,vO) (U-v®) } ’

where

HU,V)=VTV + AL

Roughly, the choice of H is justified by the fact that the matrix H — H is
positive semidefinite (if we arrange the elements of those matrices in a suitable
way), where H is the Hessian of fo(U,V(#). For more details refer to | ]

Therefore, we need to find the minimum value of the following optimization
problem

min fg(U\U(i),V(i)).
Ue]kaL

If we compute the derivative of fo(U|U®, V@) with respect to U, equate
the result to 0 and solve the respective equation with respect to U we get

-1

Ui = 00 1 {[Po(M) = Po(UOVOT)| v - \u@ L [y 0Ty @) 4 a1

Using the same reasoning, we fix U and formulate the following optimization
problem

o (i+1) 1/(0)
Vgﬂl{l]gLfg(V|U , V),

where the cost function fg(V|U(i+1),V(i)) is an upper bound for the 2nd
order Taylor expansion of fo(UD V) at V() and is defined as

~ ) . . . N\ T ) .
BVIUGEHD, V@) = D), y) 4 g { (Vv=vO) Tvpw, W))}
+tr { (v=vO) g, v (v - V“)T)} :
where

~

JU,V)=UTU + A

If we compute the derivative of fo(V|[UGHD) V() with respect to V, equate
the result to 0 and solve the respective equation with respect to V we get
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We call this algorithm Matrix Completion with Fast Alternating Regularized
Least Squares (MC-FARLS) and we provide it’s pseudocode in algorithm 4. The
complexity per iteration of MC-FARLS is O(mL + max(k,n)L?).

Algorithm 4 Matrix Completion with Fast Alternating Regularized Least
Squares (MC-FARLS)
Input: Po(M) € RF*" X\ L
Output: X =UV7T
U©® e RFE with u) ~ N (0,1)
VO e R with o) ~ N(0,1)
while i < maxiter do
UG+l U(i)—f—{ [pQ(M) — pQ(U(i)V(i)T)] V@ — )\U(i)} [V(i)Tv(i) + )\]]*1
VD  vOL{[Po(M) - PyUDVET)| Ty — av® L U Ty 4 )™
X(i+1) — U(i+1)v(i+1)T
. ||X(i+1) _ X(i)HF
X r
end if
end while

< toler then break

6.1.5 Fast alternating iteratively reweighted least squares

This algorithm applies the procedure we described in the previous subsection to
the cost function (6.7), i.e f3(U, V). This approach is contained in [ ]
Therefore, if we fix variable V' we get the following minimization problem

n R (UITD O,
pin fs(UIU, V)

The cost function ]T;;(U|U(i), V(i)) is an upper bound for the 2nd order Taylor
approximation of f3(U, V@) at U® ie
~ . . . ) N\T ) .
FUIUD, VO) = f0D, V) 41 { (U _ U(’)) Vo fs (U0, V(’))}

. ~ . . . T
+tr { (v-vD) HUO,vO) (U -voT) } :
where
HU,V)=VTV + D

and
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] 4]

VI 3+ w3 +02 a1 + 1t 13 + 72

DY) = diag

If we compute the derivative of f3(U|U®,V®)) with respect to U, equate
the result to 0 and solve the respective equation with respect to U we get

Ui+ — g L { [pQ(M) — PQ(U(i)V(i)T):| V@ _ U(i)D(i)} [V(i)Tv(i) + D@ ! )
In a similar way, if we fix U we formulate the following minimization problem

in f3(VUGHD, v ),
i f3(V] V)

The cost function J%(V|U(i+1),V(i)) is an upper bound for the 2nd order
Taylor approximation of f3(U+D) V) at VO, ie
~ . . . . \T ) .
F(VIUTD, V) = (U, vO) 4 tr { (v=v®) vy @i, V@)}

+tr { (v=vO) g, v (v - V@T)} :
where we have that

~

JU,V)=UTU + D.

