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Abstract

A great deal is known about second-order statistics. For many years, most of signal processing
problems have been addressed under the perspective of first and second-order moments of the
data, known to be optimal under normal conditions. Nowadays data grow in complexity, ren-
dering the second-order approach insufficient. To cope with this, descriptors of data that come
from the field of information theory have been utilized in recent years as a substitute for clas-
sical second-order methods. Divergence, entropy, and information are the basis of information-
theoretic methods, endowed with the capability of discovering the intricacies of underlying dis-
tributions. However, the estimation and utilization of information measures have also proven to
be a difficult task, due to their nonlinear nature and the difficulty of estimating a density function.

Meanwhile, the field of machine learning has also advanced toward the analysis of data in a
nonlinear fashion. Kernel methods are a primer example of this, procuring an apparently simple
way of dealing with nonlinearities, called the kernel “trick”, but concealing a mathematically rig-
orous background that strengthens the method. A kernel performs linear operations in a possibly
infinite-dimensional feature space without the requirement of explicitly operating in such space.
Thanks to this, kernels have the potential to define nonparametric methods that may be unfeasible
to address otherwise. This approach has been used to deal with the aforementioned information-
theoretical measures, whose nonlinearity is easily manageable in the feature space. However,
their strengths also become their disadvantages. To operate in an unvisited feature space is to
lack interpretability. To operate in a high-dimensional feature space is an ingredient for sparsity,
requiring a blind regularization. Furthermore, their data-driven approach often comes at the cost
of a computational complexity that grows exponentially with the data size.

This dissertation deals with the analysis of complex phenomena embedded in large amounts
of data by leveraging well-known second-order statistics tools. This task is performed from two
different points of view. In the first part, and following a similar rationale to kernel methods,
this dissertation develops a framework that is capable of dealing with nonlinearities in a linear
fashion. To do so, the data is mapped into a feature space of higher dimensionality than the data
space. However, this feature space is neither infinite-dimensional nor unknown, gaining not only
in interpretability but also scalability for its use on large data sets. Correlation and covariance
are measured in the feature space with the purpose of estimating measures of information, which
constitutes the primary motivation of the mapping. While regularization is still needed in the
proposed approach, a consequence of increasing the intrinsic dimensionality of the problem, the
deterministic feature space allows the characterization of an appropriate regularization, which
ends up exhibiting a strong duality with classical spectral estimation techniques.

The second part of the dissertation focuses on the use of information measures in problems
that are typically solved through second-order statistics. Specifically, entropy is an uncertainty
measure that provides better granularity of the underlying distribution than the variance. Entropy
does not only retain the information of first and second-order statistics but also of higher-order
statistics. The resulting methods gain in robustness, and at the same time, the information pro-
vided by the variance is still discerned in the entropy-based approach. A specific entropy estima-
tor that derives into kernel methods is used for this task thanks to its relationship with U-statistics,
which have the advantage of an asymptotic tendency to the sample variance. Consequently, the
framework is again rotated, providing a unified rationale of information and second-order statis-
tics.



Resum

Les estadistiques de segon ordre sén una eina ampliament coneguda i utilitzada gracies al fet
que les tecniques de processament de senyal classiques basades en aquestes sén Optimes sota
I’assumpcié de Gaussianitat. No obstant aix0, avui dia el processat requereix tractar amb dades
d’una complexitat incrementada, deixant obsoleta la formulacié amb estadistiques de segon or-
dre. Ultimament, ha crescut I’interés en la utilitzacié de descriptors de dades que provenen del
camp de la teoria de la informacid, en substituci6 del primer i segon ordre. La divergencia, I’en-
tropia i la informacié6 sén la base d’aquest altre enfocament, dotats amb la capacitat de descobrir
la riquesa de la distribucidé subjacent. Aix{ i tot, la seva inherent no-linealitat i una estimacid
enrevessada dificulta la utilitzacié d’aquestes mesures en la majoria dels casos.

Paral-lelament, el camp de I’ aprenentatge automatic també ha avancat en I’analisi no lineal de
dades. Per exemple, els métodes de nucli (“kernel”) ofereixen una manera que és, aparentment,
senzilla de tractar les no-linealitats. Aquest s’anomena el “truc” del nucli, perd que amaga un
fons matematic molt rigorés. Aquests nuclis permeten efectuar operacions lineals una vegada
les dades sén traslladades a un espai de caracteristiques d’alta dimensid, pero sense la necessitat
d’explicitament operar en aquest espai. Gracies a aixo, aquests tenen el potencial de ser utilitzats
en metodes no parametrics que d’altra manera podrien esdevenir inviables, com per exemple
I’estimacié de les mesures esmentades anteriorment. Aquest plantejament, pero, té també els
seus problemes. Ja que I’espai de caracteristiques no es visita, I’operaci6 lineal es fa cegament.
També s6n propicis a requerir una regularitzacio, donat I’augment de dimensionalitat, la qual s’ha
de fer, altre cop, cegament. I, a més, solen comportar una complexitat computacional elevada,
car creixen exponencialment amb el nombre de dades.

Aquesta tesi desenvolupa les dues idees anteriors i les ajunta en un sol marc de treball per a
I’analisi de fenomens complexos presents en les dades, aprofitant també les estadistiques de segon
ordre i el seu llarg recorregut en aquesta area de coneixement. Per a tal, ho analitzem de dues
formes diferents. En primera instancia, busquem una manera de tractar amb les no-linealitats de
les dades de forma lineal, similar a com ho fan els meétodes de nucli, pero limitant la dimensi6 de
I’espai de caracteristiques per tal de guanyar en ambdues interpretacions i complexitat computa-
cional. Per a obtenir el millor dels dos mons, la dimensi6 és major a la de les dades, perd menor
que en métodes de nucli. Es llavors en aquest espai on calculem correlacié i covariancia, i ho
traslladem a mesures d’informacid. Si bé la regularitzaci6 es manté necessaria donat I’increment
en la dimensi6 del problema, el fet que coneixem 1’espai de caracteristiques ens permet analitzar
el procediment i proposar una regularitzacié adequada, la qual acaba mostrant una forta connexio
amb tecniques classiques d’estimaci6 espectral.

La segona part de la tesi es centra en 1’aplicacié d’aquestes mesures d’informacio, pero en
problemes que normalment es resolen amb la utilitzacié de técniques de segon ordre. En concret,
utilitzem I’entropia, una mesura d’incertesa, per tal d’avaluar les propietats d’una funcié de den-
sitat de probabilitat que no pas la variancia, ja que aquesta no només depen de les estadistiques
de primer i segon ordre, sind també d’estadistiques d’ordre superior. Els metodes que fan servir
aquest plantejament guanyen en robustesa quan les dades no s6n Gaussianes, perd sense perdre
de vista la seva relacié intrinseca amb la variancia. Per a tal, fem us d’un estimador concret
que, mentre prové de metodes de nucli, és una estadistica no esbiaixada i manté una forta relacié
amb el moment de segon ordre. Amb aix0, I’analisi dona la volta sobre si mateix i permet el
desenvolupament d’un plantejament comu entre informacio i estadistiques de segon ordre.
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Introduction

Information is, for those who are familiar with information theory, a measurable concept, a mathe-
matical descriptor of the randomness of the source of such information. Claude E. Shannon lever-
aged this notion into the definition of entropy and Mutual Information (MI) [Sha48]. With them, he
established the basis of the fundamental limits in data compression and data transmission [CT06;
Grall]. However, Shannon did not provide a unique definition for information. In fact, a proper
definition of information is still nowadays a subject of discussion (see, for instance, [Pop17] Section
1.1). Inspired by the laws of thermodynamics, Shannon referred to information as the reduction
of uncertainty, and, as such, deeply tied to Von Neumann’s entropy [Von18]. Before that, the def-
inition of information was discussed by Ralph Hartley [Har28], who referred to information as a
“very elastic” term, discussing whether information carries a connotation of physiological or phys-
ical factors. In the end, Hartley determined that information is something that can be quantified,
and, therefore, compared between two communication systems. Some years after, Alfred Rényi
elucidated two main categories of information: axiomatic and pragmatic. Axiomatic refers to the
definition that arises from a set of postulates that information must follow, as Shannon did in his
seminal work. Pragmatic, on the other hand, is the definition more aligned with Hartley’s. From
the words of Rényi [Rén65]: “This approach starts from certain particular problems of informa-
tion theory and accepts as measures of the amount of information the quantities which present
themselves in the solution. According to this point of view the real justification of some measure of
information is that it does work.”. In other words, a measure of information is something that adds
value to a problem, a quantity that is perceived for the purpose of assessing the information source,
whatever that source may be, and it is the definition with which this dissertation is concerned.

From the pragmatic point of view, information gauges a variety of attributes of random vari-
ables and probability distributions. Entropy measures uncertainty, MI measures dependence (or
independence), and more generally, the KullbackLeibler (KL) divergence (or relative entropy),
measures discrimination [KL.51]. In the last decades there has been an uprising interest on trans-
lating these measures of information to other fields beyond communications with the objective of
characterizing the output of a signal or a system. The motivation behind this new paradigm is
driven by the increasing nonlinearity of data models. As data grows in complexity, linear models
may not hold in practice, and the classical approach of second-order statistics becomes skewed.
In this framework, entropy and MI have been used to substitute, or to work in tandem, with the
conventional statistical tools of variance and covariance. Thanks to their capability of grasping the
intricacies of the underlying model, these measures are sought as more reliable descriptors of data.
As a result, some researchers have used these measures in multiple different areas, such as data
science, machine learning, neuroscience, economics, biology, language, and other experimental
sciences (see [CT06; WKV09] and references therein).

A prominent example that benefits from this approach is the area of Information-Theoretic
Learning (ITL), a term coined by Principe [Pri10; Erd02], which cuts across signal processing and
machine learning by reviewing the learning process under the umbrella of information theory. In



its core, ITL is concerned about employing information measures to improve the performance of
adaptive systems. For example, a minimum error entropy criterion gains in robustness in front of
the Mean Squared Error (MSE) for the identification of nonlinear dynamical systems [EP02], re-
gression analysis [Hu+13], or data classification [SSA10]. In these cases, the advantage of entropy
arises when the Gaussian assumption does not hold in practice, acknowledging that an information
measure captures information beyond the mean and variance. As a result, information measures
give an edge for more convoluted distributions, long tails, or faulty observations/outliers [HH18].
Nonetheless, this information-theoretic approach can be encountered in the classic signal process-
ing literature. For example, it is devised in the Independent Component Analysis (ICA) method
[NK11; Pha0O4], where MI is used to recede from Gaussianity, or in model-order selection prob-
lems [WKS85; SS04], which employ the KL divergence for determining the discrepancy between
the data and the modelled distribution.

One of the most challenging aspects of information-theoretic methods is to procure an accurate,
if possible low complex, information estimation. These algorithms are required for the analysis of
systems or data and posterior enhancement of a given application. Plug-in methods have been
traditionally used for this purpose, which are based on estimating first the distributions of the ob-
served data, and to measure the functional of interest in a second stage [MRI1.95; Par62]. However,
these methods are generally susceptible to estimation errors when dealing with random variables
with long tails in their distributions, and their rate of convergence may be too slow for real world
case scenarios [HMO93]. Other estimation approaches have been proposed, which surpass the ca-
pabilities of the base plug-in approach, although they are also, generally speaking, derivatives of
plug-in estimates [WKV09; DV99; KSGO04; BT11]. As a matter of fact, one of the key aspects for
the proficiency of ITL is that most of its literature employs surrogates of Shannon’s information
measures. Generally speaking, the Rényi information measures are considered [Rén61; Rén65],
which generalize the notion of Shannon’s measures (and KL divergence in some cases) as the limit
case of their additional parameter «, usually referred to as the entropic index. These surrogates
have the advantage of being well-known in the field of information theory, where they have been
characterized, discussed, and applied to many different problems [Csi95; Csi08; Verl5; EH14;
BR78]. Sometimes, these surrogates are sufficient from an information-theoretic standpoint. The
advantage and motivation for their use outside of information theory is that these surrogates may
become “easier” to estimate [[LPS08; PPS10; OUEOS8; Kim18; Sarl6]. For instance, it has been
shown that and estimate of Rényi’s entropy converges faster than its Shannon counterpart [Ach+16],
at least for discrete sources, and the case of o = 2 (or second-order Rényi entropy) is shown to
cope specifically well with the plug-in estimate, to the point that it can be written in closed-form
expression [AH84; Joe89]. This last property is given thanks to the particular expression of the
second-order Rényi entropy, which is a function of the L?-norm of the probability function and
resembles a second-order moment.

Another remarkable trend in the literature to deal with nonlinearities is the use of kernel meth-
ods. A kernel is a function that implicitly measures an inner product in an unvisited feature space,
endowed with a solid mathematical background by the hands of James Mercer and Nachman Aron-
szajn [Mer(09; Aro50]. Its characteristic mechanism is to map the data in a feature space of allegedly
infinite dimension, conduct some linear operator, and return with just the result of such operation.
Their approach is data-driven and universal, meaning that no model is assumed, and it is the data
that leads to the appropriate solution. Thanks to the increase in the dimension with respect to the
data space, it is usually stated that the problem can be solved in a linear fashion, either for clas-
sification following Covers’ theorem [Cov65] or in regression problems. Its apparent simplicity,
yet being a powerful tool, has made kernel methods a very appealing framework, being imple-
mented for feature extraction and pattern recognition problems [SSM98; CS00; BJ0O2], in signal
processing problems [Roj+18; PB04], communications theory [Din+13; Sav+15], information the-
ory [Bac22], or ITL itself [ Xu+08], among many others. For that matter, the use of kernel methods
is not a stranger to the measure of information. The linearization in the feature space is also em-
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ployed to measure information by means of covariance or correlation operators [SS00; Gre+05b;
SSB+02]. The covariance and correlation operators in the feature space spanned by kernel methods
can be seen, in fact, as a generalization of the selfsame operators in the Euclidean space [Mua+17].
Therefore, kernel methods provide a very interesting approach to the measure of information based
on second-order statistics tools. As the methods that derive from measures of covariance and cor-
relation are well-known, we found here an opportunity to strengthen both worlds by providing a
unified approach. However, kernel methods are not without some caveats. Their mapping into a
higher feature space is prone to sparsity in such space, driving a collection of problems for reg-
ularization of a space that is not visited. Furthermore, kernel methods do not learn nor question
the required mapping dimension, since it is “let to decide” by the kernel. The result is that kernels
tend to overshoot the minimum required problem dimension. This also translates as increasing
the computational complexity, since the only other dimensionality left is the data, rendering the
approach prohibitive for large data sets, and defying the sole purpose of procuring a data-driven
approach. In fact, a lot of research has been conducted in an attempt to decrease the complexity of
kernel methods. [RRO7; Lim+15; LP20].

This dissertation tackles both the use of information measures to solve certain problems that
are classically approached with second-order statistics, and the measurement of such information
through covariance and correlation operators on a high-dimensional feature space. In essence, the
objective is to provide a unified view of the intersection between information and second-order
statistics. To perform such action, it is clear that some method of linearization is required, akin to
kernel methods. However, while kernel methods are capable of solving very complex problems,
they are also incapable of explaining the required process for learning or decision-making. This
thesis opposes this point of view by going into detail on how data is processed, what is required
for linearizing a nonlinear problem, and how information is measured. Afterwards, how to employ
this knowledge to solve a problem with an information-theoretic perspective is also discussed.

1.1 Objectives

Following the overview of the information-theoretic philosophy, literature and methods, we then
proceed to allocate this dissertation to a concrete framework with clear and detailed objectives.
Generally speaking, we can divide the contents and associated philosophy of this work in two dif-
ferent topics. The first one is concerned about developing insightful tools for measuring meaningful
indicators of the amount of information contained in raw data. The second topic addresses the use
of information for the problem of parameter estimation. Regarding the first topic, the following are
the primary focus with which the information estimators are derived:

* Interpretability: In machine learning, this term refers to the understanding of the learn-
ing or decision process, which has gained relevance in contemporary practical applications
[Eld+17]. The framework and methods developed in this dissertation are based on an explicit
feature map, given by the characteristic function, instead of an implicit one. By controlling
the mapping itself, we gain insight, which can then be exploited to improve the estimation
process itself.

» Scalability: Another relevant objective is to develop an estimation procedure whose com-
putational complexity has an appropriate growth with the data size. This is partially done
thanks to the explicit feature map, which allows focusing on the dimension of the feature
space. By governing the dimensionality of the problem, we can provide a trade-off between
complexity and accuracy, which is complemented by the interpretability of the problem.

* Universality: A particular emphasis is given to making the estimation procedure universal,
that is, that the algorithm converges to the measure being estimated without any knowledge
of the underlying probability distributions. Therefore, the proposed approach is data-driven,
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which implies that it makes decisions only based on the data observations, and a nonpara-
metric estimate, i.e. it is distribution-free.

* Second-order approach: Finally, our main interest relies on the use of well-known tech-
niques in classical signal processing problems. To be specific, we will leverage the Principal
Component Analysis (PCA) and the Canonical Correlation Analysis (CCA) techniques for
the estimation of information measures. This can be done thanks to characteristic function
mapping, which links independence and uncorrelation. Due to this property, the method
for estimating information with second-order statistics in the feature space arises naturally,
providing an alternative path to kernel methods, which is similar but different in nature.

As a general remark, the interpretability, scalability, and universality of the approach can all be
associated with the use of the characteristic function as a mapping and the posterior use of second-
order statistics. On the one hand, it is a well-known tool in the field of probability theory with clear
operational meaning. It can be shown that the covariance and correlation operators in the charac-
teristic function space are fundamentally related to the same operators for the associated random
variables. Furthermore, the regularization technique in this space will be strongly related to the
contamination of sources with additive noise. As the contamination is deliberately introduced to
regularize the problem, its distribution is known and its consequences to the characteristic function
are measurable. On the other hand, the reduction of dimensionality will be provided by sampling
the characteristic function. Thanks to this, the problem of estimating information is related to the
estimation of covariance and correlation matrices, which is known to be consistent for a wide range
of distributions, as well as the empiric estimate of the characteristic function. The proposed map-
ping and regularization with contamination help to the universality and scalability of the problem
by controlling the overall characteristic function shape, admitting any kind of distribution.

The second topic, the information-theoretic approach to concrete problems, is more focused
on the given applications at hand. Nevertheless, there is a general philosophy that accompanies
how these problems are approached. In this sense, the objective is to contribute with a broad
entropy-based viewpoint to some parameter estimation problem. The concrete objectives are the
information-theoretic estimation of the variance of a random scalar sequence, the coherence of
a random vector sequence, and the Signal-to-Noise Ratio (SNR) in a linearly modulated digital
communications channel. The chosen information measure surrogate to perform such tasks is the
Rényi entropy (with the entropic index equal to 2), which provides more granularity than the low-
order moments. An accurate evaluation of the employed entropy estimator is provided. While still
intrinsically under the kernel method standpoint, it is a particular formulation of kernel methods
that yields an explicit feature map, contributing to the interpretability of the problem. Given that it
is a kernel method, regularization is still required, although the overall effect of this regularization
on the final estimate is known. Moreover, the entropy estimate is asymptotically related to the
sample variance estimator, thus giving a joint vision to the topic of this dissertation.

1.2 Thesis outline and contributions

To end this chapter, the contents of the dissertation are elaborated, jointly with a list of the different
research contributions for each of them. As mentioned above, most of the results that derive from
this dissertation can be divided in two branches, where each one studies a different perspective of
the relationship between information and second-order statistics. In the sequel, a brief explanation
of every chapter is given:

» Chapter 2 provides a general review of measures of information that are relevant to the con-
tents of this thesis. Both linear-based (correlation and covariance) and nonlinear (information-
theoretic) measures are addressed. The first will serve as the main second-order statistics
methods on which the posterior framework is based, and the latter focuses on determining
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the appropriate information-theoretic surrogates for the purpose of estimation. While this
chapter is generally composed of background concepts, it also provides a fresh and novel
view of the difference between some surrogates of measures of information.

* Chapter 3 unveils the relationship between kernel methods and some of the information-
theoretical measures addressed in Chapter 2. First, the theory of reproducing kernel Hilbert
spaces is concisely reviewed, and then some methods that take advantage of it are unravelled.
All of the presented kernel methods are based on measuring covariance and correlation in
the infinite-dimensional feature space, hence they are employed as a point of comparison
for the method developed in the following chapter. Moreover, this chapter also deals with
a specific entropy surrogate estimator that will be used in future derivations. Although this
estimator is derived from the family of plug-in estimators, it is intrinsically related to kernel
methods, and it possesses some properties that will be exploited in Chapter 5.

* Chapter 4 develops the framework for the estimation of information measures in a finite-
dimensional feature space, in contrast with kernel methods. On a first stage, the mapping is
determined for discrete sources, emphasizing its implications. Then, the insights gained in
the discrete case are employed for the continuous case. Numerical results are provided for
the latter, focusing on the choice of the new hyper-parameters and the derived estimators are
compared with existing methods in the literature. This chapter spans the first branch of the
thesis, where information measures capitalize on the use of second-order statistics.

The technical works comprised in this chapter are:

m F. de Cabrera and J. Riba. “A novel formulation of Independence Detection based on
the Sample Characteristic Function”. In: 26th European Signal Processing Conference
(EUSIPCO), Rome, Italy, 2018.

m F.de Cabrera and J. Riba. “Squared-Loss Mutual Information via High-Dimension Co-
herence Matrix Estimation”. In: IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP), Brighton, UK, 2019.

m F. de Cabrera and J. Riba. “Regularized Estimation of Information via Canonical Cor-
relation Analysis on a Finite-Dimensional Feature Space”. In: IEEE Transactions on
Information Theory, Early Access, DOI: 10.1109/TIT.2023.3258182.

* Chapter 5 tackles three different problems: the estimation of the determinant of a covari-
ance matrix, the estimation of the magnitude-squared coherence, and the estimation of the
SNR. All three applications share the same backbone by employing the entropy estimator
addressed in Chapter 3. Thanks to the use of entropy, the estimators gain robustness in front
of the lack of optimal conditions, whether they are faulty observations or a mismatch of the
parameters of the channel. The chapter begins by analyzing the behaviour of the entropy
estimator and then assesses the performances of the entropy-based applications separately.
This chapter considers the second branch, where an information-theoretic measure is em-
ployed in exchange for second-order statistics.