If we compute the derivative of f3(V|UGH+D) V() with respect to V, equate
the result to 0 and solve with respect to V we get

Vv . {[pQ(M) _ pQ(U(m)V(i)T)r G+ V“)D(“} [Utrry e 4 po -

We call this algorithm Matrix Completion with Fast Alternating Iteratively
Reweighted Least Squares (MC-AIRWLS) and we provide it’s pseudocode in al-
gorithm 5. The complexity per iteration of MC-FAIRWLS is O(mL-+maz(k,n)L?).

Figure 6.1 contains the complexity per iteration of the 5 algorithms we use.

6.2 Evaluation on synthetic data

In this section we will evaluate the five algorithms we described previously on
synthetic data.
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Algorithm 5 Matrix Completion with Fast Alternating Iteratively Reweighted
Least Squares (MC-AIRWLS)

Input: Po(M) € R¥*" 6, L
Output: X =UV7T
U© e R¥L with ul) ~ N(0,1)
VO e R with o) ~ N(0,1)
DO € REXE with d\% ~ N(0,1)
while i < maxiter do
UG+l) U(i)—f—{ [pQ(M) — pQ(U(i)V(i)T)] v U(i)D(i)} [V(i)Tv(i) 4 D(i)r1
Y+ V(i)+{ [Po(M) — PQ(U(iJrl)V(i)T)]T Ui+ _ V(i)D(i)} [T+ 4 D(i)}—l

4] ]

i+l it1 N i+1 i+1
VIR a2 4 Y 4+ 2
X(i+1) — U(i+1)v(i+1)T
. ||X(i+1)*X(i)HF

DU+ diag

< toler then break

I X®p
end if
end while
algorithm Complexity per Iteration (CPI)
MC-PFBS O(min(k,n)*maz(k,n))
MC-ARLS O(mL? + maz(k,n)L?)
MC-AIRWLS O(mL? + maz(k,n)L3)
MC-FARLS O(mL + maz(k,n)L?)
MC-FAIRWLS O(mL + maz(k,n)L?)

Figure 6.1: The Complexity per Iteration (CPI) of the 5 algorithms we use.
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S1 S2 S3 S4 S5 S6 S7 S8
k,m | 150,300 | 150,300 | 150,300 | 150,300 | 150,300 | 150,300 | 150,300 | 150, 300
p 50 50 50 50 75 75 75 75
o 10T 1071 102 102 101 1071 102 10~2
r 10 20 10 20 10 20 10 20

Figure 6.2: The parameters of the 8 scenarios.

6.2.1 Description of the scenarios

We generate k x n matrices of (true) rank r as a product of two standard Gaus-
sian random matrices of dimensions k x r and r X n respectively. On that matrix
we sample uniformly at random m entries (the observed entries) and set the rest
to zero. We assume that there is some measurement noise that we incorporate
by contaminating the observed entries of the previous matrix with zero-mean
Gaussian noise of standard deviation o. In order to evaluate the performance
of the 5 algorithms we develop 8 scenarios by altering the parameters of the
randomly generated matrices and the noise level. The parameters we consider
are the following :

e k,n : the dimensions of the matrix
e 7 : the true rank of the matrix

e o : the standard deviation of the zero-mean Gaussian noise that contam-

inates the observed entries of the synthetic matrix

e p : percentage of missing entries, i.e p =1 — T

The 8 scenarios are contained in figure 6.2.1.

We perform the experiments for each scenario in the following way. We fix
the algorithm’s parameters and run the same experiment 50 times, randomly
drawing in each run a different matrix M. The results we produce in the end
are averaged over 50 runs.

Another important issue is the stopping criterion we use to terminate the
algorithms. We use the following condition,

X6 — XO)
X

< toler,

where toler is the parameter that specifies how small the relative distance be-
tween two consecutive estimates must be in order for the algorithm to terminate,
i.e the termination tolerance. We set in all experiments and algorithms the value
toler = 1074,

6.2.2 Performance measures

We are going to evaluate the algorithms on the following performance measures.