The technical works comprised in this chapter are:

m F. de Cabrera, J. Riba and G. Vazquez. “Entropy-based covariance determinant es-
timation”. In: IEEE 18th International Workshop on Signal Processing Advances in
Wireless Communications (SPAWC), Sapporo, Japan, 2017.

m F. de Cabrera, J. Riba and G. Vizquez. “Robust estimation of the magnitude squared
coherence based on kernel signal processing”. In: 51st Asilomar Conference on Sig-
nals, Systems, and Computers, Pacific Grove, CA, USA, 2017.
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m F. de Cabrera and J. Riba. “Entropy-Based Non-Data-Aided SNR Estimation”. In:
53rd Asilomar Conference on Signals, Systems, and Computers , Pacific Grove, CA,
USA, 2019.

* Chapter 6 concludes the dissertation by outlining the contents and contributions of the the-
sis, as well as reflecting on possible future lines of research with the scope of expanding and
enhancing the present work.

Other contributions: The following publications are related to some contents in this thesis.
These are inside the general framework discussed here, albeit they are not part of the specific
rationale of each chapter. Observations based on the relationship of these publications with the core
contents of the thesis will be pointed out when necessary, thus widening the network of connections
with the works done by the author.

m J. Riba and F. de Cabrera. “A Proof of de Bruijn Identity based on Generalized Price’s
Theorem”. In: IEEE International Symposium on Information Theory (ISIT), Paris, France,
2019.

m C. A. Lopez, F. de Cabrera and J. Riba. “Estimation of Information in Parallel Gaussian
Channels via Model Order Selection”. In: IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP), Barcelona, Spain, 2020.

The author has also contributed in:

m J. Riba, F. de Cabrera and J.M. Juan. “Multi-Satellite Cycle-Slip Detection and Exclusion
Using the Noise Subspace of Residual Dynamics.” In: 26th European Signal Processing
Conference (EUSIPCO), Rome, Italy, 2018.

m A. Marti, J. Portell, D. Amblas, F. de Cabrera, M. Vila, J. Riba, G. Mitchell, “Compres-
sion of Multibeam Echosounders Bathymetry and Water Column Data”. In Remote Sensing,
14(9):2063, 2022.



A review of information measures

A fundamental task in this dissertation is to determine what information-theoretic measures are
covered. There are many surrogates of the fundamental measures, which are Shannon’s entropy,
KL divergence, and mutual information, that coexist and provide different viewing angles to ran-
domness, dissimilarity, and dependence, respectively. For instance, a generalization of the KL
divergence [KI.51] is the class of f-divergences, which, at the same time, include multiple other
definitions, each one with its own set of properties and applications [LLV06; EH14]. Shannon’s
entropy shares an identical situation, where it is usually generalized by the Rényi [Rén61] or the
Tsallis entropies [15a88], and so on. However, not all these measures are equally suitable for the
objective of this thesis. This chapter addresses the derivation and choice of the appropriate surro-
gates that may be more amicable with the data. Specifically, we sought those surrogates that have
some kind of relationship with second-order statistics, since those are the ones that are, in princi-
ple, able to be estimated using well-known second-order techniques. For clarity in the exposition,
these latter techniques are also addressed in this chapter.

The structure of this chapter is organized as follows. Section 2.1 provides a short exposition of
the characteristic function and Szegds theorem. While the first is part of the essence of the mapping
that will be proposed hereinafter, the second will be used to analyze asymptotic behaviours of the
Toeplitz matrix that will appear due to the characteristic function mapping itself. Section 2.2 is a
brief review of methods for measuring correlation, hence linear dependencies. In particular, we
focus on the principal component and the canonical correlation analyses, as they will serve as the
main tools for measuring information through second-order statistics. Lastly, in Section 2.3, several
information-theoretic measures are studied. The rationale for choosing the appropriate surrogates
is addressed, and some comparisons with their original counterparts are provided.

2.1 Preliminaries

2.1.1 A brief review of the characteristic function

The Characteristic Function (CF) is an important tool in the field of probability theory that serves
for multitude of different applications [LLuk63]. In its core, the CF has a unequivocal relationship
with the Probability Density Function (PDF) of a given random variable, determined by the Fourier
transform. This motivates the use of the CF as an equivalent descriptor of any random variable,
which may be easier to work with. Since it is the Fourier pair of the PDF, it also carries some
interesting properties that will be exploitable in order to solve complex problems. For instance, the
CF can be used to find the moments of a random variable through the derivative, which may be
useful for analyzing small-scale phenomena. Due to these reasons, the CF is an excellent tool, and
it shall be used as a promoter of the contents of this thesis.

Definition 1. Let X be an absolutely continuous random variable with PDF fx (x) defined on the
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set X. The CF of X is the function ¢ : R — C defined as follows:

vx (w) :/ e/ fx (v) do = By, {e"}, Yw e R. (2.1)
X

The interpretation of the CF can be either the expectation over a complex exponential func-
tion or the Fourier transform with reverse sign in the complex exponential. Following this last
interpretation, the subsequent properties are straightforward from the properties of the PDF:

1. Unity at origin: ¢x(0) = 1.
2. Bounded by one: |px (w)]| < 1.
3. Hermitian: ¢y (—w) = ¢% (w).

Since the density function of a random variable is always absolutely integrable, the CF always
exists. Furthermore, it can be shown that the CF is uniformly continuous for every w € R [Luk70,
Thm. 2.1.2]. The Fourier interpretation can also be used to determine the CF of the sum of random
variables. For instance, let X; and X5 be independent random variables, and let Y = X; + X
with PDF fy (y). It is well-known that the distribution of Y is determined by the convolution of
the distributions of X7 and Xs:

fr () = /X Fx (@) fxo (y — @) de (2.2)

Therefore, thanks to the convolution theorem of the Fourier transform, it is straightforward to see
that their respective CF will be given by the product such that

vy (W) = ox; (W) px, (W) (2.3)

Another relevant property of the CF is given by the uniqueness theorem, which states the fol-
lowing:

Theorem 2.1 (Uniqueness theorem [Luk70]). Let F'y (x) and F» (x) be two Cumulative Distribu-
tion Function (CDF)s. The functions F\ (x) and Fy (x) are identical if, and only if, their charac-
teristic functions 1 (w) and @y (w) are identical.

However, this theorem only concerns CDFs, and it does not determine the inverse path, i.e. the
CDF given a CF. For this, we need the following theorem:

Theorem 2.2 (Inversion theorem [LLuk70]). Let px (w) be the CF of the random variable X. If
@x (w) is absolutely integral over the whole real line, [, |¢x (w)|dw < oo, then the following
holds true:

1 —jwz
fx (x) = 2/ ox (w) e 7" dw, (2.4)
TJR
with fx (z) = F% (x), and fx (x) being uniformly continuous for x € R.

Given the inversion theorem, the CF and the PDF are Fourier pairs provided that the CDF is
differentiable. This last condition is relevant, since the uniqueness theorem governs over the CDF.
The PDFs that fulfil this requirement are then leveraged by the bijective property of the Fourier
transform, and there exist a one-to-one relationship between the CF and the PDF. However, these
are only a subset (those whose derivative exists) of all possible PDFs, contrary to all the one-to-one
relationship with all the CDFs.

The duality pair provided by the inverse theorem can also be used in applications where the
estimation of probability functions is required, inherent, or directly main goal. For instance, since
the PDF behaves like a Power Spectral Density (PSD), given both are nonnegative finite-area func-
tions, it is possible to exploit well-known tools in the context of spectral estimation through the
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estimation the CF. This way, one can draw applications such that of estimation of the PDF [P1.96],
or the estimation of Shannon’s entropy and the Kullback-Leibler divergence [BV00; Ram-+09].

Next, we will proceed to the generalization of the CF for multivariate random variables. Let
X = {Xi,..., Xy} be a N-variate random variable with PDF fx (x) defined on the set X. The
multivariate CF is then defined as the function ¢ : R — C such that

ox (W) = / "X fy (x)dx  Vw e RV, (2.5)
X

Given that the product between w = [w1,...,wy]” and x = [z1,...,zy]" leads to a sum, its
exponential can be factorized:

ox (W1, .., wn) = / Tl L QIONTN £ (x1,...,zN)dz - - dzy. (2.6)
X

For independent random variables, i.e. fx (z1,...,zn) = fx, (1) fx, (z2) - fxy (xN), the
separability of PDFs also entails the separability of CFs such that

ox (w1, ...,wn) = / eJwrr '--eijfoXI (x1) - fxy (xn)dzy - - doy (2.7a)
X

= /X eI e (1) day - - - /XengﬁNfXN (zn)dzy = ox, (W1) - oxy (WN) -
(2.7b)

Therefore, independence factorizes both PDFs and CFs equally.

Furthermore, by retrieving the definition of the CF as the expectation over some nonlinear
function in (2.1), we can further elaborate on the implications of the separability. Without loss of
generalization, let us fix N = 2 where Z; = 991 X1 and Z, = €992X2 gre the new complex random
variables obtained from X7 and X». The joint CF can be expressed as follows

px (wi,we) =By {Z125}. (2.8)

Clearly, if X; and X5 are independent we can write

px (wi,w2) =Ep {Z1}Epy, {Z2} = ox, (w1) o, (w2) 2.9)

for wi,w2 € R. The implication is that we are moving an independence requirement to an un-
correlation one, thanks to the specific nonlinear mapping of the original random variables. Also
note that, due to the uniqueness property of the CF, the converse is also true: if for any value of
w1 and wy these new variables are uncorrelated, then the original variables are independent. This
implies that, if ox (w1,w2) = ¢x, (w1) ¢x, (W2), then fx (z1,22) = fx, (1) fx, (z2), which
is the converse statement from (2.7).

This property of the CF has been traditionally employed as a detector of independent random
variables by testing the distance between the joint and the product of marginal CFs in [Cs685].
Moreover, the implication of the converse statement is that any form of dependence between X3
and X3 is revealed through correlation between the variables Z; and Z, for some values of w; and
wo. An independence detector was established in our conference paper [CR 18] by detecting corre-
lation, provided that a sufficient number of w; and wy are explored. In conclusion, this observation
motivates the use of second-order statistics after some nonlinear mapping for measuring statistical
dependency, and it will be leveraged to estimate measures of information in the following chapter.

2.1.1.1 Characteristic function and moments

We will now review the relationship between the CF and the k-th-order moment of the associated
random variable. This one is another relevant property of the CF as it enables the study of local
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approximations as a function of mean, variance, skewness, etc. In particular, the moments of a
random variable are linked to the CF through its derivatives at the origin, which is specifically
useful for approximating a function through its Maclaurin series.

Consider the N-variate random variable X = {X1, ..., Xy} with CF px (w). By differenti-
ating at the origin (see Appendix 7.1.1) we obtain

ak1+k2+---+kN 0x (w)

kin ke kn
Ow;" 0wy ...0wyN

_ jk1+k2+...+kNEfX {X{ﬂ .. .X]’%N} , (2.10)

w=0xN

where k,, € N forn = {1, ..., N}. Here, the CF’s derivative is expressed as general as possible,
where k,, indicates the k,,-th derivative for the corresponding n-th random variable. However, it
does not guarantee the existence of the derivative for all CFs. The following theorem determines
the conditions for it to hold true:

Theorem 2.3 (Characteristic function and moments [Luk70]). If the CF ¢x (w) has a derivative
of order k at w = Op;, then all the moments of X exist up to order k if k is even, or up to order k — 1
if k is odd. It also follows that if the k-th moment of X exists, then the CF can be differentiated k
times.

Simply put, the existence of the moments of a random variable implies that these can be found
by differentiating the CF at the origin. Now we are in terms of particularizing to the most relevant
cases from the point of view of this thesis, which are the first and second-order moments.

Since k,, can be zero, then (2.10) includes the k,-th partial derivative of the marginal CF
©x,, (wn) such that

& px, (wn)
8&)2"

which is equivalent to determine the k-th derivative for the univariate case N = 1. From these,
and focusing on the statistical expectation, the first and second-order moments correspond to

L {X{;n} , @2.11)

wn=0

. 0px,, (wn) 2 P ox (wn)
E Xp}p=—j ————= E Xt =——F5—" 2.12
fxn {Xn} J B wn:0’ fxn { n} 8“121 wn:O, ( )
respectively. The particularization from (2.10) is as follows
1 Mt (W, wo)
ki yko | _ P w1, w2
Efx {Xllxzz} = S : (2.13)
1 2 w1,w2=0

which can be used to determine the appropriate required derivative for any {k, k2} combination.

In conclusion, the CF provides a preliminary link between statistical dependence and the mo-
ments of a random variable. We are particularly interested on the cases in which the CF can be
approximated by the mean and variance of X, since these are the ones that piece (2.8) and (2.13)
together. For instance, if we approximate (2.8) by its Maclaurin decomposition up to the second or-
der, we can see that the correlation between Z; and 75 is indeed related to the correlation between
the original variables X; and Xj, albeit approximately. Although it is reduced to an asymptotic
tendency, e.g. when the CF can be approximated by a constant around the origin, it provides an
analysis tool for the posterior derivations based on the CF.

2.1.2 Limit theorems of Toeplitz matrices

We will encounter multiple Toeplitz matrices over the course of the dissertation. Most times, we
are interested in operating with these matrices to achieve some concrete goal, let it be to estimate
some measure or to characterize a distribution. Furthermore, we are particularly interested in the
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characterizations of these matrices for an increasing matrix dimension and how is the limit be-

haviour of their eigenvalues. This subsection deals with the limit theorems of the behaviour of

Toeplitz matrices, which will prove to be useful when handling various types of Toeplitz matrices.
To begin with, we will define both Toeplitz and circulant matrices:

Definition 2. A Toeplitz matrix T € CV*¥ is matrix with constant-valued diagonals
[T]n,n’ = [T]n—n’,o = tnfnla (214)

forn,n’ =0,..., N — 1. In matrix form, that is

to t-1 t-2 - t_Ny1
tv to t-1 :
T=| 4 4 " . ot |- (2.15)
: .oty t_g
| tN-1 2 4 to |

Generally speaking, all Toeplitz matrices that will arise along the thesis will also be Hermi-
tian, which endows them with the structure ¢,, = ¢*,,. Consequently, and for simplicity, we will
construct a Hermitian-Toeplitz from the vector t = [to,t1,- - - ,ty_1]", denoted by T = Toe (t).

Definition 3. A circulant matrix C is a special case of Toeplitz matrix where every row of the
matrix is a right/left circular shift of the row above/below:

[ €o C-1 C-2 C—_N+1 |
C_N41  Co c_1 :
C=1cny2 conp1 L -2 (2.16)
: Co C_1
| (-1 C_N+2 C-_N+1 co |

Both Toeplitz and circulant matrices, and their properties, are well-known in the literature
[GS58; Dav79]. In the context of limit behaviours, it is of particular interest the property that
circulant matrices are diagonalizable by the unitary discrete Fourier matrix W. In particular, any
circulant matrix satisfies

C=WAW", 2.17)
where
T 1 1 1 . :
1 e i2m/N e—J2m2/N . e—J2m(N—1)/N
W = 1 e J2m2/N e—J2m4/N . o—i2m2(N-1)/N

2l

: : : . e—J2m3(N—1)/N
1 e Ji2n(N=1)/N ,=j2r2(N-1)/N ,—j2x3(N-1)/N ,—j2m(N—-1)(N-1)/N

(2.18)
and A is a diagonal matrix that contains the eigenvalues of C, which correspond to the samples
of the discrete Fourier transform of the sequence c_,, (or directly the sequence c¢,, depending on
how the circulant matrix has been defined). Toeplitz matrices have also a similar property with
Vandermonde matrices [ Y XS16], whose columns are composed by sampled complex exponential
functions. However, our interest relies on the fact that Toeplitz matrices are asymptotically circulant
matrices, whose properties, and particularly the eigenvalue behaviour, can then be easily exploited
through the Fourier transform. In this sense, the following theorems will be used to improve the
analysis and performance of the proposed estimation techniques based on operating with Toeplitz
matrices.

11
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Theorem 2.4 (Szegd’s theorem on asymptotic eigenvalues behaviour [GS58]). Let t,, be the se-
quence that determines a Hermitian-Toeplitz matrix T for n = 0,..., N — 1. Consider f (x) a
bounded and real-valued continuous function defined by the Fourier series with coefficients t,,
related by

tn = % /_ 7; f(x) e "dz. (2.19)

Moreover, let F' (\) be a continuous function in the same interval as f (x). Then, Szegd’s theorem
states that

lim %Z F(\) = / F(f(z))da, (2.20)

where A\, are the eigenvalues of 'T.

Note that, by construction of the Fourier series, it is inherent that f (x) is considered to be a
periodic function with period 27, hence the normalization and limits of the integral.

Theorem 2.5 (Szegd’s theorem on asymptotic circulant matrices [Gra+06]). Let t,, be the sequence
that determines a Hermitian-Toeplitz matrix T forn = 0, ..., N — 1, and that it possesses a limited
number of M nonzero entries in its diagonals with M < N. Consider a circulant matrix C
composed by the sequence c,, with

t, n=01,...,M-1
n=<Stpn n=k—-M+1,.., k-1 (2.21)

0 otherwise

fork =0,....,N — 1. Then, T is asymptotically C such that

1 N—-1N-1 9
]\}gnoo N Z Z ‘[T]n,n’ B [C]n,n’ =0. (2.22)

n=0 n’=0

To put it simply, the previous theorem states that a banded Toeplitz matrix is asymptotically
a circulant matrix. However, this is still a restrictive constraint that may not be applicable with
most Toeplitz matrices. It is possible, however, to relax the condition with a milder assumption. In
particular, the most general and relaxed assumption that guarantees the behaviour described in the
previous theorem is that the sequence ¢,, is square-integrable for N — oo. This is usually referred
as the weak conditions of Szeg6’s theorem [Binl2]. In that case, a Toeplitz matrix can still be
asymptotically approximated by an equivalent circulant matrix.

The relevance of this limit case can be encountered in the behaviour of their respective eigen-
values. In particular, the following Corollary to Theorem 2.5 encompasses the desired property for
asymptotically large Toeplitz matrices:

Corollary 2.5.1. [Gra+06, Lemma 4.3] Let T and C be the Toeplitz and circulant matrices from
Theorem 2.5, and let Ay, (T) and X, (C) be their respective eigenvalues. Then

N-1
Nhinoo% nzo (AS (T) — N (C)) ~0 (2.23)

for any positive integer 5. For a finite N, then

N-1

Y (N m-x©)

n=0

< yN71/2, (2.24)

where ~y is independent from N.

12
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As aresult, not only the matrices are asymptotically the same, but also their eigenvalues, hence
any Toeplitz matrix with the aforementioned assumptions can be processed as a circulant matrix.
We are purposely interested in this property given the diagonalization of circulant matrices. In
particular, to diagonalize a Toeplitz matrix by the unitary Fourier matrix will serve as a tool for
simplifying matrix inversions.

2.2 Measures of linear dependence

Before delving into the core content of the thesis, we will briefly review the analyses of linear de-
pendence that will be used to leverage the estimation of information measures and their surrogates.
Albeit well-known, the contents of this section play a very important role in future parts of the
thesis. It is then within reason to review some of the most important methods that measure linear
dependence through second-order statistics. To be concrete, we will be focusing on the PCA and
on the CCA.

2.2.1 Principal component analysis

PCA is generally regarded as a dimensionality reduction algorithm that computes the direction
of maximum variance of a set of multivariate data [Jol02]. Its principle is based on finding the
orthogonal weight vectors that maximize data variation. These weight vectors, called the principal
components, are then used to linearly transform the original data to new uncorrelated variables.
The dimensionality reduction comes from the property that the variances of these new variables
are ordered, which serves as good descriptor of the most relevant directions and similarity among
the data.

Consider the N-variate zero-mean random variable X = { X, .., Xy} € X defined on the set!
X C C with PDF fx (x). Let x(i) € C" be L independent and identically distributed (i.i.d.)
samples from X, where i = 0, ..., L—1 and x(i) = [21(4), ..., zx(i)]" . The data will be processed
in the form of a data matrix X € CV*% composed by the column vectors X = [x(0), ..., x(L — 1)].
PCA seeks for the linear combinations z = u’’x that maximize data variation, where u € C%.
PCA is then expressed as:

Ef {|Z|2} u’E xxf 1 u HR,
PPCA = Inax % = max Ix i[ } = max %, (2.25)
u u“-“u u u’u u u-'u
where R, is the autocorrelation matrix and whose empirical estimate is
1S 1
R, =+ x(i)xH (i) = ZXXH . (2.26)

Il
=)

i

Note that, due to X being a zero-mean variable, the autocorrelation and autocovariance matrices
coincide. In the opposite case, the mean value of each column must be subtracted, or the autoco-
variance matrix must be computed with

1 L—-1 1 L—-1 1 H 1
C,=—— ) — = j ) — = j = XPX? (227

where P = Iy — 1y 1% /L is the projection matrix onto the orthogonal space spanned by 1y,
which is a real symmetric P = (Pf)T and idempotent P{ P = P matrix, and the L — 1 term

! Complex-valued variables are defined in preparation for the next sections, where a nonlinear mapping to a complex
space will be provided, hence the data will also be complex-valued.
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2.2. MEASURES OF LINEAR DEPENDENCE

is given by the Bessel correction. Then the empirical PCA just becomes

PPCA = max (2.28)

It is also worth noting that the denominator u’u constrains u to not fall into the trivial solution
||u|]g = u’u — co. Otherwise, without this constraint, u € C¥ is usually defined as a unit-length
weight vector.

The previous maximization problem is actually related to the problem of finding the points
of zero derivative of the Rayleigh quotient, endowing the analysis with physical interpretations
[Bor98]. The Rayleigh quotient is defined as

u’ Au
P= ABa’ (2.29)
where A and B are Hermitian (symmetric for the real-valued case) matrices and B is positive
semi-definite. It can be shown that the zero-derivative points of this quotient can be solved by
means of the generalized eigenvalue problem [GKC19]

AU = BUA, (2.30)

where U € CV*¥ s a square unitary matrix whose columns are the eigenvectors u, for 1 <
n < N,and A € CNV*V is a diagonal matrix containing the eigenvalues ), associated to the
eigenvectors u,. The eigenvalue decomposition is then

B~'A =UAU L (2.31)

This perspective allows to unify multiple related algorithms to a common framework of solving
the generalized eigenvalue problem [BLK97]. In the case of PCA, it is equivalent to fix A = C,
and B = Iy, where U € CV*¥ is composed by the column vectors u,,. Also, since B™'A =
INA = A is a symmetric matrix, then we have U~! = UH. Note that, while in (2.28) only one
vector u; and the largest principal component are assessed, in (2.31) all the subsequent principal
components with associated weight vectors u,,, for n = 2, .., N, are also computed. Therefore,
the empirical ppca corresponds to the largest eigenvalue Ay with eigenvector u = uy. All the
remaining principal components are ordered inside of matrix A.

The estimated principal component can also be expressed as

prea = ||Call2, (2.32)

where ||-||, denotes the spectral norm in the case of matrices, and corresponds to the largest singular

value such that
1Callz = 01 (€2) = m (2.33)

In this case, given that C,, is a Hermitian, thus normal, matrix with Cxéf = Cf C.., we can also
express the largest singular value as 01(C,) = |A1(Cy)|.

2.2.2 Canonical correlation analysis
Consider now two multivariate zero-mean random variables
X={X1,..Xn,}eX, Y={V,.Yy}€ED (2.34)

defined on the sets ¥ C CN= and ) C CNv, respectively, with joint PDF fxy (x,y), and marginal
PDFs fx (x) and fy (y). Let {x(i),y (¢)} be L i.i.d. observations with i = 0,..., L — 1. The
corresponding data matrices are X € CM+*L and Y € CNv*L. CCA [Hot36] finds the new
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CHAPTER 2. A REVIEW OF INFORMATION MEASURES

variables, denoted as the canonical variables z, = uf x and z;, = uff y for u, € CN= and
u, € CNv, that maximize the correlation coefficient pcea, called the canonical correlation.

Unlike PCA, CCA identifies linear combinations between two different variables while deter-
mining the directions in which their correlation is stronger. The greater canonical correlation is
then obtained by solving the following maximization problem:

IE‘fX,Y {ZIZZ}

pcca = max (2.35a)
Yz, Uy 2 2
B (I} B {1}
H H
uE X u
— max e ey xy7Huy (2.35b)
we SR (xxT ) ug) (uEyy {yy ) uy)
H
— max u” Rayuy , (2.35¢)
Y ullRyug JullRyu,
where R is the cross-correlation matrix, whose estimate is
R 1Lt o 1 Y
R,, = I x(1)y" (i) = EXY , (2.36)
=0

and R, and R, are the autocorrelation matrices as in (2.26). Similarly as with PCA, if nonzero-
mean random variables are used then covariance matrices are used instead, being the cross-correlation
matrix

H

L—-1 L—-1 L—-1
L1 1 , 1 , 1 ",
Coy = -1 ; x(i) — I ;O x(j) | | y(@) — I 2 y(j) =71 XPY™, (2.37)

and the autocovariance matrices as in (2.27). CCA can also be solved through the generalized
eigenvalue problem [BLLK97]. This time, the matrices from (2.31) are

A [ ON, %N, ny } : B - [ C, Oy } , U= { Us ] , (2.38)
Cya: ONyXNy ONyXNz Cy

where U, € CNzxN| U, ¢ CNo>*N and N = min {N,, Ny}
The eigenvalue decomposition can then be written by two different equations

{C;léwégléwUx = AU, 239

A1y 16 _ A2
C, CC, C;U, =AU,
In this case, A2 € RN=xNe apd A2 € RNvXNy contain the same squared canonical correlations

(up to the N-th, the rest are zero- Valued) and the largest corresponds to Pcc A Equlvalently, one
can perform the Singular Value Decomposition (SVD) C =FXG or ¥ = F/CG, where

R A ~ A H
¢ = ¢, (¢,17) (2.40)

is called the empirical coherence matrix [SMO00], and the diagonal matrix 3 contains all the canon-
ical correlations. The empirical maximum canonical correlation can then be expressed as

peca = ||C|2. (2.41)

While CCA is usually portrayed as a measure of the maximum correlation, the assessment of
all canonical correlations (contained in A, or A,) have other multiple applications, e.g. in model-
order selection [RS15]. A similar scenario was studied in our conference paper [LCR20], where the
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coherence matrix is used to determine the mutual information (due to Gaussian assumption, CCA
and information are closely related) by detecting the number of correlated signals in a channel.

A common problem with CCA is that its performance greatly depends on the available number
of samples. The measurement of the canonical correlations is prone to errors if the variables are of
high dimensionality but reduced sample size [Bao+19]. This behavior follows from the requirement
of estimating sample covariance matrices, which may also be flawed if the sample size is small.
In order to overcome this problem, some algorithms have been designed that minimize the overall
dimensionality of the involved matrices [Pez+04; AN17]. This issue is relevant because, as we
employ the CCA to estimate information, the dimensionality of the data will be translated to the
dimensionality of some feature space. Therefore, the choice of the dimensionality of such feature
space will become an important issue to monitor.

2.3 Measures of information

Once measures of linear dependence have been reviewed, we then provide a review of information-
theoretic measures that are pivotal within the objective of measuring information through classical
signal processing techniques based on second-order statistics. Generally speaking, these measures
originate from Shannon’s entropy, the KL. divergence and MI. While these surrogates succeed on
providing an assessment of the quantity of uncertainty, dissimilarity and dependence, respectively,
their properties may or not may be different from their original measures. These surrogates share
a common property however, which is the capability of being expressed as the squared Euclidean
norm of some functional based on probability distributions. For this reason, we refer to these sur-
rogates as “quadratic measures of information™. Although the focus of this thesis is on continuous
sources, the discrete case will also be addressed as a guiding line to better understand the origin,
properties and uses. Lastly, the following measures of information will be based on univariate ran-
dom variables, given that the generalizations to multivariate random variables can be easily done
if required.

2.3.1 Uncertainty measures

Consider the discrete random variable X with Probability Mass Function (PMF) px (x) defined
on the set X'. Shannon’s entropy (in nats) is defined as

H(X) = - px (@) Inpx (¢) = ~Ey, {lnpx (2)}. (2.42)
X

This measure was born from Shannon in the pursuit of quantifying the average information of the
outcome of a given random variable [Sha48]. Shannon’s entropy gives a measure of randomness
of a random variable, which is maximized by the uniform distribution. The importance of this
measure is well-known in the fields of communications and information theory, and its use has
since then escalated tremendously by being used in very disparate fields (the reader is referred
to [WKV09; CT06], and references therein, for a review of areas and applications where entropy
arises in a natural manner).

In an attempt to define the uncertainty of a continuous random variable, Shannon proposed the
so called differential entropy. Given a continuous random variable X € X with PDF fx (z), it is
defined as follows:

h(X)= —/ fx (@)In fx (x)de = —E¢, {In fx (z)}. (2.43)
x
In contrast to its discrete counterpart, this definition of entropy can attain negative values, which

may be counter-intuitive for the purpose of quantifying information. This is due to the fact that
differential entropy is not the limit case of Shannon’s entropy [CTO6, Sec. 8.3]. Nevertheless,
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outside the basic definition of uncertainty, differential entropy can still be used in other settings in
which a negative outcome does not, by itself, denote an improper generalization from the discrete
case (although it is).

In terms of a random variable, entropy is sensitive to the probability of the outcomes and not
to their values, which would be the case of the mean or the variance. Thus, the capability of
entropy for describing a random variable differs from that of the classic second-order statistics. As
such, entropy may be a better data descriptor that measures local particularities of the PDF, while
variance measures its global spread. This idea will be particularly addressed on Chapter 5.

Regarding the scope of this thesis, these measures of information carry some inherent problems
to is own definition. First, the estimation of differential entropy from a set of observations is not an
easy task. Although there are numerous estimators in the literature with varying grade of success
(see [WKV09] for a review of estimators and their applications), most of them suffer from a great
computational complexity for big data-sets, especially for nonparametric estimators. Secondly, the
logarithm involved in its definition can be bothersome for some distributions. Generally speaking,
to cope with the estimation of differential entropy, most estimators rely on plug-in methods. These
follow the methodology that first estimates fx (z) and then they plug it into the desired functional.
This means that, if a given density is not easily estimated, e.g. distributions with long tails, then
this approach may lead to bigger errors. A potential solution can be encountered in the method of
importance sampling [TK10], where the expectation (as the one given in (2.43)) is estimated by a
weighted average of i.i.d. observations. However, this approach concerns a target distribution, from
which the expectation is computed, while we are interested in developing an universal approach,
capable of estimating the entropy given any underlying distribution. A more straightforward ap-
proach is to alleviate the estimation error by increasing the sample size, but this would mean to
increase further the computational complexity. For these reasons, it may be interesting to study
other forms of entropy that may convey a better procedure of estimation, and that also describe the
quantity of information given by the outcome of a random variable.

In light of the work of Shannon, there was an upraise in the pursuit of knowledge regarding the
meaning, use and significance of these new measures of information. In 1961, a mathematician
called Alfréd Rényi proposed a generalization of Shannon’s entropy. In [Rén61] he introduced a
class of parameterized entropies that preserved most of its axioms, but relaxing the strong additivity
axiom with a weaker postulate (additivity) [Csi08; ABHI18]. Concretely, the additivity property
states that the joint entropy of various independent random variables is equal to the sum of the
entropies of these random variables. It does not, however, hold any inequality as with Shannon’s
entropy.

In the case of a discrete random variable X, it is defined as follows:

1 1
Ho (X) = —— In ) pk (x) = o InEpy {ps ()} (2.44)
X

We will refer to the parameter « € R1\{1} as the entropic index, and it is used to determine the
order of Rényi’s entropy. While this parameter opens the possibility for infinite representations of
Rényi’s entropy, generally speaking the most used and studied values are 0,1,2 and co. For o — 1
this measure adopts the special case of being defined only by the limit, which can be shown that is
indeed Shannon’s entropy through Hopital’s rule [Rén61]:

lim H, (X)=H (X). (2.45)
a—1
The implications are that, not only does Rényi’s entropy provide an alternative measure of random-

ness, but it also generalizes Shannon’s entropy. Regarding the other cases, these are enumerated
below:

1. Max / Hartley entropy:
Hy = In|X], (2.46)

where |- | indicates the cardinality of the set, and assuming that all probabilities are nonzero.
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2. Collision entropy:
Hz (X) = —1nlpx (2)|3, (2.47)

where [la[|, = (301, |a;|?)"/? is the p-norm of the vector a for p € [1, 00).

3. Min entropy:
H, (X) = m.in {_ lan (xz)} ’ (248)

which is another case of convergence for & — oo in order to preserve the continuity.

Furthermore, it is know that the Rényi entropies are monotonically decreasing with respect to the
entropic index. In particular, H,, (X) satisfies

Hy(X)>Hg(X) st.a<p. (2.49)
Therefore, we can establish a clear relation between the particular cases:
Hy(X)>H(X)>Hy(X)>..>Hyx(X), (2.50)

where equality holds for uniform distributions.

From these, we are particularly interested in the case o = 2, given that it provides a measure
of information based on the Euclidean norm of a given PMF. The name, collision entropy, indi-
cates that this particular surrogate measures the probability of two of the same sample coinciding.
However, this notion will be lost when moving to the continuous case. It is also worth noting that
this surrogate can be naturally obtained by applying Jensen’s inequality thanks to the concavity of
the natural logarithm function:

H(X)=-E,, {Inpx ()} > —InE,, {px ()} = Hy (X). (2.51)

While being conceived as a generalization of Shannon’s entropy, the family of Rényi entropies
has found applications on a very varied scientific fields. Some examples are encountered in statis-
tics [BR78], coding [Cam65; Csi95], cryptography [Sko15], thermodynamics [Bae22], or physics
[Don16]. However, Rényi’s entropy suffers for some of its limitations due to the relaxation of its
properties. For instance, the definition of conditional Rényi’s entropy is not so well-defined as the
conditional entropy described by Shannon [FB14], which translates to a challenging transition to
the Rényi mutual information [Csi95; LP19a]. The definition used in this thesis will be addressed
further on, when describing the surrogates of dependence measures in Subsection 2.3.3.

In the case of continuous variables, Rényi’s entropy is generalized in a similar fashion to that
of differential entropy:

1
l—«

ha (X) =

In /X [ (z)de = InEs, {f¢ " (2)}. (2.52)

l—«

Similarly to the bridge between Shannon’s and differential entropies, the differential Rényi entropy
is not the limit case of Rényi’s entropy [TBA16], and can also be negative.
The differential Rényi entropy of order 2, or directly the second-order Rényi entropy, is then

hy (X) = —ln/ f% (v)dr = —InEy, {fx (2)}. (2.53)
x
Alternatively, one can generalize the p-norm to a function space L and express the second-order

Rényi entropy as
ha (X) = —In|| fx ()13, (2.54)

since the PDF, and its p-th power, are Lebesgue integrable with

I1x @l = [ 17x @ dx)l/p. 2.55)
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As aresult, the second-order Rényi entropy can be seen as analogous to the second-order moment.
However, the expectation of the PDF is evaluated instead of the possible outcomes of the random
variable. This perspective allows us to move from the classical view of second-order statistics,
to the second-order information measures. Moreover, note that no logarithm is involved in the
measure itself, since it can be added a posteriori, unlike with Shannon’s entropy. This property
suggests that it may be less complex to estimate this surrogate of entropy rather than Shannon’s
entropy. As a matter of fact, this property has been explored for some authors in the same pursuit
of estimating information. In [Pril10, Sec. 2.3] an estimator is derived by taking advantage of this
attribute, which will be addressed in Section 3.3 due to its close relation with kernel methods. An
equivalent result is observed in [OUEOS] by blending the kernel density estimate with the sample-
spacing method.

Finally, let us briefly address other families of entropy. In particular, the Tsallis entropy is a
widely spread measure in the field of statistical physics, born from the work of Tsallis to generalize
the Boltzmann-Gibbs entropy [Tsa88]. However, here we will focus on the information-theoretic
aspect of it, that is, that entropy is a function of probability distributions. For a discrete random
variable X, Tsallis entropy is defined as

1

=1 i 5 (Zp% (z) — 1) = B K (@)} - 1), (2.56)
X

whereas in the continuous case it is

50 (X) = 1_a</fx dx—l) 11 (Ep {8 (@)} —1). (2.57)

The Tsallis entropy exhibits similar properties to Rényi’s entropy given its close proximity. In fact,
one can define Rényi’s entropy from Tsallis entropy with

Su (X

ha (X) = 1ialn(1—|— (1— @) sa (X)). (2.58)
Similar to Rényi’s entropy, the Tsallis entropy also tends to Shannon’s entropy for o — 1. Despite
this, Tsallis entropy is not a common measure encountered in information theory problems. This is
due to the lack of logarithm in its definition, since it is the logarithm function that allows the quan-
tification of information (in bits, nats, etc). Although for « = 2 it presents the same properties
than the second-order Rényi entropy, such as the capability of being expressed as a second-order
statistic (note that they share the integral of the a-th power of the PDF), we will not focus our at-
tention with this entropy measure. However, it is relevant to note that by estimating (or employing)
Rényi’s entropy, one can always recover the Tsallis entropy, if required per application.

2.3.2 Dissimilarity measures

Next, we move to divergences. Jointly with entropy, these are considered the fundamental measures
of information, being the MI a particular case. The procedure to identify the surrogate will follow
a similar structure to those of the uncertainty measures.

Consider now two PMFs px (z) and py (x) defined on the same set X. The KL divergence
[KL51] is given by:

v @) g [y rx @)
D (px | py) pr (x) =K, {1 —r } (2.59)

The KL divergence is nonegative, and zero if and only if px (z) = py (z). It is also well-known
that is not a proper distance metric, given that it is not symmetric with respect to its arguments.
For this reason, it may be more appropriate to categorize the divergences as dissimilarity mea-
sures, which increase as the disparity increases. To avoid limit cases and inconsistencies with its
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definition, the convention is to assume 0In0/0 = 0, 0ln0/a = 0 and alna/0 = oo, such that
D (px || py) = 0.

Regarding continuous distributions, consider fx (z) and fy (), and assume absolute conti-
nuity with respect to each other. The KL divergence is then

et s (5o ()} o

The translation to continuous random variables is well-defined in the case of the KL divergence,
given that its properties are preserved. Notoriously, D (fx || fy ) is also nonnegative for any fx (z)
and fy (), unlike with the leap between Shannon’s and differential entropy.

The KL divergence belongs to the class of f-divergences, which are a set of dissimilarity mea-
sures between probability distributions. The divergences that pertain in this class satisfy a set
of common properties, notoriously the nonnegativity and the data processing inequality [L.VO06].
The most commonly used divergences and relationships among them can be found in [GS02;
GSS14; SV16]. From these we are particularly interested in the Rényi divergence, D,, and the
x2-divergence, D, 2, since their definition is akin to a measure based on second-order statistics.

Similarly to the case of Shannon’s entropy, the Rényi divergence [Rén61] generalizes the notion
of the KL divergence with

a—1
Dol I159) = o [ f5 () 70 (@) = sy, {(fcj o) } @61

where for & — 1 this measure is asymptotically the KL divergence. For an extensive review of its
operational characterization, the reader is referred to [EH14]. Also note that D, has been directly
expressed for continuous distributions. Unlike with entropy measures, where some properties are
lost in the transition from variables with finite support to an infinite one, the case of Rényi diver-
gence does not need any specific clarification, and the extension from finite spaces is the same for
any value of a.

Following the identification of an appropriate surrogate in the case of entropy, we will directly
focus our attention to the case of & = 2. However, note that many other values of « resolve into
well-known divergences in the literature. For example, for & = 1/2 the resulting divergence is a
function of both Bhattacharyya and Hellinger distances [Bha46; GS02].

For o = 2, then (2.61) resolves into

/% (2)
fy (z)

dz =InEj, {ij‘ Eg } : (2.62)

which we refer to as the second-order Rényi divergence. Again, this surrogate can be immediately
obtained by applying Jensen’s inequality:

Dy (fx || fv) =In /X

fx (x) fx (x)
D) =By P cnm  { P —pai ). ey
where equality is hold if and only if px () = py (), which denotes 0 divergence. Otherwise, the
strict inequality is held by the strict concavity of the natural logarithm.

The case of second-order Rényi divergence is particularly interesting since it shares similar
properties to that of the second-order Rényi entropy. In particular, one can express this divergence
as a function of an Euclidean norm such that

fx (o)

ViIv (%)

showing that the capability of being expressed as a second-order moment of Rényi information
measures is shared among them for o = 2.

Dy (fx || fy) =In (2.64)

9
2
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Alternatively, the second-order Rényi entropy can also be expressed as follows:

Do (fx | fy) =In(1+ Dy (fx || fv)), (2.65)

where D, 2 (fx || fy) denotes the Pearson x?-divergence

X I‘
DX2 (fX ” fY) _/Xﬁ);gi))dx_l_EfX {fX

— 1. 2.66
Ty (@) (2.66)

fy

By doing some manipulations (see Appendix 7.1.2), one can also express (2.66) in its more well-
known form:

Dy2 (fx Il fv) =
[ Wb @Fy, g, fUs fr @) i) 2
x () DU @) fy (@) @ |,
(2.67)

From the fundamental logarithm and Jensen’s inequalities (In (1 4+ x) < z), we can state the fol-
lowing bounds:

D(fx [l fv) < D2 (fx || fr) < Dya (fx || fy)- (2.68)

The equality holds for fx (x) = fy (x), otherwise the inequality is strict for nonzero divergence.
The relationship between the x? and KL divergences can also be tackled by assuming closeness
between the two probability functions. To be concrete, as the divergence measures approximate to
zero, we can consider fy (x) = fx (z) + €A (z) where € is an arbitrarily small number and A ()
is a function with null area. Then, we can write

D (fxllfx +ed) = 3D (fxllfx + ) + O(e), .69

as can be seen in Appendix 7.1.3. As a result, one can see the y2-divergence as a local approx-
imation of the KL divergence for close distributions. Moreover, the analysis shows that %sz is
not a bound, but an approximation. The rationale behind this local approximation can also be en-
countered in [HSZ15], where their interest relies on translating information theory problems to
linear algebra problems, a similar philosophy than the one of this thesis. Likewise, the relation
between MI and SMI under local approximations has also been expressed in [Hua+19, Eq. (61)]
(and corresponding footnote), although more focused on providing an insightful measure of local
information geometry.

The y2-divergence is a recurrent measure of dissimilarity in the literature. Its use can be traced
back to Pearson, in the study of associations among categorical data [Pea04], where it was referred
to as the mean-square contingency. In the past decades, the y2-test has been particularly used for
the goodness of fit method for parameter estimation [CL.54]. The relationship between D, 2 and Dy
is conveyed in a similar fashion to that of between the Tsallis entropy s, and Rényi’s entropy h,.
However, while in the case of s, the lack of logarithm was detrimental in the sense of measuring
uncertainty, here the dissimilarity measure does not lose its meaning even without the logarithm.
Nonetheless, D, looses the additivity property with respect to independent (i.e. multiplicative)
components in fx (x) or fy (z), which is a property satisfied by both KL and Rényi divergences.

The particularly expression provided in (2.67) is also of interest since it differs from the ones
in both (2.64) and (2.66), thus providing an alternative measure to a similar approach. As usual,
we are particularly interested in information measures that convey a similar structure to that of
second-order statistics. Hence, while both (2.66) and (2.67) satisfy this condition, the latter will
be unveiled to portray a very specific structure in the case of measuring dependence.
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2.3.3 Dependence measures

Finally, we will briefly address the special case of measuring dependence. Since the measure of
dependence is strongly tied to the measure of dissimilarity, the properties and analysis are identical
to the ones in previous subsection. In short, one just needs to measure the dissimilarity between the
joint probability distribution and the product of marginal ones. However, although dependence can
be seen as a particular case, it is still relevant due to its well-known interpretation and applications.

We first begin with the KL divergence. Consider now the joint PDF fx y (z,y) defined on the
set X x ), and the product of marginal distributions fx (z) fy (y) also defined on X x ). The
KL divergence between these distributions is as follows

_ Ixy (%,y) ody — o Sxy (@)
Dy 1 is) = [, | Fortain g2 2 anan =By {i (fx(x)fy(y)(27}0’)

which is classically referred to as the MI with notation I (X; Y'). This measure is nonnegative with
I (X;Y) > 0 and symmetric with respect to its arguments / (X;Y) = I (Y, X).