1. Relative error in the Frobenius norm sense
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algorithm parameters | S1 | S2 | S3 | S4 | S5 | S6 | S7

S8

MC-FAIRWLS

9.1 9.1 | 4.6 7 5 | 206 | 5.6 | 20.6

5 04 ]017] 2 [053]01]021]01]0.53
MC-PFBS A 25| 6 |05 1.9 |10 | 47 |10 | 1.9
A 35101 06 01 [03]037]01] 03
MC-ARLS L 5 25 [ 15| 25 |15 | 25 | 15 | 25
5 6 | 62 [25] 33 2 63 [11] 6.1
MC-AIRWLS L 15 25 [ 15 25 |15 ] 25 | 15 | 25
A 46 01 [ 41] 06 [01] 11 06| 11
MC-FARLS L 5125 [15] 25 [ 15 ] 25 | 15 | 25
5
L

15 25 15 25 15 25 15

25

Figure 6.3: The values of the parameters we used in the experiments for the 5
algorithms, across the 8 different scenarios.

The relative error in the Frobenius norm sense is

relative error = M7
M|l F

where X is the final estimate produced by the respective algorithm.

2. Rank

The rank of the final estimate, i.e the rank of the recovered solution.

3. Time

The time the algorithm needs to terminate and produce it’s output (the
final estimate).

Note that for every algorithm we return one value for each performance
measure in each scenario, which is the average of the respective values of that
measure on the 50 runs of the experiment.

6.2.3 Algorithm parameters

All the algorithms we study and evaluate have parameters that specify their
behavior and whose values need to be chosen appropriately. In order to find
the suitable parameters, we tested for each scenario several different parameter
values and picked the optimal ones. The optimality lies, in the majority of cases,
in choosing the parameter value that makes the algorithm return the solution
with the smallest possible relative error, while establishing that the recovered
rank is approximately equal to the true one. However, it is also possible that
the parameter values that offer solutions with rank equal to the true one, suffer
from high relative errors. In that cases we choose the parameter value that
provides the smallest possible relative error. In figure 6.3 we give a table that
contains the parameter values we used in our experiments for all five algorithms
across the eight scenarios.
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p

o 1071 1072
r 10 20 10 20
scenario S1 S2 S3 S4
MC-PFBS 3.74-1072(10.02) | 9.05-10-%(20.2) 6.36 - 10~3(10) 2.97 - 10-%(20.66)
MC-ARLS 4.72-1072(10.08) | 2.07-1072(25) | 1.05-1072(10.08) 7.00 - 1073(25)
MC-AIRWLS 2.42-1072(10) | 1.95-1072(20.14) | 5.40-1073(10.22) | 6.10-10~3(20.24)
MC-FARLS 5.89-1072(10.42) [ 2.11-10-%(25) | 4.89-10-%(10.06) | 1.08-10~2(24.96)

MC-FAIRWLS

2.37-1072(10.08) | 1.94-10-%(20.3)

4.69 - 10-3(10.08) | 6.29-103(20.04)

Figure 6.4: The relative error and the recovered rank of the five algorithms
across scenarios S1-54.

p 75
o 1071 1072
r 10 20 10 20
scenario S5 S6 S7 S8
MC-PFBS 2.97-1071(10.74) | 4.66 - 1071(56.54) | 2.96 - 10~2(10.62) 4.5-1071(64)
MC-ARLS 4.06 - 1072(15) 2.71- 10~ 12(25) 1.44 - 107%(15) 1.96 - 10~1(25)
MC-AIRWLS | 2.68-10 %(10.12) | 1.21-10 %(20.66) | 7.30- 10~3(10.14) | 1.39- 10~1(20.84)
MC-FARLS 4.38-102(15) 2.16 - 1071(25) 3.38-102(15) 2.11-107%(25)
MC-FAIRWLS | 2.88-1072(10.14) | 1.31-1071(20.06) | 1.31-1072(10.2) | 1.28-10~%(20.04)

Figure 6.5: The relative error and the recovered rank of the five algorithms
across scenarios S5-S8.

6.2.4 Results

Figures 6.4 and 6.5 contain the results of the experiments we run, i.e the relative
error and the recovered rank. Also, in figure 6.6 the runtime for all 5 algorithms
across the 8 scenarios is provided. Finally, in figure 6.7 the relative error in
scenario 3, of the five algorithms, with respect to the number of iterations is

illustrated.
P 50 75
o 101 1072 1071 10~2
r 10 20 10 20 10 20 10 20
scenario S1 S2 S3 S4 S5 Sé6 S7 S8
MC-PFBS 2.78 | 5.43 | 4.87 | 5.53 8.06 14.67 8.32 15.05
MC-ARLS 3.18 | 16.45 | 6.83 | 14.54 | 20.54 | 133.53 | 20.16 | 134.65
MC-AIRWLS | 5.20 | 9.13 | 4.73 | 10.55 | 11.18 | 94.04 9.28 | 104.61
MC-FARLS 0.08 | 0.80 | 0.10 | 0.34 1.67 2.96 0.66 3.03
MC-FAIRWLS | 0.24 | 0.43 | 0.39 | 0.54 1.06 2.90 0.95 2.93

Figure 6.6: The runtime of the five algorithms across all 8 scenarios.
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Relative Error

Logarithmic plot of the relative error with respect to the number of iterations

._O T T T T T I I
— MC-PFBS

— MC-ARLS

‘ MC-AIRWLS
‘ — MC-FARLS |1
— MC-FAIRWLS

-3 |

| |
0 50 100 150 200 250 300 350 400
lteration

10

Figure 6.7: Relative error (in logarithmic scale) with respect to the number of iterations (averaged over 50 runs).
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6.3 Evaluation on the MovieLens dataset

In this section we will evaluate three algorithms on real data, specifically on the
MovieLens dataset. [Mov]

6.3.1 Description of the scenario

In this section we use the MovieLens 100K dataset. This dataset contains 100000
ratings from 943 users on 1682 movies. The ratings are integers in the interval
1-5 and we know that each user has rated at least 20 movies. In those types of
datasets we need to split the data into a training and a test set. Instead of doing
this on our own we use the splits provided in the dataset’s files. Specifically we
use "ub.base” as a training set and "ub.test” as a test set. The test set is created
by keeping exactly 10 ratings per user from the 100K dataset.

We formulate the rating matrix of the training set by assigning to each user
a row of the matrix and to each movie a column. Then, the rating of user i for
the movie j is given on the (i, j) entry of the rating matrix. The resulting matrix
(dimensions 943 x 1675) is incomplete and the known entries comprise about
5.7% of the total entries. That is the matrix we seek to complete. We evaluate
our result on the ratings contained in the test set, which comprise about 0.6%
of the total entries.

We evaluate three algorithms on this dataset, MC-PFBS, MC-FARLS, MC-
FAIRWLS. We choose the optimal parameters simply by testing a wide range
of parameter values on the given data and selecting the values that make the
algorithms return the solutions with the minimum error (note that the notion
of error is different in this scenario). Specifically, for MC-PFBS we chose the
parameters A = 3,6 = 1/3, for MC-FARLS the parameters A = 7, L = 30
and for MC-FAIRWLS the parameters 6 = 105, L = 30. Finally, the stopping
criterion we use to terminate the algorithms is the same we used on the synthetic
data.

6.3.2 Performance measures

Assume that we denote with T the positions of known entries of the incomplete
matrix M, which we use to evaluate the 3 algorithms, i.e the test set. Also, let
card(T) = c. We are going to evaluate the algorithms based on the following
performance measures.

1. Root mean square error (RMSE)

The root mean square error (RMSE) on T is defined as

| Pr(M) — PT(X)HF_

MSE =
RMS e

2. Normalized mean average error (NMAE)

The normalized mean average error (NMAE) on T is defined as

> IMi; — Xy
(. J)ET

NMAE =
4c
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algorithm / performance measure | NMAE | RMSE | Rank | Time(s)
MC-PFBS 0.2165 1.1006 180 6988
MC-FARLS 0.2112 1.0704 | 30.00 260
MC-FAIRWLS 0.1867 | 0.9529 8 638

Figure 6.8: The NMAE, the RMSE, the recovered rank and the runtime of the
algorithms MC-PFBS, MC-FARLS and MC-FAIRWLS.