This measure was born from Shannon in the same mathematical analysis in which Shannon’s
entropy was defined [Sha48]. In its classical paper, I (X;Y") determines the theoretical limits of
the capacity of the channel between the transmitter, associated with the random variable X, and
the receiver, associated with the random variable Y. Although the characterization of the MI in
the field of communications runs much more deeper, in terms of this thesis we are just interested
in its information-theoretic interpretation as a functional of probability distributions. In this sense,
our interest is generalized for many other applications with a similar point of view.

Outside of the theory of communications, the MI is “simply” regarded as a general descrip-
tor of the relationship between random variables. Statistics and machine learning are two fields
where the MI has found a variety of applications. Particularly, it can be encountered in feature
selection [GE03], independent component analysis [HO00], and in the study of neural networks
[TZ15], among others. In these applications, the most straightforward description of I (X;Y")
is that it “tests” for independence, that is, if I (X;Y) = 0, then X is independent to Y due to
fxv (z,y) = fx (z) fy (y) in the independent case. That is why, in the case of its estimation, it is
usually referred to as an independence measure, and not the opposite. Another way to interpret this
measure is to trace en equivalence to correlation. Both measures indicate a relationship between
random variables with a given degree of dependence. However, correlation only determines linear
relationships, while MI is generally regarded as a nonlinear descriptor of statistical dependence.
This notion will become pivotal in the development of strategies for estimating information.

Similarly to the derivation of the MI from the KL divergence, one can particularize the Rényi
divergence with

Lo (X;Y) = Do (fxy || fxfr) =~ i - ln/my (fX{X)Y( (y))) -dzdy (2.71a)

B 1 N fXY ) a—1
=1 EfXYY{<( 7 (y)> } (2.71b)

where I, (X;Y) is called the Rényi c-information. It is important to note that other definitions
may be given to the Rényi a-information [Ver15; LP19a]. The most relevant are the ones given
by Arimoto [Ari77], Csiszar [Csi95] and Sibson [Sib69], where their interest mostly relied on the
definition of Rényi a-information through the conditional Rényi entropy of a discrete channel.
Instead, the definition from (2.71) is directly derived from D,, as it appears in [Rén07] , and is
in agreement with [TZI15]. Either way, the properties of (2.71) are still shared with the ones of
(2.61), and it is asymptotically equivalent to the MI for o — 1.
For oo = 2 we have the second-order Rényi information:

o oy (2,y) fxy (x,9)
) =i [ S sy =, { DO

(2.72a)
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2
In fX,Y (l‘, y) (272b)
fx (@) fy (@) |,
Following the same steps as in (2.65), we can express
L(X;Y)=In(1+L(X;Y)), (2.73)
where
/ i i
L(X;Y) = Dy (Fxr | fxfv) = Epyy { fXX{ H ﬁ;”* -1
(2.74a)
e JUny e - @ ) ey - i@ @
fxx fxy (z,y) fx () fy (v) fx (z) fy (y) 5
(2.74b)

The dependence measure I (X;Y') will be called the Squared-loss mutual information (SMI),
coined in [Suz+09] for the purpose of feature selection. However, other authors have referred to
this measure as the mean-square contingency [Hir35], a term characterized by Pearson in [Pea04],
and also studied by Rényi as a measure of dependence in [Rén59]. It should also be noted that
in [Suz+09] the term refers to half of the magnitude of (2.74). The reason behind this constant is
to approximate I (X;Y) to I (X;Y') in the low dependence regime (as it follows from (2.69)).
However, here we will strictly define the SMI as it resolves from the x2-divergence.

Following the bound from the dissimilarity measures in (2.68), the measures of dependence
follow the same rules with

I(X;Y) < L(X;Y) < L (X3Y). (2.75)

In this case, the inequalities are strict for dependent random variables, and the equality is to zero
for independent random variables with fxy (z,y) = fx (z) fy (v). It also follows from (2.69)
that, for small values of dependence with fx(z)fy (v) = fxy(z,y) + eA(x,y), where € is an
arbitrarily small value and A(z, y) is defined on the set X’ x ) and is constrained to have null area,
we can then express

I(X;Y)= %IS (X;Y) 4 O(). (2.76)

A similar observation can be encountered in [GN18] on the topic of co-clustering contingency
tables, and in [Hua+19] in the study of local measures of information from the perspective of
information geometry. In order to illustrate this approximation, Figure 2.1 shows the closeness
for the small dependence scenario and univariate random variables. The distributions shown are
the Gaussian, the Pareto with location parameter # = 1 for both marginal distributions [DV00],
the Student’s t-distribution with v = 10 degrees of freedom [KNO4] and a Gaussian Mixture
Model (GMM) distributed as (X,Y) ~ N (0,%,) /2 + N (0,3_,) /2, and the marginal random

variables distributed as X ~ N (0,1) and Y ~ N (0, 1), where X, = [ ;ll “ ] and p € [0,1),

1
as it is encountered in [Res+1 1] under the name of “X”” model. Note that the Gaussian variable has
MII(X;Y) = —05In(1—p?) and SMI I, (X;Y) = p?/ (1 — p?), which are equal up to the
first order approximation f (p) = f(0) + f(0)p with

2
I(X;Y)=—05In(1-p%) ~ % — I,(X;Y) 2.77)
—p

1
curve approx1mates the equality faster. Unfortunately, the other distributions are not so easily com-

puted (either the M1 or the SMI). Its relation, however, seems to be of a higher-order approximation
since they are further from the equality line.

given that -L s (1—p?) = :2/:;. Due to this, the Gaussian is more easily approximated and its
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Figure 2.1: Half of the SMI versus the MI for different distributions.

2.3.4 Other dependence measures

Apart from the classical derivations from the KL divergence and the MI, there are other measures
of dependence that may prove to be of interest during the course of the thesis. Generally speaking,
the rest of this subsection addresses independence measures rather than measuring dependence
from the point of view of information. For this reason, the empirical estimation of the following
measures usually serves as independence detectors instead of conveying a tangible measure, e.g.
the channel capacity in the case of the MI. However, the following measures do convey, in a way
or another, a connection with measures from the previous subsections, although it may not be
apparent.

2.3.4.1 Hirschfeld-Gebelein-Rényi maximal correlation coefficient

The Hirschfeld-Gebelein-Rényi (HGR) coefficient is a generalization of the well-known Pearson
coefficient. In particular, the HGR coeflicient determines the maximum correlation coefficient
between two random variables after a given mapping, which is usually nonlinear. Let X and Y
be two random variables with PDFs fx (x) and fy (y) defined on the sets X’ and ), respectively,
with joint probability distribution fx y (z,y) defined on the set X x Y and let gx : X — R and
gy : Y — R be Borel-measurable functions. The HGR coefficient [Hir35; Rén59] is then

{ Ef, {gx (X)} =Ep, {gv (Y)} =0

Ery {gg{ (X)} =LKy {912/’ (Y)} =1

(2.78)
Due to the constraints, the expectation is equivalent to measure the correlation between gx (X)
and gy (Y'). Consequently, the HGR coefficient may also be written as

{ Ef, {gx (X)} =Ez, {gv (V)} =0
Ere {0% (X)) =Ep, {63 (V)} =1
(2.79a)

Cov {gx (X),g9v (Y)} ord Enclox (X)) =Ep {ov (V)} =0
; Efy {g§(<X)}:EfY {912/(}/)}:1
(2.79b)

pcr (X;Y) = sup Ep, | {gx (X) gy (Y)} st

9x,9y

pHGRr (X;Y) = sup Corr{gx (X),gy (Y)} st

9x,9y

= sup

ax.av +/Var{gx (X)}/Var {gy (Y)}
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oy By Hlox (X) By {gx (X)) oy () ~ By {ov (V)))
v JBr Aok (0} =B, Aox (ON/Ex {6 (V)} ~E], {ov (1)}
s.t. { Ep lgx (X)) =Ep {ov (Y)} =0
Epy {0 ()} =By, {63 (1)} =1
(2.79¢)

Particularly, in [Rén59], Rényi was primarily interested in characterizing the dependency between
two random variables through a given statistic with a list of predetermined desirable properties. In
terms of the HGR coefficient, these are:

1. pucr (X;Y) is defined for a pair of nonconstant random variables X and Y.
2. It is symmetric:
pHGR (X;Y) = pucr (Y5 X) . (2.80)
3. Itis bounded:
0 < puer (X;Y) < 1. (2.81)

4. pucr (X;Y) = 0 only for independent random variables, and ppgr (X;Y) = 1 only for a
strict dependence and Borel-measurable functions.

5. If gx, gy : R — R are bijective Borel-measurable functions, then
pHGR (X3Y) = pucr (9x (X); 9y (V). (2.82)

6. If X and Y are correlated Gaussian variables, then

pHGR (X;Y) = |p (X;Y)], (2.83)
where Cov (X.V)
ov
X:Y) = ! 2.84
pIXY) v/ Var (X)4/Var () (259

is the Pearson correlation coefficient.

While these properties are purposely desirable for determining statistical dependency, other well-
known dependence measures do not necessarily satisfy them. For instance, the MI does not meet
some of them, as it is notoriously not upper-bounded nor it is strictly the Pearson coefficient for
Gaussian variables (although it is a function of it). It is also worth noting that in [Rén59] the SMI
is also reviewed under the point of view of these properties. Similarly to the MI, the SMI also does
not satisfy some of them, although a transformation can be applied to bound the SMI between zero
and one.

Generally speaking, the supremum is taken over an infinite-dimensional space for continuous
random variables, usually deeming the HGR coefficient as computationally not feasible [LHS13].
However, it is possible to obtain a computationally tractable implementation thanks to kernel meth-
ods. This implementation will be addressed in Section 3.2.

2.3.4.2 Quadratic measure of dependence

The rest of independence measures focus on the requirement of being zero if and only if the ran-
dom variables are independent. For this purpose, it is usually enough to test either the condition

fxy (x,y) = fx (x) fy (y) (hypothesis Ho) or fxy (z,y) # fx () fy (y) (hypothesis #1).
This indicator (see [Set+11, Eq. (4)]) can be portrayed as follows:

(fxy(z,y) — fx (@) fy(y)’
Ixy(x,y)

§X3Y)=Ey, { } = | fxy (@) — fx(@) fy @) (285
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As can be seen, the previous expression is just the squared norm of a difference of densities, which
portrays the distance between the joint PDF and the product of the marginal ones. The simplicity in
its formulation comes with the cost of lacking a connection with the MI, since neither inequalities
or local behavior can be stated in the way that have been established for the SMI.

2.3.4.3 Distance covariance and correlation

Finally, we will briefly address the distance covariance and distance correlation. These are statis-
tical tests of independence for random vectors that do not necessarily have the same dimension.
Again, both tests focus on the property of being zero only for independent random variables, and
they possess a close link with the previous measure £(X;Y).

Let px (w1), px (w2) and px y (w1, w2) be the CFs, defined in (2.5), of the random variables
X,Y and X x Y, respectively, with w; € RN, wy € RM | Then, the distance covariance [SRB07]
is as follows:

VXY, ) = [loxy (w1, ws) — ox (w1) ox (wa)]?, (2.86)
where the norm ||- ||i is defined as

||9X,Y(wlvw2)”12]:/ / lg9x,y (w1, w2)* v (w1, w2) dwidws. (2.87)
RN JRM

Here v acts as a weight function so that the integral exists and the distance covariance is scale and
rotation invariant. The proposed weight function in [SRB07; SR09] is as follows:

1
1+N 1+M°
CNCM leH;r HW2H2+

v ((.(J1,QJ2) = (2-88)

where cp = 7(1TP)/21 ((1 4 P) /2).

Unlike the quadratic measures of dependence, this measure is the distance between the joint
and the product of the marginal characteristic functions but defined on the space of the weighted
L2-norm. However, since the PDF and the characteristic function are Fourier pairs, the distance
covariance is closely related to the test from (2.85). For an appropriate choice of weight function,
the £(X;Y) and the V2(X; Y, v) tests are equivalent thanks to the Plancherel-Parseval theorem.

One of the main advantages of this measure is that by expanding the norm and operating with the
characteristic functions, one can determine an estimate that only depends on pairwise differences
among the random variables. Specifically, in [SRB07] it is shown that, for finite first-order moments
of the random variables X and Y/, the distance covariance coefficient is equivalent to the following
expression:

VAX;Y) = Efyy {Efx/yy/ {Ix - X/HQ v - Y/HQ}}

B B {[1X = X533 By {Bp, {[[Y = Y[l }}
= 2By {Bpx {1 X = X5 B {1V = Y[l5} (2:89)

where fxy = fx/y', fx = fx’and fy = fy. From this expression, one can easily determine an
empirical estimate of the distance covariance by substituting the expectations with sample means,
as it appears in [SRBO7].

Finally, the distance correlation extends the notion of covariance to a one similar to the Pearson
coeflicient, and is defined as

V2(X;Y,v) 2 2
RYX.Y.v) = 4 Vo Y KoV Yy >0
0 V2(X,v)V2(Y,v) =0

(2.90)

for V2(Z,v) = V*(Z; Z,v). These measures are of particular interest since they can be related
to a kernel measure of independence, as will be seen in the following section. However, similar
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to £(X;Y), they do not convey any significance with respect to other information measures other
than resembling a correlation coefficient and following the desirable properties for any dependence
measure from Subsection 2.3.4.1.

2.4 Summary

This chapter has reviewed some information-theoretic measures with advantageous properties for
estimation. In exchange for the classical measures of information classically utilized in the litera-
ture, which are those that derive from the KL divergence, the surrogates gain relevance thanks to
their particular expressions. While there are some concessions in terms of properties, these new
measures provide a fresh view on how to measure uncertainty, dissimilarity, and information, while
at the same time being well-known figures of merit in other areas outside the signal processing and
information theory fields. In particular, the second-order Rényi entropy and the SMI are relevant
surrogates with plenty of potential different applications, but are still partially unknown in digital
communications, applied statistics, machine learning, etc. Moreover, a local approximation anal-
ysis for the SMI has also been conducted. The outcome is that the SMI is an upper-bound except
for the small dependence regime, where it behaves as an approximate estimation of twice the MI.

From the point of view of this thesis, the interest in these surrogates mainly relies upon their
capability of being expressed as a second-order moment. From this observation, the proposal is
to develop methods that are capable of exploiting these expressions by leveraging second-order
statistics. These last techniques have a very long and rich history and much is known of their
capabilities, so it becomes natural to try to unify the two apparently different standpoints. The gap,
however, remains in the nonlinearity presented by an information measure.

In view of this objective, we move to the next chapter to review the definition and uses of kernel
methods. Kernels are particularly designed to cope with nonlinear problems in a linear fashion. It
is then within reason to benefit from the structure of kernels to merge the nonlinear information
measures with well-known techniques that measure correlation, such as PCA and CCA, addressed
at the beginning of this chapter. We will see that, in fact, there are existing techniques that capitalize
on measuring linear dependencies using kernel methods, and we will contextualize them within the
thesis.
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Information-theoretic kernel methods

Kernel methods are powerful techniques that allow solving complex nonlinear problems in the field
of machine learning. While the origins of a proper kernel function trace back to the beginnings
of the last century [Mer(9], its popularity exponentially grew upon its use for binary classification
problems [BGV92], which then was particularized to be known as Support Vector Machine (SVM).
In SVM, the classification is done by optimizing the hyperplane that linearly separates the classes,
defined by the inner product between a given support vector and the data. However, this approach,
referred to as the primal model, can not provide linearly separable classes with nonlinear data.
Instead, the kernels allow for a nonlinear mapping and posterior measurements of inner products in
a high-dimensional feature space, possibly infinite-dimensional, where the problem can be solved
in a linear fashion with high probability. This statement follows directly from Cover’s theorem
[Cov65]. The alternative optimization problem cast by the kernel methods is referred to as the dual
model [CSO0]. In the dual model the inner product in the feature space is done implicitly, that is,
the inner product is not explicitly calculated, but directly obtained thanks to the kernel function.
This property constitutes the main advantage of kernels, as computations in a infinite-dimensional
space are prohibitively complex. The advantages provided by the kernels are not limited to SVM,
but can be generalized by any method that is defined by an inner product and may require a high-
dimensional mapping. Thanks to this, kernel methods are widely used in a plethora of nonlinear
problems, and their applications have been spread in the machine learning and signal processing
fields [HSS08; Roj+18; PLH11]. In many of theses cases, we may also refer to the use of kernels
as “kernel signal processing”. On the other hand, the cost of embracing kernel methods is usually
a high computational complexity. Although it may vary case by case, while avoiding explicitly
visiting the feature space, the complexity grows exponentially with the data size.

This chapter is structured as follows. First, the concept of a kernel is disseminated through
an introduction to the kernel function in Section 3.1. The objective is to give a brief background
on what constitutes a kernel and how to use it as a mapping to infinite-dimensional feature spaces
for the purpose of solving linear problems after a nonlinear transformation. In 3.2 we provide a
unified review on kernel methods employed for estimating information measures. We focus on
these techniques that are linked with the measures addressed in the previous chapter. Lastly, in
Section 3.3, a particular case is drawn, where the kernel method arises naturally rather than from
the ground up.

3.1 Reproducing kernel Hilbert spaces
While the theory of kernels was consolidated by Mercer in [Mer(9], the following definitions will

follow the ones provided by Aronszajn in [Aro50]. The exposition of the theory of reproducing
kernel Hilbert spaces will also follow a similar structure as the one given in [Vael0].
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Definition 4. A Hilbert space H is a complete inner product space in the sense of Cauchy, i.e.
every Cauchy sequence converges inside the space.

Example 4.1. The L?-space with inner product
(9) = [ f(2)gTa)da G

is a Hilbert space. From all the LP-spaces, only the L? is a norm induced by a inner product, thus
a Hilbert space.

In terms of the signal processing field, Hilbert spaces allows to deal with signals with infinite
length, endowing them with the constrain of finite energy. As a consequence, we say that the signal
has finite norm, thus its scalar product is well-defined. Note that, while there are finite-dimensional
Hilbert spaces (e.g. the Euclidean space), here we are interested in the generalization to infinite-
dimensional feature spaces.

Let us now proceed by defining a kernel, which will then be put in relation to a Hilbert space:

Definition 5. A kernel is a continuous, symmetric and positive definite function k¥ : X x X — R
that satisfies

L—1
> ik (x(i),x(j)) = 0 Vo, 05 €R, (3.2)
i,j=0

for any set of data {x(i)};_ ;| € X.

Example 5.1. The polynomial function

k(x(i),x(7) = (x" (i)x(j) + a)’ (3.3)

with @ > 0, is a kernel. Note that the dot product is included in this family (x(i),x(j)) =
xH (i)x(3), and therefore it is also a kernel.

Example 5.2. The radial basis (or Gaussian) function

. A2
g (x(6), x(j)) = exp (—”X(*Xm”) (3.4)

202
is a kernel.

The kernel function can also be seen as a similarity measure. For instance, the dot product
from Example 5.1 is well-known in this regard, since it intrinsically computes the cosine of the
angle between x () and x(j), and is equal to zero for orthogonal vectors. In the Gaussian kernel
case, the similarity measure is clearly seen in the subtraction between two vectors, which is equal
to one for x(7) = x(j), and it tends to zero as the dissimilarity between x (i) and x(j) increases.
By computing similarities of two vectors and returning a single real value, kernels are sought as
descriptors of data.

Let us now consider a function ¢ : X — H defined on the nonempty set X’ that provides the
feature map given an input x(7) onto the Hilbert space H.

Definition 6. The kernel £ : X x X — R is a reproducing kernel of the Hilbert space H if
1. For Vx(i) € X, every function k (x(i), -) belongs to H.

2. ForVx(i) € X and V¢ € H, it satisfies the reproducing property:
(0, k (x(2), )3 = ¢ (x(2)) (3.5)
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Particularly, the reproducing property also states that

(k (x(2),-) sk (x(3),-))a = (@ (%(8)) & (x(5)))3 = k (x(2),x(7)) - (3.6)
If a reproducing kernel exists, then H is called a Reproducing Kernel Hilbert Space (RKHS). It
also follows that a kernel is positive definite only if it is a reproducing kernel. Intuitively, (3.6)
shows that the inner product of the mapped data through the function ¢ can be directly obtained
as the evaluation of a kernel function. In other words, we can avoid the computation of the inner
product in the Hilbert space H thanks to the reproducing kernel.
It may also be useful to define the kernel matrix:

Definition 7. A kernel matrix K € RE*L js a positive definite matrix aTKa > 0 for Va € RE,
with elements [K]” =k (x(7),x(j)) for {X(i)}i:O,..,L—l e X.

Due to the definition of a kernel, the kernel matrix is also a Gram matrix since its entries are
given by an inner product {K}, ; = (¢ (x(2)), ¢ (x(j)))4, satisfying K = K”. In some ways,
kernel matrices have many properties in common with correlation matrices. Both matrices are
Gram matrices, but what differentiates them is in which space the inner product occurs.

Finally, we can state the following theorem:

Theorem 3.1 (Moore-Aronszajn theorem [Aro50]). Let k : X x X — R be a positive definite
function. A unique RKHS exists with reproducing kernel k.

Remark 3.1.1. While a RKHS determines a unique reproducing kernel k, the converse is not true
[SSB+02, Sec. 2.2.3].

The relevance of the Moore-Aronszajn theorem is that it states that any positive definite function
k (x(i),x(7)) is a reproducing kernel. Moreover, since every kernel is positive definite, then every
reproducing kernel is a kernel, which is at the same time a positive definite function. In this way,
this theorem closes a circle of definitions that revolve around the theory of RKHS.

One of the most powerful techniques within RKHS is the famously called “kernel trick”. This
trick refers to the capability of interchanging kernel functions to solve the same problem [SSB+02,
Remark 2.8]. The only restriction is that we work with positive definite kernel functions, which
endows them with the theory of RKHS. In essence, the trick is to actually choose a given kernel
function, and to not worry about the RKHS that its inner product spans. Furthermore, from (3.6),
one does not even worry about computing the inner product. The most exemplary use of the kernel
trick is in the application of SVM, where the dual model is precisely taking advantage of it [SAP10].

Kernel methods can then be described as a simple approach to complex problems. It is pre-
cisely the flexibility provided by the reproducing property and the kernel trick what makes this
approach attractive for a plethora of different problems. Despite this, a blind mapping onto a
infinite-dimensional feature space may entail other problems that may be avoidable with lower-
dimensional representations of the data. Specifically, as the dimensionality increases, the embed-
ded data onto the feature space tends to become sparse. The result is that some problems may tend
to be ill-conditioned. This effect is generally referred to as “the curse of dimensionality” [BNO6].
This problem can be solved in two ways. The first is to exponentially increase the number of data
available, in hopes that the sparsity is reduced in the high-dimensional space. Since the amount of
data may vary per application, this solution is often disregarded. The second and more common
solution is regularization, which is usually based on an ad hoc approach. Regardless of the curse
of dimensionality, many kernel-based algorithms enjoy from multiple benefits of its intrinsic high-
dimensional feature space. In most algorithms, the sole capability of solving nonlinear problems
outweighs, for example, the need for regularization.

3.2 Kernel measures of information

In the last decades, the theory of RKHS has been harnessed for numerous applications in the fields
of probability and statistics, particularly in statistical learning and inference [BT11]. This last group
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includes the estimation of measures of information [Xu+08; ZC06]. Since information measures
can be seen as nonlinear descriptors of random variables, it should be within reason the use of
nonlinear techniques such as kernel methods. The rationale endowed to these problems is shared
among them: a nonlinear mapping provided by the kernel functions should help to solve the prob-
lem in a linear fashion. These linear solutions are frequently found in measures of correlation and/or
covariance, thus second-order statistics. This is particularly interesting as it is a first approach to
relate information theory measures with second-order statistics, and they shall be used as a basis
for the thesis. However, as will be noted along the rest of this section, the study of correlation and
covariance operators in a possibly infinite-dimensional feature space comes with a cost. While it is
true that we can relate probabilistic measures to the dissimilarity measures spanned by the kernels
[2C06], the analysis of these operators in the Hilbert space is often a difficult task. These opera-
tors need to be reduced in a matrix form through a lower-dimensional representation of the Hilbert
space, while still needing regularization techniques to avoid ill-conditioned problems, or matrices
in this case.

In the sequel, some of the most important approaches to the use of RKHS to measure informa-
tion will be provided. In each case, the focus will become how such measures become manageable
from the point of view of an empirical estimate, and how these estimates relate to the original
information measure.

3.2.1 Kernel principal component analysis

As a starting point, we will address the kernelized version of the PCA. While in its original formu-
lation it is considered a measure of linear dependence (within the components of the same data-set),
the kernel method promotes this dependence to a nonlinear one. Simply put, Kernel Principal Com-
ponent Analysis (KPCA) performs PCA in the feature space. Consequently, if the kernel function
used to map the data onto the feature space is the dot product, then both methods are equivalent.

For now, the KPCA does not hold any apparent relationship with any of the previously covered
information measures. However, we will see in Chapter 4 how the KPCA is actually related to an
entropy measure. Therefore, it is still relevant to discuss how the PCA can be handled within the
theory of RKHS, and to serve as a basis for the kernelized version of the CCA, which does directly
relate to an information measure.

Let gx € K, where K is a RKHS with associated kernel k. Consider the feature map

ox (X)=k(X,) Vox e K VX e X. 3.7
Thanks to the reproducing property from (3.5), we can express
9x (X) = (¢x (X) . 9x)k - (3.8)
The equivalent formulation of the PCA from (2.25) is then
prpca (X) = H;?(X Cov {{¢x (X),9x)ic» (Ox (X),9x)xc}- (3.9)

This formulation takes advantage of the kernel trick in order to define the KPCA as the covariance
of the inner product of a given feature space, following similar steps as in [BJ02]. Next, we will
consider a finite-dimensional subspace of the RKHS in order to formulate an empirical estimate of
this measure.

For now, assume that the data is centered in the feature space, i.e. Ef, {gx (X)} = 0. Let
x(i) € RY be L i.i.d. observations with 0 < i < L — 1, whose images in the feature space are
®x = [px (x(0)),...,0x (x(L — 1))]. Then, the empirical representation of the autocovariance
is expressed as

1 L-1

Cov {(éx (X),gx) . (6x (X) 9x)ic} = 7 D (dx (x(0)) . 9x)c (b (x(0))  9x)c -
=0
(3.10)
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Equivalently, gx can be linearly decomposed by the images of the feature space such that gx =
ﬁ;& up¢x (x(k)). This linear combination serves as the principal component that lies in the

feature space [KGO3]. Then, the autocovariance from (3.10) becomes

Cov {{¢x (%), 8x) k- (dx (X),8x)xc} (3.11a)
1 L-1 L—1 H L—1
= > <¢X (x(i), > udy (X(k))> <¢X (x()), Y wex (x(l))> (3.11b)
=0 k=0 K 1=0 K
1 L-1L-1L-1
= 220> D uik (e(k), x(0) k (x(1), x() w (3.11¢)
=0 k=0 [=0
= %uHKKu. (3.11d)

By substituting the previous expression into (3.9), the supremum then translates to the maximum
over the vector u. However, similar to the trivial solution to the original PCA problem in (2.25),
we either constrain the principal components with

L-1L-1

giex =) Y upol (x(k) px (x()w = u"Ku =1, (3.12)

k=0 =0

or perform the equivalent maximization problem with uf/ Ku in the denominator. Lastly, we will
consider the case in which the data is not centered in the feature space. Although this is an apparent
difficult task, it can be shown [SSM98] that the kernel matrix of the centered variables in the feature
space corresponds to

K = P{KP{, (3.13)

where Py is the projection matrix from (2.27). By gathering all previous considerations, the equiv-
alent problem formulation is the following:

1 uKKu
H X)= - 3.14
preca (X) = max 7 wiRKu (3.14)
Following the Rayleigh quotient (2.29), the solution to the maximization problem is equivalent to
finding the maximum eigenvalue of the generalized eigenvalue problem
1. _
ZKKU = KUA. (3.15)
Since K is a symmetric (Gram) matrix, the previous eigenvalue problem is equivalent to solving
1.
KU =UA, (3.16)

whose largest eigenvalue leads to the following empirical estimate

. 1.5
pxpca (X) = ZHKHQ. (3.17)

3.2.2 Kernel canonical correlation analysis

Following the KPCA, we will now discuss the tractable version of the HGR coefficient from Sub-
section 2.3.4.1. Thanks to the RKHS framework, it is actually possible to determine an empirical
estimate of the HGR by letting the functions gx and gy be elements of RKHSs. This imple-
mentation is referred to as the Kernel Canonical Correlation Analysis (KCCA) [BJ02], since its
empirical estimate is obtained by solving the CCA problem through kernel matrices, similarly as
with the KPCA.
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Let gx € K and gy € L, where K and £ are RKHSs with associated kernels k£ and [, respec-
tively. Consider the feature maps

Again, following the application of the reproducing property as in (3.11), we can express

9x (X) = (¢x (X)), 9x) »

gy (V) =(oy (Y),9v),- (3.19)
The equivalent formulation of the HGR from (2.78) is then
preea (X;Y) = sup  Corr {{dx (X),9x)xc, ¢y (Y),9v) -} (3.20a)
9x,9y

ox.ov /Var{(¢x (x),9x)} Var {{dy (v) . 9v).}

Again, let us assume, for now, that the data is centered in the feature space, i.e. Ef, {gx (X)} =
Ef {gv (Y)} = 0. Let x(i) € R and y(i) € R be L i.i.d. observations from the ran-
dom variables X and Y with 0 < ¢ < L — 1, whose images in the feature space are $x =

(B (x(0)) oy b (x(L— 1))] and @y = [y (y(0)) , .., by (y(L — 1))]. respectively. The
empirical representation of the correlation is then

Corr {{éx (%), gx)c {0y (¥),9v)c} =
1 Siso (6 (x(D)  9x)c or <'>> o)t
)

VE S b (<) gx) (b (x(0)) g3 ) A/ £ S5 by (v(0) o) (B (3(0)) v ) 2
(3.21)

The functions gx and gy can be linearly decomposed by the images of the feature space such that
gx = Zﬁ;& uppx (x(k)) and gy = Zf;ol oy (y(l)). These linear combinations serve as the
canonical variates that lie in the feature space [KGO03]. Then, the covariance from (3.21) becomes

Cov {{¢x (%), 9x)ic: (Dy (¥) . 9v),} (3.22a)

1 L-1 IL—1 H I—1
I <¢X (x(3)), > urpx (X(’f))> <¢y (y(1), > vy (y(l))> (3.22b)
) k=0 K ’
L

=0 1=0
1 L-1L-1L-1
=7 ugk (x(k),x (1)) L (y (1), ¥ (9)) v (3.22¢)
1=0 k=0 =0
= %uH KLv, (3.22d)

where u and v are L-dimensional column vectors, and K € RE*L and L € REXL are the kernel
matrices from Definition 7 with entries [K], ; = k (x(i),x(j)) and [L], ; = I (y(2),y(j)). The
variances correspond to the autocovariance from (3.11) with

Var {{¢x (x),9x)c} = %uHKKu (3.23)
Var {9y (v), 9v)} = 7v/'LLv. (324

By gathering all previous derivations, and considering that the kernel matrices have been centered
in the feature space (3.13), we then have
How
~ u’'KLv
preea (X;Y) = max — —. (3.25)
Y Jul RKuy [V LLv
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Clearly, since we have moved from functions to vectors, the supremum is now taken as the u and
v that maximizes the canonical correlate, or in this case, the estimate of the HGR coefficient. The
equivalent generalized eigenvalue problem AW = BW A can now be determined similarly as in
the original CCA problem (2.38) with

0 KL KK 0 U
T o A PR 8 e

Since the HGR coeficient is specifically the maximum above all the possible solutions, its estima-
tion corresponds to only the largest eigenvalue.

Nonetheless, this tractable computation of the HGR coefficient carries some problems. On the
one hand, the problem yields pgcca (X;Y) = 1 for u, and v being columns of LK, which
occurs when the kernel matrices are invertible [HSS04]. Or, in other words, finding the correlation
coefficient becomes trivial. This is prone to happen if the dimensionality of the feature space is
much higher than the one of the input space, a characteristic indicator of overfitting [Vae10]. For
instance, the classic Gaussian kernel spans a feature space of infinite dimensionality, enticing the
need of regularization. Either way, this issue is in line with the common problems of kernel methods
addressed at the end of Section 3.1. To avoid overfitting, the usual proposed solution [BJ02] is to
regularize such that the matrix (3.25) becomes

Hor
preea (X;Y) = max — w BLv —, G2
’ \/uHKKu + EuHKu\/vHLLV +evHLv

where € > 0 is the regularization constant. This procedure can be seen as an equivalent to per-
forming the Tikhonov regularization [BLG08&], acommonly method used for regularizing overfitted
problems with high number of parameters.

On the other hand, not any kernel function preserves the proprieties of the HGR coefficient.
As shown in [Gre+05b], pkeca (X;Y) = 0 for independent random variables if K and £ are the
sets of bounded and continuous functions, i.e. the kernels k and [ are continuous and bounded. It
is also worth noting that in [BJO2] the kernels were required to be smooth functions, which is a
stronger condition than continuous functions. Specifically, the KCCA usually requires the kernel
functions to be smooth [BJ02] and bounded functions [Gre+05b]. If these two conditions are met,
then we can ensure that pgcca (X;Y) = 0 for independent random variables.

Finally, by proceeding similarly as with the CCA [HSS04], we can determine that the HGR
coeflicient can be estimated by solving either of the two following eigenvalue problems:

(K+eI) 'L(L+el) ' KU =AU (328)

(L+eD) 'K (K+el) 'LV =A2V ' ‘
where the diagonal matrices A% and A? contain all the squared kernelized canonical correlations.
This time, since K and L have the same dimensionality, A? and A? are equivalent and contain all
the same eigenvalues. Therefore, we can express the estimated KCCA coefficient as

ﬁKCCA (X,Y) = \/)\1 ((K—F&I)_li (1_1—1—81)_1 K) (329)

This expression can be further simplified by operating with the largest eigenvalue such that A; (AB)
A1 (BA) (which can be derived from [HJ12], Theorem 1.3.22). Then, we can finally express

preea (X3 Y) = A (TrIy) (3.30)
1

forT, =K (I_(—l—el)_l and Ty =L (L+eI) .
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3.2.3 Constrained covariance

The regularization problem of KCCA is, indeed, its rigid form that follows from the HGR coef-
ficient and its properties. While the whitening process of the correlation operator ensures a full-
fledged dependence measure, it ends up being detrimental to the estimation process. This obser-
vation led to Gretton et al. [Gre+05c] to explore a different RKHS based methods to explore less
restrictive dependence measures. Specifically, they proposed to switch the correlation operator to
a covariance operator, referred to as the Constrained Covariance (COCO). This interchangeability
can be done at the expense of dropping some of the properties from Subsection 2.3.4.1, mainly
the equality to one for deterministic dependence. The advantage is that the covariance and corre-
lation operators behave identically under independent random variables. Therefore, the focus in
[Gre+05c¢] shifts to a test of independence while providing a more stable measure without the need
for regularization.

The ultimate goal of the COCO is to determine the maximum cross-covariance between the
spaces spanned by the functions gx and gy . Following the same terms used for defining the HGR
coefficient, the COCO is defined as

pcoco (X;Y) = sup Cov{gx (X),gv (Y)}. (3.31)
9x,9y

Again, let gy € K and gy € L be functions that map the data onto the RKHSs K and £, and let &
and [ be the kernels associated to these RKHSs. Following (3.20), we can determine

pcoco (X;Y) = sup Cov{(¢x (X),9x)xc, oy (Y),9v),}, (3.32)

9x,9y

where ¢ x and ¢y are the feature maps as in (3.18). Then, we can outright express the covariance
operator as it appears in (3.22):

Cov {{dx (%), 9x)ic- (3 (¥) . 9v) .} = %HHKI_N, (3.33)

where the data has been centered in the feature space. The empirical COCO then becomes

1 _
pcoco (X;Y) = max ZuHKLv. (3.34)

u,v

We can also express pcoco (X;Y) in terms of the generalized eigenvalue problem [Gre+05b] with

1[0 L 10 U
AcL[O LT R0 wo[Y] e

whose maximum eigenvalue leads to the following empirical estimate:
. 1, —1/0s 1
pcoco (X:;Y) = Z|\K1/QL1/2H2 = ZHKUQPle/QH% (3.36)

where the square root of a positive semi-definite matrix (which kernel matrices are) M1/2 denotes
Ml / AVE /2 — M.

Similarly to the KCCA, the COCO also requires some conditions on the kernels. While the set
of continuous and bounded functions is sufficient for pcoco (X;Y) = 0 under independent random
variables, in [Gre+05b] it is argued that these conditions provide a rich choice of functions that may
not guarantee good convergence properties of the empirical estimate pcoco (X;Y'). Therefore,
they propose to limit k& and [ to be universal kernels, that is, kernel functions whose RKHS is
dense in the space of continuous functions [MXZ06]. Either way, the most well-known and used
kernel, the Gaussian kernel from (3.4), meets all of the previous properties.
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3.2.4 Hilbert-Schmidt Independence Criterion

The Hilbert-Schmidt Independence Criterion (HSIC) [Gre+05a] is an extension of the COCO that
does not compute only the largest covariance coefficient but all the covariance operator spectrum.
This way, this generalization accomplishes two things: it does not require regularization due to
measuring covariance, and drops the supremum carried over from the HGR coefficient, which
allows for an easier measurement both statistically and in computational complexity. At indepen-
dence, it behaves identically to the COCO. Hence, the key point of developing an independence
measure is preserved.
In order to see the HSIC, let us begin by defining the Hilbert-Schmidt (HS) norm:

Definition 8. Let 7 and 5 be Hilbert spaces with othonormal bases f,, and g,,, respectively,
and let A : H1 — Ho be a bounded linear operator. The HS norm of A is then defined as

1A = > [ Agm) g, |- (3.37)

In the case of finite-dimensional Euclidean spaces, the HS norm corresponds to the Frobenius
norm. For instance, let A € RY*M be a matrix operator A : RM — RN with left and right
singular vectors correspond to {f,}, _, yand {gmn},,_, s respectively. On the one hand, the
Frobenius norm is defined as o o

2 min(N,M)
[Allg = Z‘[A]n’m‘ =\ > o2(A)=tu(AAT)=u(ATA). (3.38)

On the other hand, the squared HS norm from (3.37) becomes

9 min{N,M}
1A = S 1A g = S |6 Agn* = S (12, = 3 sPa) = 1Al
n,m n,m 7

n,m
(3.39)

where X = FEAG is the diagonal matrix that contains the singular values o;, and F' and G are

the matrices that contains the left and right singular vectors. It is also straightforward to see that

min{N,M}
2 2
IAls = D of(A) >0t (A) = A3, (3.40)
or, equivalently, || A/ > ||Al|,, where equality holds for N = M = 1 or for zero-valued norms.
Consider now the RKHSs K and £ with mapping functions gx € K and gx € L. The HSIC
is then similar to the COCO but, instead of taking only the supremum, it measures the HS norm of
the covariance such that

pusic (X;Y) = ||Cov {{¢x (X)), gx) . ¢y (V) 9v) s (3.41)

The empirical measure of the HSIC can then be directly obtained by substituting the spectral norm
from (3.36) with the squared HS norm. However, as we have spanned the data onto a finite di-
mensional subspace of an infinite-dimensional Hilbert space, the HS norm becomes the Frobenius
norm, thus becoming easily attainable. The estimator is then expressed as follows

1

A 1 ?

1
= 5t (PfKPfL) , (3.42b)
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where the final expression is obtained thanks to the circularity of the trace. It also should be noted
that in [Gre+05a] the HS norm is averaged over (L — 1)? elements instead of L? as in the previous
expression. While (L — 1)? is in line with the unbiased sample covariance, due to the Bessel
correction, here we will express the empirical HSIC with L? to maintain its direct derivation from
the COCO.

Due to the inequality from (3.40), the HSIC upper-bounds the COCO such that

pusic (X;Y) > péoco (X;Y), (3.43)

where equality holds for pusic (X;Y) = pcoco (X;Y) = 0. Therefore, both COCO and HSIC
are valid options to detect independence. However, to compute the trace of a matrix is compu-
tationally less complex than performing the complete SVD. Since the dimensionality of kernels
matrices increases exponentially with the data-set length, this reduced complexity advantage be-
comes significant rapidly.

Moreover, the HSIC has a strong relationship with the distance covariance from Subsection
2.3.4.3. To see this connection, let us express the HSIC in terms of expectations over kernel func-
tions. From [Gre+05a], the HSIC becomes

prsic (X;Y) = By, {By, (R (X X)) 1(V,Y)}}

+Ep AEs {F (X X)) Epy {Ey,, {T(V.Y7) 1)
= Wy {Epe {k (XX FEp (1Y)} (344)

It is worth noting that the previous expression can be directly obtained by expanding the covariance
from (3.41) with (¢x (X),¢x (X)) = k (X, X') and (¢py (Y), ¢y (Y')), =1 (Y,Y’). From
here, the connection between the expansion of the distance covariance in (2.89) and (3.44) becomes
straightforward. For a complete proof through the use of semimetrics, the reader is referred to
[Sej+13]. However, by realizing that the Euclidean norm is a form of a linear kernel function, the
equivalence becomes a clear case of the kernel “trick”. Here, the expression in (3.44) generalizes
the concept by letting £ and [ be any kernel function, but the underlying measure remains equivalent.
In essence, the following expression states a generalized distance correlation measure:

Co X), , Y), 2
Ry — v ox (X0 o for ool g
[[Var {(¢x (X)), 9x) i Higs IVar {{¢y (Y), 9v) £ }Hlus
where the numerator is directly the HSIC, and the original measure of distance correlation can be
recovered with the right choice of kernel functions. By following the same steps as in (3.42), we
can write

& |KY2PEL2| tr (P+KP{L)

1 [KYV2PKY2 || L2 L2 \/tr (P{KP{K) tr (P{LP{L) .
(3.46)

R2(X;Y)=

3.2.5 Normalized cross-covariance operator

Lastly, we will finish the kernel methods for measuring information with the Normalized Cross-
Covariance Operator (NOCCO). The core idea of the NOCCO is to provide an alternative to
the KCCA with better, and known, consistency [Fuk+07; FBG07]. Similarly with the HSIC, the
NOCCO can also be seen as the generalization to the HS norm of the KCCA. Thanks to this, the
NOCCO becomes a measure of information rather than independence, with a close link with other
well-known measures in the literature.

The NOCCO is defined as follows:

procco (X;Y) = [|Corr {{dx (X), 9x)ic {@v (V) , 9v) s
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2

H Cov {{( ¢X( ), 9x )i (v (), 9v) o}
v Var {{¢x (z), gx)c} Var {{¢v (y) , 9v) o}

(3.47)

HS

Note that this expression is equivalent to (3.20), but with the HS norm instead of the supremum.
By operating with the empirical matrices obtained by the finite-dimensional representations of the
covariance operators [Fuk+07], similarly as in (3.42), the empirical NOCCO is then

pnocco (X;3Y) = tr (TyIy) (3.48)

where T, = K (K +¢I) " and Ty = L (L +¢I) " as in (3.30). The NOCCO can then be seen
as a generalization of the KCCA where all the spectrum of some expression with kernel matrices
is computed instead of only the largest eigenvalue. Also note that regularization is still needed in
order to properly operate with the inverses.

Moreover, it is shown in [FBGO7] that the NOCCO is corresponds to the SMI, as it is defined
in Subsection 2.3.3. The proof of this relationship is rather complex and out of the scope of this
subsection, thus it will not be detailed. However, in [Fuk+07, Thm. 4] the statement is proved
through the eigenvalue decomposition of the correlation and covariance operators, and whose result
is referred to as the kernel-free integral expression. In particular, the result is that pyocco (X;Y) =
I (X;Y) under some assumptions. Furthermore, they also show that the empirical NOCCO is
consistent with

lim pnocco (X;Y) = pnocco (X3Y). (3.49)
L—oo

Therefore, the SMI becomes the measure of information that is estimated by (3.48). This observa-
tion is important since it directly relates a kernel measure with an expression of some probability
density functions. While the correlation and covariance in the data space only capture the first
moments of a random variable, the correlation and covariance in the infinite-dimensional feature
space are also capable of representing the higher-order moments that are required to define com-
plex functions such as a PDF. This will become a core aspect of the thesis as we develop other
measure of information based on a mapping of the data onto other, more controlled, feature spaces.