3. Rank

The rank of the final estimate, i.e the rank of the recovered solution.

4. Time

The time it takes for the algorithm to terminate and produce it’s output.

6.3.3 Results

In figure 6.8 we provide the results of the experiment, specifically the RMSE,
the NMAE, the recovered rank and the runtime of the 3 algorithms. Also, in
figures 6.9 and 6.10 we plot the NMAE and the RMSE, respectively, of the 3
algorithms with respect to the number of iterations.

6.4 Remarks and conclusions

The following remarks occur from the parameter selection stage and the exper-
iments we performed on synthetic data.

e The MC-ARLS and the MC-FARLS algorithms in most scenarios (except
scenarios 1 and 3) fail to provide a solution with rank equal to the true
rank. However, during the parameter selection stage we noticed that it is
possible to force the two algorithms to return solutions with rank equal to
the true one for appropriate choices of the parameter A\, but with a notable
deterioration (with respect to the presented results) in the relative error
of the recovered matrix. Therefore, we can say that practically the two
algorithms, i.e MC-ARLS and MC-FARLS, cannot recover the true rank.

e The MC-AIRWLS and the MC-FATRWLS algorithms in all scenarios man-
age to (approximatelly) recover the true rank. Also, they provide the
lowest relative error among the 5 algorithms in all scenarios. Actually,
they provide the best performance under the restriction (which we im-
posed during the parameter selection stage) that the recovered solution
has rank approximately equal to the true one. On the contrary, we impose
no such restrictions on the MC-ARLS and the MC-FARLS algorithms (ex-
cept from two scenarios where we can obtain the true rank at an affordable
cost with resepct to the deterioration of the relative error). This obser-
vation accentuates the superior performance of the MC-AIRWLS and the
MC-FAIRWLS algorithms.

e With respect to the time required by the algorithms to provide their esti-
mate, we notice that the MC-FARLS and the MC-FATIRWLS algorithms
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The RMSE with respect to the number of iterations (test data)

m T T T

RMSE
w
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Figure 6.10: The RMSE of MC-PFBS, MC-FARLS and MC-FAIRWLS

2000 2500 3000

with respect to the number of iterations.
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Figure 6.11: The relative error of MC-FAIRWLS and VSBL with respect to the
sampling ratio.

are considerably faster than the remaining three algorithms. Especially in
the hard scenarios the difference is quite large. That was expected, since
the approximation we used in those two algorithms allowed us to com-
pute closed-form expressions for directly updating the factor matrices U
and V', while in the MC-ARLS and MC-FARLS algorithms the respective
expressions are with resepct to the rows of U and V.

e The MC-AIRWLS and the MC-FAIRWLS algorithms gradually reduce the
rank of the estimate during the training stage. This is important, since we
can exploit that fact in our implementation to speed up the calculations.

On the contrary, we generally (there are some exceptions) do not observe
such behaviour in the MC-ARLS and the MC-FARLS algorithms.

We perform a rough comparison with a Bayesian algorithm for matrix com-
pletion, the VSBL algorithm.] | Indicatively, we perform the experiment
depicted in figure 2 (of the respective paper) and using the respective data we
compare VSBL with MC-FAIRWLS. In figure 6.11 the relative error with re-
spect to the sampling ratio, of the two algorithms, is illustrated. With respect
to the experiment’s results, we note that the recovered rank of both algorithms
is equal to the true one (in all scenarios), however the runtime of VSBL is higher
than the respective runtime of MC-FAIRWLS (which ranges from 20s to 40s)
in all scenarios. Also, from figure 6.11 we can see that the relative error of MC-
FAIRWLS is sligthly smaller than the respective error of VSBL, for sampling
ratios 0.16, 0.2, 0.24, 0.28. However, for highly incomplete matrices (sampling
ratios 0.08 and 0.12) VSBL performs better than MC-FAIRWLS and especially
for sampling ratio p = 0.08 the difference is notable.
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The experiments on the MovieLens dataset strengthen some basic observa-
tions we made on synthetic data. Moreover, from the figures we notice that
the number of iterations that are needed for MC-FAIRWLS to converge is more
than two times larger than the respective number for the MC-FARLS algorithm.
That is reflected on the runtime of the two algorithms, where MC-FARLS re-
quires less than half of the respective time of MC-FAIRWLS. However, both
algorithms work significantly faster than MC-PFBS and thus we can charac-
terize them as time efficient (i.e fast). Finally, we should note that we cannot
really evaluate in this scenario the recovered rank, since we are not aware of its
true value, however it straightforward to recognize the expected behaviour, as
noted in the previous remarks.