3.2.6 Unified kernel map

Once all the kernel measures of information are defined, we can determine a map of connections
between all of them and their significance in relation to other measures of information. Figure
3.1 shows the path followed by the rationale provided in this subsection. Apart from defining the
KPCA, which serves to generalize to the KCCA, we have begun by trying to estimate the HGR
coefficient by means of kernel methods. This has required to determine a kernelized version of
the CCA, based on measuring the maximum correlation (spectral norm) after some mapping to the
feature space. Then, the COCO tries to avoid the computational problems associated to the matrix
inverses required in KCCA by measuring only the covariance in the feature space. The HSIC
generalizes this last concept by measuring and summing up all the covariance coeflicients instead
of only the largest (HS norm). By doing this, the HSIC gains in granularity and becomes more
sensible to potential small covariance coefficients that also denote dependence, an information lost
by measuring only the largest one. And finally, we realize that, in order to asses a proper measure
of information, the normalization with the marginal variances is required, leading to the NOCCO.
Thanks to both measuring all the spectrum and being a proper measure of information, the NOCCO
can be uniquely determined as an estimator of the SMI. All the same, we realize that the SMI is
intrinsically related to measuring second-order in a high dimensional space. Generally speaking,
here we can observe a trend between these statistical methods: only those that are designed as
measures of correlation have an information measure counterpart. While a similar relationship has
been done with the HSIC and a quadratic measure of information, namely the distance covariance,
this last one lacks a strong connection with the MI or its surrogates. As a result, this joint rationale
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Figure 3.1: Block diagram of the relationship between different kernel measures and their measures
of information counterparts.

further suggests that the SMI is the suitable measure if we want to estimate information through
second-order statistics.

On an additional note, the connection between the HGR and SMI has not been completely ad-
dressed in this subsection since it would require an additional step to all the previous formulations.
Specifically, it is neither based on a correlation measure by itself nor it is strictly defined as the HS
norm of some operator. The red dashed line indicates these additional required steps, although it
can be crossed under some mild assumptions. This issue will be addressed in the following chapter,
jointly with a finite-dimensional representation of the feature space. However, the relationship be-
tween these two measures can be surmised by realizing that, under some specific matrix operator,
the HGR becomes the largest eigenvalue (3.30) and the SMI the sum of all of them (3.48).

3.3 The second-order Rényi entropy

So far, some estimators that rely on the RKHS have been reviewed. Their common goal is to
measure some covariance/correlation operator in a Hilbert space of unknown dimensionality thanks
to kernel methods. Next, we will see the opposite path. Instead of relying on kernels from the
beginning, some special cases lean into kernel methods in a natural manner. In this case, we recover
the second-order Rényi entropy due to its expression as the L2-norm of a PDF, and we will see how
this property leads to kernel methods naturally. The derivation of the estimator presented in this
section first appeared in [AH84], and the rationale will be based on the work of Principe et al. in
[Pri10], although we will introduce further concepts in order to broaden the discussion, such as
its connection with unbiased statistics. For this reason, we begin by introducing these concepts to
enhance the afterward exposition of the estimation of second-order Rényi entropy.

3.3.1 Parzen-Rosenblatt window estimate

A direct procedure for the estimation of information measures is to first estimate the PDFs, and then
to estimate the desired expression [MRL95; Bei+97]. These kind of methods are called “plug-in”
estimators, as they plug the estimate of the probability function in the functional of interest. The
most well-known plug-in estimator is the one referred to as the Kernel Density Estimate (KDE).
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However, the definition of a kernel in this algorithm is different to the one given in Definition 5.
For this reason, and to not mistake terminology, this estimation methodology will be denominated
here as the Parzen-Rosenblatt window estimate [Par62; Ros56]. For clarity, let us first begin by
univariate random variables, and generalize to multivariate random variables afterwards.

Definition 9. A window g; : R — R with bandwidth / is a function that satisfies
1. It is nonnegative g, (z) > 0, vV € R.
2. It has unit area [ gj, (x)dz = 1.

3. Itis finite with lim gy, () = 0.

|x|—o00

Generally speaking, window functions are considered to be zero-valued outside of some in-
terval. Particularly, it is the bandwidth of the function that determines the interval in which the
function is not zero-valued. While this interval may vary from function to function in terms of A,
the bandwidth is integrated in the definition as a general approach to bandwidth-limited functions.

Example 9.1. The Gaussian window is defined as

1 2
gn (z) = NG exp (—;hz> : (3.50)

where the bandwidth coincides with the standard deviation of the Gaussian PDF.

Many more window functions could be defined as examples, but we will limit to the Gaussian
window as it is the one that will be mainly used in the derivation of estimators of information.

Consider L i.i.d. samples {z(i)},_ _;_; drawn from the random variable X € R with prob-
ability distribution fy (x). An estimate of fx (z) is given by

A 1 L-1
fx (@)= > gn (@ —2(1)). (3.51)
=0

As can be seen, the estimate is a uniformly weighted average of the window function centered at the
samples x(7). For fx () to be a PDF, the first two properties from Definition 9 must be ensured.
It is also worth noting that we are employing a different definition of the estimator than in [Par62],
which is the usual depiction of the Parzen-Rosenblatt window estimate in the literature. The reason
to include the bandwidth parameter inside the window function, instead to (3.51), is just for clarity
of exposition in forthcoming expressions.

In [Par62] the bias and variance of the estimator are also evaluated, which correspond to

Bias{fX (g;)} —E;, {fX (x)} ~ fx(z) = ]12282](;}(302(13)/1&2291 (2)dz+0 (h2), (352)
Var{fX (x)} :Efx{

A~

Fe@ =@ b= oo [ a0 (). 65y

As can be seen, this is a biased estimator for » > 0, as any window function with a given bandwidth
smooths the underlying PDF. In particular, it is well-known that the expected estimated probabil-
ity density is just the convolution of the target density with the window function [Sil86]. To see
that relation, let X, ..., Xz_1 be L independent random variables that share the same distribution
fx, () = fx (x). Then we have

L-1

Eyy, {fx (ﬂ?)} = % > Epy {on (@ — Xi)} =Epy {gn (v — Xi)} (3.54a)
=0

40



CHAPTER 3. INFORMATION-THEORETIC KERNEL METHODS

= /Rgh (x — X;) fx (X3)dX; = (gn * fx) (2). (3.54b)

The expected PDF then corresponds to the true one fx (z) for h = 0, since (3.54) is then equiv-
alent to the convolution with a Dirac delta function 0 (z) and given that (¢ * fx) (z) = fx (x).
This result is in line with what Parzen wanted to achieve in [Par62], which was an asymptotically
unbiased estimator for . — oo at the same time as h — 0. However, in practical applications, h
cannot be a null (or too small) value, since the number of available data is limited, which implies
that Var{ fx ()} would increase infinitely. As a result, the bias-variance relationship is a trade-
off that depends primarily on the window bandwidth. On the positive side, Bias{ fx (z)} tends
to zero quadratically with h for b — 0, while Var{ fx (z)} increases linearly, hence small values
of h are still preferred. Numerous attempts to solve this conundrum have been provided in the
literature [Chel5]. The most used and accepted is possibly the Silverman’s rule of thumb [Sil86].
Concretely, this rule states that, for Gaussian data with a Gaussian kernel, the optimal choice of

kernel bandwidth is
4\ 1/5
hs =6 =— 3.55
s=0 < 3 L) ; (3.55)
where ¢ is the empirical standard deviation of the data {x(i)},_, ;. This bandwidth is opti-
mized by minimizing the Mean Integrated Squared Error (MISE), defined as

MISE{fx (x)} = /R (f‘X (x) = fx (w))zdx- (3.56)

Although this optimal bandwidth is derived under the Gaussian assumption, it is generally used as
a recurrent bandwidth with generally good performance for Gaussian windows. For that, it is a rule
of thumb that avoids complex computations for different underlying distributions.

For N-variate random variables X € X with X C R, one has just to take multivariate
window functions such that

. 1 L—-1
fx () =7 > gm (x —x(0) (3.57)
=0

for x(i) = [21(i),...,zx(i)]" and H € RN*N being the symmetric and positive definite band-
width matrix. In this case, the multivariate window function can also be easily defined by gener-
alizing the properties from Definition 9 to a multivariate function. Generally speaking, isotropic
Gaussian windows are typically used. These are of the form

1 L
gH (Z) = W exp <—2Z H Z) y (358)
where H = h?Iy, which can be simplified to
_ 1 [Ellk
9 (2) = @m V2N P <_ 2h2 | (3.59)

In the multivariate case, the relationship between the kernel bandwidth and the bias is main-
tained as in (3.52), but the variance decreases exponentially with N [Sil86, Sec. 4.3] such that

Var{fx (x)} = ﬁfx (x) /RN g5 (z)dz + O <h]$L> , (3.60)

which maintains the desired bias-variance trade-off. Lastly, by following similar steps to those in
(3.56), Silverman’s rule is then as follows:

he—o 2t w4 361
S_U<(2N+1)L> ’ (3.61)

where & = 27]:[:1 &n /N is the average marginal standard deviation, with &,, being the sample esti-
mator of the n-th variable. These notions will become useful for defining estimators of information
of multivariate random variables.
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3.3.2 Unbiased statistics

Another important concept that will naturally emerge from the estimator of entropy is the class of
unbiased statistics or, in short, U-statistics. This class of statistics was introduced by Hoeffding in
[Hoe48], where he was concerned about characterizing the statistics that are asymptotically normal
under a given structure. From a general point of view, this class is a generalization of the sample
average that allows for the derivation of minimum-variance unbiased estimators. For this reason,
this class of statistics is usually employed in nonparametric estimation [Ser()9].

Consider L i.i.d. observations x (i) of the random variable X with density function fx (z) for
i =0,...,L —1, and consider the parameter # for which there is an unbiased estimator of the form

0=Ep {g(x(i1),...z(in))} (3.62)

for some symmetric function ¢ !, that is

1
g(21, . 2n) = N Zg(zm,...,sz), (3.63)
e

where the summation is over the set Py of all permutations of the N-dimensional vector in the
argument. Again, this notion can be generalized to multivariate random variables, but we will
remain with the univariate case for clarity of exposition.

Definition 10. Let {x (i)},_, ;_, have the same distribution, and consider a symmetric function
g (z1,...,zy) with N < L. The U-statistic of the parameter € is given by the average of the function
g over all the observations:

I > g@(in), .z (in)), (3.64)

(V) e

where the summation is over the set P, v of all possible combinations over the binomial coefficient
L

(v)-

Example 10.1. (Sample mean) Consider N = 1 and the function ¢ (z) = 2. The U-statistic of g

is the sample mean:

U=3 > al) (3.65)

Example 10.2. (Sample variance [Ser09]) Consider N = 2 and g (21,22) = 3 (21 — )%, The
U-statistic of g is the sample variance:

9 L-1L-1, .

— - . _ . 2 _ . B ) 9

oo L(L N 1) 11=0 72=1 2 (m(“) x(m)) L(L o 1) 0<i1<i22<L—1 (x(ll) x(w))
i9>1] = =~
(3.66a)
2
1 L1 ,
=71 > (et - 7 Y aia) ] - (3.66b)
0<i1<L-1 0<is<L—1

While it can be shown the suitability of these statistics in terms of their asymptotic Gaussian
distribution [Ser(9], we are just interested in the fact that they are, indeed, unbiased estimates. In

"Typically, g is also referred to as a kernel. In order to not overlap definitions and properties, here we will not give
g a proper name since it will be easily recognizable under a given context. Nonetheless, any kernel can be used as a
function g for any U-statistic, specially due to its symmetry property.
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this sense, this definition will be used for identifying appropriate estimators that have a similar
structure, and to exploit their properties.

For instance, one of its main properties comes in the form of the “incomplete” U-statistics.
The incomplete adjective refers to the action of sampling fewer terms than the complete version of
U-statistic. Let us define the incomplete U-statistics as follows:

Definition 11. Let U be a U-statistic with symmetric function g (21, ..., zny) over L i.i.d. observa-
tions {x (i)}i:(),_.,L_l:

U=—~ Y g@(i),...z(in)) (3.67)

(V) 2%

An incomplete U-statistic, denoted Uj;, with the same symmetric function g, is given by

U = % > g@(in), ...z (in)), (3.68)
(v) A

where N < M < L.

As can be deduced, the incomplete U-statistics are also unbiased, and the cost of fewer sam-
ples is an increase of variance with Var {U;} > Var{U}. Particularly, for Var{g} = o2, if the
subsamples are selected randomly from the pool of all available samples, then [Blo76]

o2 1
Var{U;} = Mg + <1 - M) Var{U}. (3.69)

Generally speaking, the main advantage of U; is the reduced computational complexity, as all the
combinations P = ( ]%[) increase the number of operations exponentially with O (LN ) [CK19].
However, these kind of statistics may also shine for nonrandomized sampling. A potential case
of use of this approach is a random process that is not i.i.d., since it then becomes sensitive to a
random subsampling. The asymptotic behaviour in these cases has also been studied in [Jan84].
While these notions may not directly influence the estimation of information from this subsection,
their utility will become apparent when employing the entropy estimator in some particular cases

in Section 5.4.

3.3.3 Information potential

Let us take the second-order Rényi entropy from (2.53) and express it as

ho (X) = —ln/X fr(z)de=—-InV (X). (3.70)

The argument of the logarithm is called the Information Potential (IP) [Pri10], and it is just the
expectation over the PDF

V(X) =Ep {fx (2)}. (3.71)

For estimation purposes, we can just compute the IP and then measure the uncertainty, since the
second-order Rényi entropy is a monotonic function of the IP. As it turns out, this particular case
(from all the Rényi entropies) copes particularly well with the Parzen-Rosenblatt window estimate.
To see that, let us take the estimator from (3.51) and plug-in to the IP expression. Consider the
samples {x(i)},_o _;_; drawn from the random variable X € X with X C R. The plug-in
window estimate of the IP is then as follows:

R R 1 L—1 1 L—-1 .
Voo = [ A= [ 130 r=e@) g Y onr=at)de G720
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L—1
1 _ .
=12 > /Rgh (z — 2(i)) gn (x — 2(4)) dz. (3.72b)
i,j=0
Assuming that the Gaussian window is used, we then have
=
V(X) =15 > by (2(0),2(5), (3.73)
i,j=0

where

. )
ko (2(0), 2(f)) = —— exp<—M>. 374

While this result can be directly obtained by observing that it corresponds to a single point of
the convolution between two Gaussian functions, which is also Gaussian, the full derivation of
(3.73) is detailed in Appendix 7.2.1. As can be seen, this procedure completely avoids the need of
estimating the PDF and measuring the integral. It allows then for a direct estimation solely based
on pairwise differences of the data. As the dissimilarity increases, i.e. the data is more spread out,
the IP decreases and the second-order Rényi entropy (thus the uncertainty measure) increases, and
vice versa.

Furthermore, note that the notation of the associated function has changed from g to k. This
is due to k, not being a window function, but a kernel. In this regard, it can be easily seen that
ks : X x X — R, which is also a symmetric and positive definite function. In fact, (3.74) is just
a normalized (to unit area) version of the Gaussian kernel from (3.4). Due to the kernel trick, we
can say that (3.73) is intrinsically computing some norm in an infinite-dimensional Hilbert space
by evaluating the relationship among input data through a kernel function®. Due to the exponential
form of the window gy, the constructed kernel is specifically shift-invariant, which entails further
kernel properties, such as a one to one relationship with a PDF. The definition and repercussions
of these types of kernels will be particularly addressed in the next chapter.

The main difference between the kernel methods presented in Section 3.2 and (3.73) is that in
the latter the norm in the infinite-dimensional space has been computed explicitly. Both approaches
fulfil the kernel signal processing tag by coming from opposite ways. In the classical approach, an
inner product in an unknown feature space is interchanged with a kernel. In the approach presented
here, the kernel is attained after the inner product has been calculated. This two-way relationship
allows to locate this special case of entropy estimation within the RKHS framework. In fact, in
[Xu+08] is is shown that this framework can be generalized to the set of square-integrable PDFs
with a given L? norm.

To further see this relation, let us recover the reproducing property

ko (2(i),2(7)) = (& (2(8)) , & (2(4)))5 - (3.75)
Then, we may express
R = 1Lt 1Lt
V(X)=13 D (@ (D), ¢ (@(5))y = <L > o), 7 > ¢(ﬂf(j))> = lligx I3+
3,j=0 i=0 §=0
(3.76)

where fi4 . is the mean of the mapped data in the feature space. Therefore, the estimation of entropy

is closely related to a measure of the first-order statistics in an infinite-dimensional feature space.
Due to the symmetry of the kernel function, as well as that k s, (2(i),z(j)) is a constant

data-independent value for 7 = j, we can further reduce the summation of samples such that

U(X):L(LQ—l) S kg, (i), 50) 3.77)

0<i<j<L—1

’Generally speaking, other window functions could be used instead, but the evaluation of the integral is not as
convenient as with Gaussian functions.
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Its relation with (3.73) is then given by

V(X) = %U (X) + % (4mh?)

-2 (3.78)

In (3.77), while the L(L — 1) terms indicate the number of elements that correspond to i < j, the
2 in the numerator just replicates these elements such that it includes ¢ > j. For L — oo, both
estimators are asymptotically the same measure, since (L — 1)/L — 1 and the data-independent
second term tends to 0. However, we are more interested in U (X) as it has a distinguishable
expression. Concretely, U (X) is actually a U-statistic, as it is defined in Definition 10, with
g (z(i),z(i)) = k g, ((i),2(j)) and M = 2. Therefore, U (X) is an unbiased estimate of
Ef{k gy, (x(i),2(j))}. However, it is noteworthy that the expected outcome of the estimator,
Es {U (X)}, is not the true IP. This is to be expected since, as we have started with the Parzen-
Rosenblatt estimator, we have added some Gaussian contamination from the beginning. In [Pri10]

the bias of the estimator is computed  and it results in

O fx () } . (3.79)

Bias{[j(X)} ~ h*Ey, {8:152

Similarly as with the Parzen-Rosenblatt estimator, if we let h — 0 at the same time as L — oo,
then V (X)) and U (X) are also asymptotically unbiased estimates of V (X). Even so, for known
fx (z), it is still possible to compute the true unbiased estimate Ey, {k s, (z(i), z(j))}. This
knowledge can be particularly useful for applications where the estimation of entropy is not the
main focus, but to measure some parameter that may depend on it. For example, let X € X be a
univariate random variable with PDF fx (z, ), where -y is some unknown parameter that controls
its shape, location, etc. Then, the known expected value of the IP estimator becomes

By { by (@), 2(7)) } = /X/Xkﬁh (z.2) fx (2.7) fx (2',7) dzda’ = g (h,~) . (3.80)

If the previous integral can be solved, then g is known and only depends on the kernel bandwidth
and on the parameter to be estimated. If g has inverse function, then one can recover the parameter
~ through just an entropy estimate. We will see some particular applications of this rationale in
Chapter 5.

While the asymptotic case of h — 0 provides the rationale for unbiasedness, we can do an
equivalent asymptotic enquiry for h — oo. In particular, for an increasing kernel bandwidth, the
estimator unveils an inherent dependence with the sample variance estimator. To see this relation,
let us take k73, (x(i), z(j)) from (3.77) and make a change of variable 6% = (2(i) — z(5))* /4h?
such that

Fyan (2(i), 2(7)) = wﬁ i) Vr (m(;_ z(4))*

By assuming that the kernel bandwidth is very large, hence § goes to zero, we can approximate
k. /35, (x(i),z(j)) by its Taylor expansion at the point 6 = 0, i.e. its Maclaurin series. Then we
have

exp (—0%). (3.81)

5 1
k _o, iy = (3.:822)
VZh|,_ V2h ,
‘5_0 a6 5=0 \/w (z(i) — z(4))?
82 83 —6
gt =0 gmhvm| = —— S
=0 =0\ Jx(2(i) - 2(5))

3In [Pri10] the bias is actually measured for V (X). However, since V (X) is asymptotically U/ (X) for L — oo,
then we can say that the bias is approximately the same.
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which yields the following second-order Taylor expansion:

. . 2 1 z(i) — z(5))?
k ap, (x(i), 2(j)) ~ L(L_l)oq;/:—l (\/W —< (8)h3\/¥)) ) (3.83a)
1 (x(i) — 2(5))* . (3.83b)

- Vamh? a 8h3\/m

By plugging-in this approximation into the IP estimator in (3.77), we then have

)~ 2 L (@) - 2()
e, 5, () o

" Varhz  L(L- 1)4h3ﬁ0§i§;_1 (@(i) — x(j))*. (3.84b)

From the U-statistics standpoint, the sum is then directly the sample variance, as in Example 10.2.
Consequently, for very large kernel bandwidth, the IP estimator is a biased and scaled estimator
of the sample variance, but a second-order statistic nonetheless. It is worth noting that the first
term corresponds to the IP of a Gaussian variable # with variance h2. This observation shows that,
if the variance of the contamination is sufficiently high to conceal the underlying true PDF (from
the Parzen-Rosenblatt perspective), the resulting IP is governed by the IP of this contamination.
While an expected result, here it is appropriately described. A similar analysis can be encountered
in [Pri10], albeit for a generic kernel function with unknown derivatives.

The generalization to multivariate random variables can be obtained directly from the univari-
ate case, if the proper window function is used. Let x(i) = [21(3), ..., 25 (7)]” be L i.i.d. samples
from the set ¥ C RY withi = 0,...,L — 1. By taking (3.57) as the density estimate with an
isotropic Gaussian window (3.59) and variance hé from (3.61), then the multivariate IP estimator
just becomes

L-1
V(X) = 75 3 by (x(0), (). (3.85)
i,j=0

Similarly, due to the properties of kernels, one can define the U-statistic for multivariate random
variables as

U(X)= L(L2—1) 0<i<]‘Z<L_1 k., (x(i),x(5)) - (3.860)

To end with this section, we will further simplify the IP estimates by taking advantage of kernel
matrices (Definition 7). First, in (3.85) it can be easily seen that it corresponds to the summation
of all the terms of the kernel matrix K € RY*% with entries [K] i; = kan21 (x(4),%(j)). Then, we
can express the estimator as

- 1

V(X)= P1TK1. (3.87)
The U-statistic version can be easily obtained by again noticing the symmetry of the Gram kernel
matrix. As we only need to compute the cases for which ¢ < j, or vice versa, we can express (3.86)
as follows:

2

U= T

1T (KoL), (3.88)

*The proof is omitted here because it will be derived later on. Specifically, it can be obtained through the Appendix
7.3.5 by looking at the argument of the natural logarithm in the case of a single Gaussian component.
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where L is a L x L lower triangular matrix with ones in its entries below the diagonal, and the
diagonal elements equal to zero:

0 O 0
L=| ! " s (3.89)
1 1 0

This estimate of the second-order Rényi entropy is actually related to the KPCA. The fact that
we work with the same kernel matrix allows us to make connections that go beyond the qualitative
link. Let K = UAU be the eigendecomposition of the kernel matrix. The estimator in (3.87)
then becomes

L—1

. 1 1

V(X)) = 51TUAUTL = = 37 (uf1)?, (3.90)
1=0

where u; are the eigenvectors and \; the eigenvalues. Consequently, the estimator of second-
order Rényi entropy is composed of projections onto the directions obtained by the KPCA [Jen(9].
Furthermore, it can be shown that by performing KPCA, one is minimizing the IP, thus maximizing
the second-order Rényi entropy [PXP06]. All these notions and connections will become apparent
in the next chapter.

3.3.3.1 A remark on the information potential bias

A final remark on the bias induced on the IP estimate is in order. In view of (3.54), the resulting
estimator

A 2
Up(X)= ———— k ), x(j 3.91
e 0= gy, 2 a0 (391
is, in fact, estimating
E, {th (X)} :/R((gh « fx) (x))% dz. (3.92)

Note that the subindex term, which corresponds to the kernel variance k2, has been added to high-
light the relation between the contamination and the estimator, for reasons that will become ap-
parent. The interpretation  is that the measured IP has an average value that corresponds to the
IP of the original random variable at the output of an additive Gaussian noise channel with noise
variance h. A natural question then arises on how sensitive is the IP of a random variable in front of
a Gaussian perturbation. As a matter of fact, the approximation in (3.79) suggests that the second
derivative (the rate of change) of the original PDF has a prominent role in the amount of bias, and
the obtained expression resembles a negative Fisher-like expression, albeit evaluated on the PDF
itself instead of on the logarithm of the likelihood. To see that clearly, let us express the normalized
bias (in terms of A?) in (3.79) such that

Ef 4 Up2 (X) b — U (X) 2
i {0 h2} zEfX{;;QfX(x)}. (3.93)

The left side of the equation is, in fact, the derivative with respect to h2 for h? — 0. Therefore, we
can write

32
oo ~ ]EfX {fo (x)} . (3.94)

5 All these notions will be specified later on, in Chapter 4.
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Itis worth noting that the previous expression is always negative, given that a contamination process
decreases the value of IP (increases the second-order Rényi entropy).

Following the rationale, it is well-known that Shannon entropy sensitivity to the variance of an
additive Gaussian perturbation is directed related to the Fisher information through the well-known
de Bruijn identity [Sta59]. These observations motivate the study of whether a similar relationship
exists for other entropic measures. This is the work performed in our publication [RC19], where
both the classical Fisher and a Fisher-like measures are provided under a unified view based on
the generalization of Price’s theorem. While the development of this theoretical line is outside the
scope of this dissertation, the main results resonate into multiple facets of this section. Therefore,
we will outline some of the most important aspects in [RC19] to gain intuition of the relationship
between the Gaussian perturbation and the IP estimate.

Consider the random variable X with finite second-order moment, Z ~ N (0, 1), and g is
any memoryless nonlinear transformation. The additive Gaussian noise model is then defined as
Y = X +,/mZ with PDF fy, (y) on the set ), where > 0 is the variance® of the contamination.
A generalization of Price’s theorem [RC19] is given by

0 1 0?
%Efy'" {9(X+vn2)} = iEfyM {8y2 9 (y)’y:X+\/F]Z} : (3.95)

The result is that the sensitivity of the system output g (Y') in front of the Gaussian perturbation
can be computed in terms of the second derivative of the output itself. The relevance of this version
of Price’s theorem is that it can actually be related to an entropic measure, or, more generally, to a
measure of information, which then further establishes a connection with de Bruijn identity. For
that, consider the IP of Y such that

V(Y)=V(X+nZ)= /y [, (v) dy. (3.96)

Using the chain rule, we can view the derivative of the contaminated IP with respect to 7 from the
perspective of the generalized Price’s theorem such that

0 0
oV Xt viz) =2 [ vy ) g ) 397)

Following similar steps than those in [RC19], the resulting memoryless transformation is defined
as

9)=—2fy;y (Y). (3.98)

Finally, in view of the previous expressions, we can derive the final Bruijn-like identity for the IP:
0

a—nV(X +vnZ)=—Jip (X +/nZ), (3.99)

where Jrp (V') is a Fisher-like information associated to the PDF of Y with respect to a location
parameter such that

82
500 = Epy, { 5z} (.10

The negative sign in (3.99) is required to obtain an expression that is in accordance with (3.94).
Similarly to (3.94), the previous expressions show that the sensitivity of the IP to a Gaussian per-
turbation, or Gaussian smoothing, depends on the shape of the resulting PDF. The more disrupted
distributions by the Gaussian contamination are then those with strong curvatures in the shape of

®Note that h in (3.91) refers to the standard deviation, or kernel bandwidth, while here we define 7 as the variance.
This is done in order to comply with Price’s theorem [Pri58], which will be used in subsequent derivations. However,
we can ultimately recover the kernel bandwidth perspective by the change of variable h = /7.
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the PDF. For example, “sharp” distributions, or with fine details, are more susceptible to contam-
ination. This relationship is then translated to the estimation of the IP, with similar results. Given
that estimating the IP through (3.91) is equivalent to estimating the IP of the additive Gaussian
channel Y = X + ,/1Z, the bias induced by this implicit contamination is directly influenced by
the shape of the PDF itself. In comparison with (3.94), the equation in (3.99) is expressed in terms
of the contaminated PDF fy,, (y), and not fx (). Nonetheless, the equivalence is ensued if we
let n — 0, given that fy, (y)‘n:[) = fx (), similarly to how we let h2 — 0. It is also worth
mentioning that this problem is also studied by Valero-Toranzo et al. in [VZB17] for the case of
the ¢-entropies, where they propose a generalization of de Bruijn identity for multivariate random
variables and with any kind of noise, and not only Gaussian perturbations.

3.4 General remarks

This chapter has discussed some kernel-based measures in the literature that are connected to
information-theoretical descriptors. In particular, we realize that, by estimating correlation and
covariance in a given feature space, those measures that are expressed as second-order moments
of some functional arise naturally. From the HGR, and interchanging multiple points of view on
how to properly deal with the kernel matrices, we have ended up with the SMI, as can be seen in
Figure 3.1. Hence, the rationale provided in Chapter 2 is strengthened.

However, kernel methods are still susceptible to some undesired properties. The first is the so-
called “curse of dimensionality”, addressed in this chapter, which makes any infinite-dimensional-
based mapping prone to sparsity problems, a trademark of kernel methods. To avoid computing
inverses is, in summary, to not estimate a proper dependence measure. The required regularization
is then performed blindly since kernel methods do not require to directly operate in the feature
space. The second issue is their computational complexity. As the quantity of available data in-
creases, kernel methods tend to be computationally prohibitive [SS00; BJO2].

Apart from that, the estimation of the second-order Rényi entropy has been addressed from the
perspective of a plug-in estimate. This entropy surrogate estimator is a particular case that directly
leads to kernels. Unlike the kernel methods built from the ground up, this estimator has a known
feature map, which provides some advantages with respect to other kernel-based derivations. While
regularization is still conducted, which is embedded in the kernel bandwidth parameter, no inverses
are required and the repercussion of this regularization is manageable. Nonetheless, the computa-
tional complexity issue is still present.

In fact, there has been an active pursuit of techniques that tackle the problem of regularization,
but especially so the problem of computational complexity. While the first is usually performed
by some kind of penalization to the weight vector in feature space (see [SSB+02], Chapter 4 and
references therein), which ends up reassembling the Tikhonov regularization as seen in (3.27) and
(3.29), several attempts have been performed to cope with the latter. Most of them are focused
on substituting the kernel matrix with low-rank approximations. For example, by means of the
incomplete Cholesky decomposition [SC04; SP09], or by using the Nystrom method to approx-
imate the kernel matrix from a subspace spanned by a subset of its columns [WS00; KMT12].
However, these approaches still require computing the kernel matrix, apart from performing the
chosen low-rank matrix approximation method. Another approach is studied by Rahimi et al. in
[RRO7] by mapping the data into a random “low-"dimensional feature space, where the desired
operations can be computed to approximate the infinite-dimensional feature space. Recently, fol-
lowing this last method, Li et al. have proposed to cope with the computational complexity issue
by defining an explicit feature map of reduced dimension [LLP19b; L.P20]. Their approach is to
construct an equivalent kernel with reproducing kernel properties. Therefore, their interest relies
on the approximation of the inner product performed by the kernels.

From here, we move to the next chapter with the objective of rightfully addressing the two
challenges with kernel methods. Generally speaking, we will first focus on the dimensionality of
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the mapping, not only to reduce the computational complexity, but also to discuss which is the
required dimension of the finite-dimensional feature space with the purpose of estimating informa-
tion. Moreover, by limiting the feature space the question of the regularization will arise naturally,
combining both issues into a single argument.

50



Leveraging second-order statistics to
measure information

This chapter tackles the estimation of entropy and dependence in a feature space with a higher
dimension than the data space by means of second-order statistics. Similarly to the approximation
methods pursuing a finite-dimensional space, the one proposed here is also explicit and of finite
dimension. This finite dimension will be achieved by sampling a function space, of inherent “in-
finite” dimension (provided that it is sufficiently dense). In contrast with [RRO7] and [LLP20], the
proposed approach is neither an approximation of the original infinite-dimensional feature space
nor its inner product. In fact, our proposal is akin to returning to the primal model of the SVM,
where instead of casting the problem to an infinite-dimensional space, we directly stay at the finite-
dimensional representation. It is therefore a change of the paradigm, which will be characterized
by the outer products in the mapped space, instead of reproducing or approximating inner products.
The difference will be apparent because, instead of pairwise data differences, we will encounter
pairwise differences in the sampled function space. As a result, the problem gains in interpretabil-
ity, which further allows for a regularization strategy that benefits from well-known concepts in the
field of spectral estimation.

This chapter is structured as follows. Section 4.1 begins by focusing on estimating information
for discrete sources. The objective is twofold: to show the fundamental link between the proposed
surrogates and second-order statistics, and to unveil the implications of casting the problem to a
finite-dimensional feature space, which translates into just a smaller dimension than the source car-
dinality in the case of discrete sources. Then, Section 4.2 moves the problem into analog sources,
first by analyzing the function space to be sampled, and then by assessing the sampling and reg-
ularization strategies. Lastly, Section 4.3 particularizes the second-order Rényi entropy and SMI
estimators with the tools developed in the previous sections, and their performance is illustrated by
computer simulations.

4.1 Second-order statistics in the simplex feature space

The following case studies will be based on information measures that can be expressed as the
second-order moment of some relation between distribution functions. These particular cases are,
as previously pointed out, the second-order Rényi entropy and the SMI. Here, we will first focus
our attention on discrete sources and on the mapping to the feature space, whose dimension will
be based on the cardinality of the source. Since our objective is the estimation of measures of
information for continuous random variables, we are particularly interested in the case in which
the dimension of the mapping is lower than the dimension of the original space, presuming that the
required mapping to do so in the analog case is given by a function of implicit infinite dimension.
The derivation for discrete random variables will then serve as the bridge to the case of analog
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sources. In short, this section studies the implications of the mapping and determines an adequate
pre-conditioning of the data in pursuit of developing a tool that is capable of estimating information
based on second-order statistics.

4.1.1 Collision entropy

Consider that X is a discrete random variable with alphabet X = {x,,},,—1,2,.. n and PMF px (z).
Let us define the probability column vector as p € RY, whose elements are p,, = Pr{X = z,,} =
px (x,). Then the second-order Rényi entropy, or collision entropy in the case of discrete sources,
can be expressed as follows:

N
Hy(X)=-In)_ p)=—Inlpl3. (4.1)
n=1

In order to prepare for the forthcoming mapping, let us express Ho (X) in a matrix form as
Hy(X) = —In|lp|j; = —Intr (PPT) = —In||P||3, (4.2)

where P = diag (p) € RY*" is a diagonal matrix such that [P],,, = Pn. The advantage of this
formulation is given by the properties of the Frobenius norm. Clearly, since the Frobenius norm
is invariant under unitary transformations, it allows for a formulation of the collision entropy by
mapping the data to a concrete feature space, provided the mapping is given by a unitary matrix.
To see that more clearly, let us move into the estimation of the collision entropy.

Consider a sequence of L i.i.d. observations x (i) € X fori = 0, ..., L — 1. An estimate of p,
can be obtained as follows:

1
H = —D1 4.3
| L Ls ( )
where D € RY*L jg the data matrix with elements
D], = Liz(i)=z,}- 4.4)

Here, 1, (j)=z,) is the indicator function and 1, is a L-dimensional column vector that contains
all ones. The data matrix D is the result of a one-to-one mapping from the observations x (i) to
the canonical basis of dimension equal to the set cardinality |X’|. That is, column ¢ of matrix D
contains a one in the n-th row and N — 1 zeros. Consequently, we can write

2

, 4.5)
F

S 1
Hy(X)=—1In ZDDT

where the ~ notation indicates a nonmapped version of the estimator. Given that D is referred
to as the data matrix, then the mass function estimate required in the computation of the collision
entropy can be seen as just an autocorrelation matrix

P= %DDT, (4.6)

which leads to the following estimator:
Hy (X) = —In|P}. (4.7)

It is worth noting that, for the discrete random variables case, (4.6) just refers to an empirical
estimate of the PMF that simply reckons the number of times that an event z,, occurs divided by
the total number of observations.

Let us proceed by mapping the data to the feature space, and to measure the uncertainty after
the mapping. First, we will consider that the dimensionality of the mapping is the same as the
cardinality of the source, which encompasses the desired properties and results. Then, the mapping
will be limited, whose impact on the estimate of the collision entropy will be discussed. The
following lemma establishes the implications of the first case:
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Lemma 4.1. Ler X € CNXL pe the data matrix obtained by X = FD, where F € CN*N isa
unitary matrix. The estimated collision entropy is then

2 A
=Hy(X), (4.8)

R . 1
Hy(X)=—-In|R|?=—1In HLXXH
F

where R = XXH /L is the autocorrelation matrix of the mapped data.

Proof. The equality can be easily proven by

., 1 2 1
Hy(X)=—In|-XX|| = —Intr <2XXH xXxH ) (4.92)
L . L
1 .
— —Intr (LQFDDTFH FDDTFY ) — —Intr (FH FPP) (4.9b)
— It (PP) — _In|[P|2 = M (X), (4.9¢)
since FAF = Iy, PT = 15, and due to the circularity of the trace. [ |

The full-rank case just proves the direct but useful consequence of orthonormal matrices being
isometric, thus preserving any given norm. We refer to matrix F as the mapping matrix since
its role is to map the events of the source X onto its own columns. Consequently, the mapping
matrix behaves as the code-book that contains all possible column vectors [F] .n- The new mapped
data matrix is then used to construct the correlation matrix, whose norm determines the estimate
of uncertainty of the random variable X. It is also noteworthy that the data is considered to be
real and the mapping is defined in the complex field. Nonetheless, the whole methodology is not
restricted to consider otherwise, such as to determine a mapping to the space of real numbers. In
our case, the complex mapping matrices are used in preparation of the mapping into the space of
the characteristic function.

Thereupon, we analyze how a mapping of lower dimensionality than the cardinality of the
source compromises the collision entropy estimator. Let X € CV "L pe the data matrix obtained
by X = FD with N’ < N, where F € CV'*V is a semi-unitary matrix with FF¥ = I for
N’ < N, and a unitary matrix for N/ = N. The estimated collision entropy is then

2

, (4.10)
F

A A 1
Hy(X)=—In|R|f=—1In ZXXH

where R = XX /L is the autocorrelation matrix of the mapped data.

Proposition 4.1. Let Hy (X) be the collision entropy estimator given in (4.7), and Hy (X) the
estimator given in (4.10). For N' < N, the following inequality holds

Hy (X) > Hy (X), (@.11)
where the equality is met for N' = N.
Proof. See Appendix 7.3.1. |

A sufficient condition for the equality in (4.11) is that F = I, i.e. to map the data onto the
orthonormal canonical basis, or that F is a full-rank unitary matrix, such as the discrete Fourier
transform matrix as portrayed in (2.18). The relevance of sufficient condition is, however, en-
countered in analog sources rather than with discrete sources. In the first case, they are inherently
of infinite dimensionality, thus an infinite-dimensional feature map is required, directly appealing
to kernel methods and their capabilities of implicitly mapping into infinite-dimensional spaces.
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For discrete sources specifically, the inequality is rather observational than a real constraint, but it
shows what to expect when moving to analog sources. On a side note, one can see the mapping to
a lower dimension than the cardinality of the source related to the problem of compressed sensing
[Don06; CWO08], where the interest relies on finding the adequate orthonormal basis, or code-book
as previously mentioned, that better describes the original signal without loosing too much infor-
mation about the observations themselves. For the case of estimating entropy, this translates to
the choice of F, and consequently also N’, that allows for the best estimate while mapping to the
smallest dimension as possible. Nevertheless, while in compressed sensing the goal is to recon-
struct the original signal, here we are only interested the mapping itself, and how it determines the
final second-order Rényi entropy estimate. The discussion regarding the dimensionality reduction
and its consequences will be properly addressed in Section 4.2.

4.1.1.1 Relation to principal component analysis and kernel methods

Before moving to the estimate of a measure of information, it is of relevance to establish connec-
tions to previously addressed methods. To be concrete, the problem of estimating uncertainty is
linked with the problem of PCA, and particularly to its kernelized version KPCA. We have previ-
ously seen this link in the form of (3.90). To see this link from (4.7), and for clarity of exposition,
let us express the estimate of the IP with

V(X) = |[P|2. 4.12)

By operating with correlation matrices, this measure is related to the PCA problem from (2.32),
albeit here the entire spectrum of the correlation matrix is computed instead of only the largest
singular value. This difference is akin to that between the COCO and the HSIC, or between the
KCCA and the NOCCO, as shown in Figure 3.1. However, while in (2.32) a covariance matrix is
required (or zero-mean data), in (4.12) the estimation is performed through the correlation matrix.

On the other hand, the estimate of the IP by mapping the data onto a feature space is given by

V(X)=|RJ (4.13)

Due to the mapping, this approach is more akin to the KPCA from (3.17), given that we are mea-
suring some norm operator of a matrix conformed by the correlation mapped data in the feature
space. Nevertheless, the main difference between operating with correlation or covariance is still
present, rendering the relevance of the link less useful. While it is still possible that the expectation
of the mapped data in the feature space is zero, hence closing the gap between both methods, that
is not generally the case. Fortunately, this is only the case for the problem of estimating the IP,
and we will see that the equivalent formulation for estimating information does allow for building
relationships with its equivalent problem, namely CCA.

Still, the structure of both formulations is sufficiently rich to provide more insights on the
problem of estimating the IP. To be concrete, from (4.10), let us express the estimator as follows:

~ . 1 2 1
V(X)=|R|E= HLXXH =tr <L2XXHXXH> (4.14a)
F
1
= tr <L2XHXXHX> = tr (K, K,) = | K.z, (4.14b)

where K, = X#X /L € R¥*L, Clearly, the previous formulation presents a duality of the prob-
lem of estimating the IP thanks to the properties of the Frobenius norm. On the one hand, the
expression derived from Lemma 4.1 is constructed by outer products of the mapped data matrices.
The problem is then focused on the dimensionality of the space, rather than in the number of data
observations. Due to its similarities with the SVM dual representations, we refer to this approach
as the primal model. On the other hand, (4.14) is drawn from inner products of the mapped data,
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which ends up constructing a kernel-like Gram matrix. This time, the matrix dimension is dictated
by the data size L. This represents the dual problem, which also restores to kernels as with the
SVM dual model.

This rationale exemplifies the difference between kernel methods and the proposed approach,
and resonates with the main objectives of this thesis. By controlling the dimensionality of the
problem in terms of the feature space dimension, we are not only moving the involved matrices
dimension from L x L to N x N, thus reducing the associated computational complexity for
N < L, but also the feature space is known and manageable. Furthermore, we can formulate the
problem with the reduced dimension N’. The problem then becomes even more computationally
convenient at the cost of adding a certain bias in the estimation. However, it is worth noting that
the kernel estimate of the IP (as in (3.87)) is also biased in terms of the kernel bandwidth, which
is how kernel methods address the regularization of an infinite-dimensional and probably sparse
feature space. In conclusion, we are moving the problem of determining a pertinent kernel function
that operates to an unvisited space to the determination of the new problem parameter N'.

4.1.2 Squared-loss mutual information

The case of measuring the SMI for discrete sources follows closely the one of the collision entropy.
Nevertheless, its relation to a classic second-order processing technique is more intricate, and it
shall be properly addressed. In the sequel, we first establish an estimate of the SMI by mapping the
data through the corresponding mapping matrices. Afterwards, we will unveil the full link between
the SMI and CCA.