In [ ] the main algorithms were evaluated against the same dataset
and split we use on this thesis, which allows us to make a simple comparison. It
is easy to see that MC-FAIRWLS manages to achieve lower RMSE and at the
same time to converge using a smaller number of iterations than the respective
algorithms.

We can conclude that the algorithms that solve the minimization problem
6.1.4, i.e MC-AIRWLS and MC-FAIRWLS, offer the best performance with
respect to the relative error and the recovered rank. If, in addition, we take
into account the time needed to compute an output, MC-FAIRWLS offers the
superior performance, since it provides solutions with low relative error (in half
scenarios it offers the lowest relative error and in the remaining half it provides
error close to the lowest one), it manages to recover approximatley the true
rank and it works quite fast. The other algorithm whose runtime is comparable
to the runtime of MC-FAIRWLS, i.e MC-FARLS, fails to provide comparable
performance with respect to the relative error and the recovered rank.
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Appendix A

Mathematical Preliminaries

The purpose of this appendix is to collect several lemmas, theorems and defini-
tions that do not fit to the main presentation.

A.1 Linear Algebra

We will start with the fundamental notion of the norm.

Definition A.1.1 (Norm). Let V be a vector space. A norm is a function
Il : V= R that satisfies the following conditions

L ||| >0,Vx eV
2. |z|=0<x=0
3. [[Ax]| = Al |||, Ve € V

4 Nz +yll <zl + |yl ve,y € V.

A.1.1 Vectors

Definition A.1.2 (Support). The support of a vector € R™ is the set of the
indices of it’s nonzero elements, i.e

supp(x) ={i € {1,...,n}:x; #0}.

Vector norms

We will restrict our attention to the vector space V = R".

Definition A.1.3 (I, norms). The l, norm of x € R™ is defined as

n 1/p
|, = (Z |£Cz'|p> ~
i=1

The most important [, norms are the following.
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p=1 p=2 p =00

Figure A.1: The unit norm I, balls for p = 1,2, co.

Definition A.1.4 (I; norm). The l; norm of x € R" is defined as

n
lzll, = |l
i=1

Definition A.1.5 (I3 norm). The ls norm of x € R™ is defined as
n 1/2
][, = (Z |$7:|2> -
i=1
Definition A.1.6 (I norm). The lo norm of x € R™ is defined as

Il = mas [z

Figure A.1.1 illustrates the unit norm balls for the [, norms with p = 1, 2, co.

A.1.2 Matrices
Matrix norms

Now we will provide some norms for matrices. We will define two kind of
matrix norms, Schatten norms and operator norms. The definition of the former
follows.

Definition A.1.7 (Schatten norm). The Schatten p norm of A € RFX™ js

defined as
r 1/p
1Al = <Z|0i|p> ;
i=1

where o; are the singular values and r the rank of matriz A.

Two notable cases of Schatten norms are the nuclear norm and the Frobenius
norm.

Definition A.1.8 (Nuclear norm). The nuclear norm of A € R¥*" is defined

as
.

1A =" loil.
i=1
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Definition A.1.9 (Frobenius norm). The Frobenius norm of A € RFX" s
defined as

1/2

r 1/2 k n
1A]l2 = (Zaﬁ) =20 layl’
=1

i=1j=1
Next, we provide the definition of matrix operator norms.

Definition A.1.10 (Matrix operator norms). The matrixz operator norm of
A € RF*™ from 1, to l, is defined as

[Allp—q = sup [[Az],.

lleell, <1
A result that will proven to be useful is contained in the following lemma.

Lemma A.1.1. | | For the Frobenius and the 2 — 2 norm the following
inequality holds
[A— B2z < |[A— BlF.

A.2 Convex geometry

A fundamental notion in convex geometry is the convex cone.

Definition A.2.1 (Cone and convex cone). [ | The set C CR™ is called a
cone if
te e C,Vx € C, Vt > 0.

Furthermore, the set C C R"™ is called a convex cone if
te+ sy € C,Ve,y € C, Vt,s > 0.

Essentially a convex cone is a convex set C' that is a cone and at the same
time. Given a cone C, the polar cone of C' is defined as follows.

Definition A.2.2 (Polar cone). [ | The polar cone of a cone C is
C°={zeR":(x,z) <0,V e(C}.
We are going to use the following lemma in chapter 5.

Lemma A.2.1. [ /[ | Let C be a convex cone, C° be it’s polar cone
and g € R™ be a vector. Then

a z) < mi — zla.
zecr}ﬁ;‘fﬁl@y ) < HencrgHg ll2

A.3 Analysis

Lebesgue’s dominated convergence theorem is a classical result in measure theory.

Theorem A.3.1. [Lebesque’s dominated convergence theorem] [ | Let { fu},en
be a sequence of functions such that the following conditions hold
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1. fnele{f:Q—HlMf|f(x)|dx<+oo},Vn€N,
Q

2. lim fo(x) = f(x) almost everywhere on €,

n—-+oo

3. There exists a function g € Ly such that |f,(x)| < g(x), for alln € N,
almost everywhere on Q.

Then, f € Ly and
ngrfm/fn(x)dx:/f(m)dx
Q Q

A.3.1 Beta and Gamma functions

Beta and Gamma functions will play an important role in this thesis.

Gamma function
The Gamma function serves as a continuous analog of the factorial function. |

Definition A.3.1 (Gamma function). For z > 0 the Gamma function is

oo

I(z) = /tzfle*tdt. (A1)

0

Lemma A.3.1 (Gamma function properties). The Gamma function satisfies
the following properties

1.
Nx+1)=2al(z),z>0 (A.2)

T'(n+1)=nl, (A.3)

for all positive integers n.

r (1> - (A.4)

Beta function
The definition of Beta functions is provided below.| ]

Definition A.3.2 (Beta function). For x,y > 0 the Beta function is defined as

1
B(z,y) = /u”_l(l —u)¥ " du.
0

Proposition A.3.1 (Beta function property). For all x,y > 0 it holds that

['(z)l'(y)

P =Ty
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A.4 Covering numbers

Covering numbers often arise in the context of high dimensional probability
theory. Practically the covering number of a set T' of a metric space (X,d) is
the smallest number of balls of a given radius p that cover the whole set. The
formal definition follows.

Definition A.4.1 (Covering number). [ | Let (X,d) be a metric space,
T C X and p > 0. The covering number N (T, d, p) is the smallest number such

that
N

i=1
where B(x;,p) ={x € X : d(z,x;) < p} forx; €T, i€ {l,...,N}.

Next, we are going to attain a bound on the covering number of a subset of
the unit ball in R"™.

Theorem A.4.1 (Bound for the covering number of a unit ball in R™). /[ ]
Consider the space (R™, ||-||) and the set T C B = {x € R" : |x||s < 1}. Then
we have that

N, 0) < (1+i) . (A5)

A.5 Miscellanea

In this section we provide some results, without proof, that do no fit to the
previous sections.

Lemma A.5.1 (Upper bound for the combinations formula). Letn >k > 0 be
some integers. Then,
n en\k
< (%)
()= (5

Stirling’s formula is a classical result that provides an approximation of
the factorial function. A consequence of Stirling’s formula is contained in the
following lemma.

Lemma A.5.2 (Stirling’s formula). For all positive integers n we have that
n! > V2mn"e ",

Finally, we need the following inequality in chapter 4. For more details on
how we can obtain this inequality refer to [ ]

Lemma A.5.3 (Fenchel’s inequality).

xy < e’ +yln(y) —y, Ve € R, y > 0.
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