Consider the discrete random variables X and Y with alphabets X = {zy}n=12, ~ and
Y = {Ym}m=1.2,..m, whose PMFs are px (x) and py (y). The joint PMF is defined as pxy (x, ).
The probability column vectors are now p € Rﬂ\rf and q € RY, and their elements are p, =
Pr{X =2x,} = px (x,) and ¢, = Pr{Y =y} = py (ym), respectively. Let us define the
marginal probability matrices as P = diag (p) € Rﬁ *N and Q = diag (q) € Rf *M ' \which are
diagonal matrices with elements [P], , = py, and [Q],, ,, = gm., and the joint probability matrix

Je RfXM whose elements are [J]nm =Pr{X ==2,,Y = ym} = pxy (n, Ym). The SMI for
discrete random variables, as can be deduced from (2.74), then corresponds to

Y5 (Pxy (@ Ym) — x (20) Py (Ym))*
L(XY) = S o e 4.15
( ) nz::lmzzzl 1.4 (SEn)pY (ym) ( a)
N M
=>" > [C2,, =u(Cc’C) =|Cll}, (4.15b)
n=1m=1
where
C=P ?(J-pq’)Q (4.16)

We refer to matrix C as the information coherence matrix due to its link with the coherence matrix
from (2.40) used in CCA. This matrix form is also encountered in linear information coupling
problems [HSZ15], whose objective is to simplify information theory problems by linearly ap-
proximating local features. To see this relation, let us express the information coherence matrix
as:

C= (B _ ql/QpT/Q)T, 4.17)

with
B=Q /23JTp-1/2 (4.18)

T
where q'/% and p7/2 = (pl/ )" are element-wise powers of vectors. Matrix B € Rf *N s
referred to as the Divergence Transition Matrix (DTM) in [HSZ15]. Particularly, we can express
the DTM as

B =Q '/2MTP'/2, (4.19)
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where M € Rl‘f %N s the channel transition matrix with elements

[M] n=Pr {Y =ym|X =2,}, (4.20)

m

and therefore
J=P"M" =pPM". 4.21)

This matrix is used for studying the local geometry of the x2-divergence (2.66), whose SVD be-
comes a descriptor of dependencies between distributions that are close to each other [HZ12].
Moreover, the information coherence matrix C is the same as the Canonical Dependence Ma-
trix (CDM) studied in the framework of the modal decomposition of the joint probability mass
function matrix [Mak19; Hua+19]. Both the DTM and the CDM accomplish a similar task: they
decompose information in a series of features, embedded in their SVD, which is then used to an-
alyze phenomena among random variables. In this sense, the following steps are guided by this
decomposition with the perspective of estimating information.

We first begin by analysing the properties of the DTM and the CDM, and then to use these
properties to discuss its relationship with the SMI. In particular, a fundamental property of the
DTM is that its largest singular value is o1 (B) = 1 [Mak19]. The corresponding right and left
singular vectors of the largest singular value are p'/2? and q'/2, respectively. Since the largest
singular value is always 1, we focus our attention to the second largest osmax, Whose singular vectors
are Ugmax and vgmax. Therefore, the SVD of B can be expressed as follows:

min{N,M}
B = pl/ZqT/2 + Omax (B) Umax Vmax + Z oF] (B) u;Vvj. (4.22)
=3

Given (4.17), it is straightforward to see that the SVD of C corresponds to

T
Cc-— <B _ p_l/qu/2> (4.23a)
min{N,M} r
= [)1/2(]71/2 + Osmax (B) Ugmax Vsmax 1 Z o (B) uinT - ql/sz/Q (4.23b)
=3
min{N,M} r
= | Osmax (B) UsmaxVsmax + Z o; (B) uinT (4.23¢)
=3
min{N,M}—-1 T
. T
= | Osmax (B) Usmax Vsmax T Z oF) (C) Wi+1Vit1 : (4.23d)
=2

Consequently, it is the largest singular value of C the one that corresponds to the second largest sin-
gular value of B. Furthermore, the minimum singular value of C corresponds to 0 as a consequence
of (4.23). In essence, the spectrum of C coincides with the one of B up to the min { N, M} — 1
value, and the remaining singular value is either O or 1, respectively. Note that, while the expres-
sion inside of the parenthesis in (4.23) is the SVD of C”. Nevertheless, as we are interested only
in the singular values, the assessment of the corresponding singular vectors of C is not required,
and (4.23) is equally valid for studying o; (C).

In view of the previous characterization of C, we can now establish the following proposition:

Proposition 4.2. Consider I;(X;Y') the SMI defined in (4.15). It is bounded as follows:

0<I,(X;Y)<min{N,M}—1. (4.24)
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Proof. Let {0 (C)};1,_min{n,a} be the singular values of C. We know from (4.23) that the
largest singular value corresponds to the second largest singular value of B, which is bounded by
one such that ognax (B) < 1, and the minimum singular value is 0. The bound is then directly
obtained due to the squared Frobenius norm of (4.15), which corresponds to the summation of
all the squared singular values of C (or, equivalently, the summation of all the singular values of
CTC). Since 0 < ; (C) < 1, we obtain the stated bounds of the SMIL |

The reason behind the bound of min { N, M} — 1 is that the vectors p and q are probability
simplexes, which is the subset of the unit simplex whose vectors satisfy

x>0 17x = 1. (4.25)

Y

Clearly, the probability vectors satisfy this condition:
1ip=1, 10,q=1. (4.26)

Since the probability simplex has one dimension less than the unit simplex' due to the unit-sum
constraint, this property is being reflected in bounding the SMI. In particular, the contribution of
one of the elements is lost, i.e. a singular value becomes zero, and only N — 1 (or M — 1) become
relevant. We refer to this property as the simplex condition, and it will play a major role in the
forthcoming subsection.

The relation between the decomposition of C and the x2-divergence (between any given distri-
bution) is indeed well-known in the literature. In [Hir35], Hirschfeld determined the relationship
between the mean-square contingency (as addressed in Subsection 2.3.2) and the SVD of the in-
formation coherence matrix. In [Pin+17] this decomposition of dependence between X and Y is
referred to as the principal inertia components, which are studied for privacy applications, and
then expanded in [Mak19] for the study of strong data processing inequalities for certain classes
of f-divergences. Moreover, they determine that the second largest singular value ogmax (B) cor-
responds to the HGR coefficient, which will be discussed after introducing the mapping matrices
for estimating the SMI in the next subsection.

Next, we proceed with the empirical estimate of the SMI. Consider L i.i.d. observations
{z(i),y(i)} € X x Yfori =0,...,L — 1. The empirical estimates of the marginal probability
column vectors and the joint probability matrix are now

L1 1 1
p=7D;1, a=;Dyl, J:ZDQCDZ, (4.27)

where the data matrices D, € RV*L and D,, € RM*L are defined as in (4.4) with
Dzl = Va=ey Dol = Ly)=ym)- (4.28)
Equivalently, the diagonal matrices containing the probability vectors are
5 1 T A 1 T
P= ZDwa, Q= ZDyDy. (4.29)
An estimate of the SMI can then be constructed as follows:

L(X;Y) = Hffl/Q (j — f)qT) Q*WHE. (4.30)

For simplicity, we can also take advantage of the projection matrix Pf =Iy—1y 1% /L to express
the centered joint probability matrix in the following way:

1
J-pgl = ZDfoDZ. (4.31)

!"The unit simplex also includes the zero vector and satisfies 17x < 1 instead of the equality in (4.25).
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As aresult, the required matrices to estimate the SMI are just two sample autocorrelation matrices
and a sample cross-covariance matrix.

Similarly to the mapping matrices introduced in the estimation of the collision entropy in Propo-
sition 4.1, we can also take advantage of the Frobenius norm properties for the estimation of the
SMI. Let X € CV*Land Y € CM*L be the data matrices obtained by X = FD, and Y = GD,,
respectively, where F € CN*Y and G € CM*M are unitary matrices. An estimate of the SMI is
given by the squared Frobenius norm of the information coherence matrix, that is:

I(X;Y) = |C|, (4.32)

where
C=R;?C, R, (4.33)

being
R, = %XXH , Ry = %YYH , Cuy= %XP{YH (4.34)

the sample autocorrelation matrices and the sample cross-covariance matrix, respectively. The fol-
lowing lemma introduces the mapping of the data matrices D, and D, and provides a preliminary
link to CCA:

Lemma 4.2 (Preliminary link SMI-CCA). Let f s (X Y) be the SMI estimator given in (4.30), and

I (X;Y) the estimator given in (4.32). The following equality holds:

153

[ (X;Y) = L (X;Y) (4.35)

Proof. Lemma 4.2 is a direct consequence of the SMI (Frobenius norm) being invariant to nonsin-
gular transformations. Nonetheless, the proof is fully shown in Appendix 7.3.2. |

The previous lemma states a first link between the SMI and second-order statistics. The infor-
mation coherence matrix C is similar to the one required to perform the CCA, as shown in (2.40).
Nevertheless, it is not a coherence matrix as it is depicted in CCA, i.e. two autocovariance matrices
are needed for a full comparison instead of two autocorrelation matrices. Furthermore, the previous
lemma only concerns mappings with dimensionality equal to the cardinality of the sources.

4.1.2.1 Relation to canonical correlation analysis

In order to address all previous considerations, we shall first address the case of reduced dimen-
sionality, and full link with CCA will be shown afterwards. Let F € CV "*Nand G € CM'*M pe
semi-unitary mapping matrices with FF? = Iy, and GG =1, and let X = FD, € CN'*L
andY = GD, ¢ CM’*L pe the data matrices for N’ < N and M’ < M. Consider the small-size
sample coherence matrix as

Ky e = C;1/2C,, C, 12, (4.36)

where C, = XP{X? /L, C, = YP+Y" /L, and C,, = XP1Y¥ /L are the sample autoco-
variance and cross-covariance matrices, respectively. The corresponding SMI estimator is given
by R

L(X:Y) = |[Kyr a7 4.37)
The following theorem establishes the relation between the previous expression and the full-size
SMI estimator:

Theorem 4.1 (Full link SMI-CCA). Ler I (X;Y) be the SMI estimator given in (4.32), and
I'(X:Y) the estimator given in (4.37). For N' = N — 1 and M’ = M — 1, the following
equality holds:

L(X;Y) = [Kn-aallp = L (X3Y). (4.38)
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Figure 4.1: Tlustration of the mapping X — RI*I=1 into the (|X| — 1)-simplex.

Proof. See Appendix 7.3.3. n

The implication of Theorem 4.1 is that we can estimate the SMI by either measuring the Frobe-
nius norm of K N—1,M—1 OF C. In other words, the sample autocovariance and autocorrelation
matrices are interchangeable if the dimensionality of the mapping is equal to the cardinality of the
sources minus one, thus N' = N — 1 and M’ = M — 1, or directly N/ = N and M’ = M. As a
result, the information coherence matrix C is equivalent to the sample coherence matrix required
in CCA, and we conclude that the estimate of the SMI can be expressed as the summation of the
squared canonical correlations, which correspond to the singular values of C:

min{N,M}—1

Losy)= Y o (C) . (4.39)

i=1

This result can also be seen as a consequence of the simplex condition addressed in Proposition 4.2.
Given that the autocovariance matrices are conformed by the probability vectors, the contribution
of one singular value is lost, and only N’ = N — 1 and/or M’ = M — 1 are required. A sufficient
condition for the equality in Theorem 4.1 to be true is that the columns of F and G are given by
the (N — 1)-simplex and the (M — 1)-simplex, respectively. As a result, autocorrelation matrices
(and specifically the information coherence matrix C) are equally valid as autocovariance matrices
for the purpose of estimating information. It is also worth noting that, given the resulting estimator
is measured as the squared Frobenius norm of a coherence matrix, the SMI estimate is related to
the local test for correlated Gaussian vectors from [Ram-+13]. However, (4.39) applies to any kind
of data mapped on a specific feature space.

Figure 4.1 illustrates the mapping into the simplex and the intuition behind Theorem 4.1: binary
data (i.e. a discrete source with two possible outcomes) can be mapped to 1-dimensional points in
the set

{-1,1}, (4.40)

ternary data (i.e. a discrete source with three possible outcomes) can be mapped to 2-dimensional
points in the set

{[1, 0, [—0.5, \/5/2] , [—0.5, —\/5/2} } : (4.41)

and so on. Note that these vectors are not probability simplexes, as described in (4.25), but they
conform semi-unitary matrices, as required in Theorem 4.1.

In short, Theorem 4.1 allows to estimate an information measure through second-order statis-
tics by mapping the events of the sources onto F and G. For discrete sources, the SMI benefits
from invariance under linear invertible transformations. Consequently, the code-books used for
estimating the SMI are irrelevant, as long as the columns of F and G are linearly independent.
The minimum dimensions of the spaces spanned after the mapping are required to be equal to the
cardinality minus one. Otherwise, if only one (or either) of the dimension of the mapping is smaller
than NV — 1 or M — 1, then the contribution of some canonical correlations is lost. This property is
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also another consequence of the CCA standpoint, where any dimensionality reduction applied to
a pair of vectors will result in a bounded sum of singular vectors. The following corollary gathers
this result:

Corollary 4.1.1. Given Theorem 4.2, and the SMI estimator IZ (X;Y) defined in (4.37), then we
have:

min{N’,M'} min{N,M}—1
Lxyy= Y o (Rea) < Y 2(€)=hxiy), @4
=1 =1
and
L(X;Y) <min{N,M'} <min{N —1,M — 1} (4.43)

for N' < N and M’ < M.

The resulting bounds contrast with Proposition 4.2, which are now given by N’ and M’, and
not by the cardinality of the sources minus one. If we have either N’ < N —1or M’ < M —1, then
the Moore-Penrose inverse is usually required to cope with the rank-deficient matrices [Pez+04].
Moreover, Theorem 4.1 also implicitly states that a higher dimensionality than required (N’ >
N — 1 and/or M" > M — 1) also yields to a low-rank structure on the autocovariance matrices.

4.1.2.2 Relation to the Hirschfeld-Gebelein-Rényi coefficient

To finish this segment, we will show how the SMI, and its measure as determined in Theorem
4.1, can be linked to the estimate of the HGR coefficient from Subsection 2.3.4.1. While a similar
observation can be also encountered in [Hua+19; Xu+22], our interest relies on putting the HGR
coefficient estimation within the context of this thesis. Next, a particular example (mapping the
events of the sources onto the reals) of the HGR is provided to examine the link between both
measures.

Consider again the discrete sources X and ). Let u € RY and v € RM be the vectors
containing the values on which the events of the sources X and Y are mapped. That is, [u],, =
f(zyp)and [v],, = g (ym) forn = 1,..., N and m = 1,..., M, respectively. Consider then a
sequence of L i.i.d. pairs {x (), y (i)}, for which we obtain the data matrices D, € R¥*% and
D, e RM*L "and then the L-th length mapped samples

x=u'D;, y=v'D, (4.44)

An estimate of the HGR is then expressed as follows:

(x - ]_TX)T (y - 1Ty) /L

pHGR (X;Y) = max (4.45a)
" =170 (x — 17x) /Ly (y — 17%)7 (v — 1Ty) /L
(DTu - 1"DZu)" (DTv - 17D7v)
= Imax
Y \/(Dgu —1TDTu)" (DTu - lTDgu)\/(ng — lTDgV)T (DI'v —1TD]v)
(4.45b)
"D, -p) (D, -4
= max w (D: —P)Dy -9V . (4.45¢)
wv /ul (D, - p) (D; — p)uy/vl (Dy —q) (Dy — Q) v
e
—max — W Ca¥ (4.45d)

u,v = ~
VulCyuy/vICyv

Clearly, this problem is the same as solving the CCA, which is given by the maximum singular
value of the coherence matrix C, hence also implying 0 < ppcr (X;Y) < 1. As a result, the
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Figure 4.2: Comparison between the SMI and the HGR coefficient in terms of their half of the ratio
of the MI for random discrete channels with random input distributions, and different alphabet sizes
with N = M.

HGR coefficient does only provide the largest canonical correlation. In contrast, the SMI is given
by the sum of all the squared canonical correlations, which are potentially nonzero. The SMI then
can be seen as a more thorough measure, one that not only tells the best single mapping to the reals,
as the HGR coefficient does, but one that also looks to other mappings to canonical coordinates
of the coherence. The SMI is then expected to be more sensitive to complex hidden relationships
between the observed data.

Figure 4.2 illustrates these ideas by comparing the two measures of information and their rela-
tion with the MI. The ratio of half the SMI/HGR coeficient is inspired from the local relationship
between the SMI and the MI from (2.76). In particular, we are interested in seeing the dispersion
of both measures at the small dependence regime. In this sense, the SMI not only exhibits a no-
ticeably more consistent behaviour for different alphabet sizes, but also less dispersion when close
to independence. Although this concrete case can be seen as an extreme case of measuring the
HGR coefficient by mapping the sources to reals instead of mapping them onto linearly indepen-
dent vectors, it still exemplifies the loss of information with respect to the MI. In conclusion, since
both information measures are tied and estimated by performing CCA in the feature space, in terms
of estimating information the SMI provides a potentially better representation of the dependence
between two random variables.

4.2 Second-order statistics in the function space

Once the case for discrete sources has been addressed, we proceed to move into the case of analog
sources. In this section, the core idea of the mapping for continuous random variables is established.
Particularly, the mapping is inspired by the CF from Section 2.1.1 due to its property of translating
independence to uncorrelation, and vice versa. Thanks to the fact that the CF is the inverse Fourier
transform of a PDF, we will be able to naturally link the proposed mapping with power spectral
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density estimation theory. What follows is an analysis of a mapping to the space of functions
and its relation with kernel methods. We are particularly interested in the relationship between the
derivation of kernels provided in Chapter 3 and the CF space. However, we will also take advantage
of the properties of kernels to enhance the intended mapping.

4.2.1 The characteristic function space

We start by considering a mapping from reals to the CF space Z. Let X be a continuous random
variable defined in the set X C R and PDF fx (z). Consider L i.i.d. observations {z (i)} for
1 =0,...,L — 1. A tentative mapping z : X — Z is then:

Zo(iy (W) = el () VYw € R. (4.46)

The main motivation of this mapping comes from the quality of the CF of linking nonlinear de-
pendence with linear dependence (correlation). Given that our objective is to measure the SMI
with just the first and second-order statistics in the feature space, the CF proves to be an excellent
candidate for a feature space. However, we are still not in position to determine whether (4.46)
is a valid mapping or not. In fact, we require that the scalar product in this feature space is well-
defined. This question is relevant since it allows for bridging between the proposed mapping and
kernel methods. For that, we need the following expression to be finite:

(Za(i) W), Za(j) (W) = / Za(i) W) Zay) (W) dw = /R eIe@D=2(7) gy, (4.47)

where 7 = 0, ..., L—1. As can be seen, the scalar product is not finite, thus the mapped observations
in the feature space are not of finite norm. This property poses a problem, hence a modification is
needed in order to ensure a well-defined scalar product. Particularly, let us consider the following
mapping:

Ze(i) = G (W) Vw e R, (4.48)

where G (w) acts as a window function with finite-norm constraint such that
/ G (w)]? dw < 0. (4.49)
R

This mapping can be seen as a pure frequency shift of the deterministic function G (w), whose
shifting is determined by the magnitude of = (7). As a result, we have now a well-defined scalar
product

(Za2(i) (W) s Za(j) (W)) = /ng(i) (W) G (W) Z () (W) &7 (w) dw (4.502)
_ / 3D =20 |G (w) ? du, (4.50b)
R

which can be shown to be finite given the Cauchy-Schwarz inequality:

‘<zx(i) (W), 22(5) (w)>‘ < \//R‘z ‘ dw\// }zx(] (w)‘de (4.51a)
:\//\eﬂm(i)\ G (w)]? dw\// |ejwali \ |G (w)|*dw  (4.51b)
\// G ()P dw\// G ()P dw = |G @) (4510)
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As a result from (4.50), the scalar product of the windowed mapping based on the CF is just
the squared modulus of the Fourier transform of G (w), namely g (o) = F {G (w)}. It also means
that, following Definition 4, we are now in front of a Hilbert space, and the scalar product can be
seen as a kernel, albeit explicitly defined. Particularly, we have

(zo() W), 20(j) (W) = (¢ (2 (1)), ¢ (x (7)) = k (z (4) , 2 (7)), (4.52)

where the kernel function k is given by

k(e (i), 2 (j)) = /R 20D |G (o) 2 doo, 4.53)

which is just the inverse Fourier transform of |G (w)|® evaluated at the pairwise difference (i) —
x (j). As aresult, we can express the kernel function as the autocorrelation of g («) such that

B (i), 3 () = /R g (@) -z () +B) g (B) dB. (4.54)

Since k (x (i), 2 (j)) comes from an autocorrelation function, its derivation entails further im-
plications on k. On the one hand, it is a shift-invariant kernel, which can be directly written as
k(x(i),z(j)) =k (x (i) —x (j)) (with some abuse of notation). We have actually observed this
property in the IP estimator from (3.73), where it originated from the Gaussian window and its
expression as an exponential function. Here, the reason is equivalent, given that (4.53) is a direct
consequence of the feature map, which comes from the separability of the CF, i.e. e/« (#(1)-(1)) —
/@) e=jwr(7)  On the other hand, the resulting kernel is also bounded by the squared Ly norm of
G (w), ie. |k (z(i),z ()| < |G (w)]||3, which is an additional consequence of “controlling” the
feature space.

In the literature, these type of kernels are called autocorrelation kernels [Roj+18, Chapter
4]. While autocorrelation kernels have found their use in image signal processing [PTO1; Hor04;
77]04] as a way to avoid an explicit measure of a costly autocorrelation, they have also been used
in communications problems [Fig+12; Fig+14]. Nonetheless, the autocorrelation point of view
comes from (4.53), which spans a more general kind of kernels: the shift-invariant kernel. These
kernels actually come from Bochner’s theorem [Rud90, Sec. 1.4], which states that a continuous
function k£ on R is positive definite if and only if it is the Fourier transform of a non-negative
measure p (w) such that:

ky (@ (i), 2 (j)) = /R DD (o) duv, (4.55)

Under this setting, if k, is properly scaled, then p (w) is a density function, which implies
ko (@ (1) @ () = By { OO (456)

This relationship with Bochner’s theorem is what drives the approximation of the kernel function
with a combination of N features [RRO7; L.LP20] such that
N-1
: , - - 1 . -,
ky (z (0), 2 (j)) = Ep {Zx(i) (W) 255 (W)} ~N Z Za(i) (wn) 25y (W) (4.57)

n=0

where wy, are samples of w referred to as nodes. Therefore, by imposing that p (w) is a PDF, the
feature space is explicitly known and related to the CF, which can then be used to approximate any
shift-invariant kernel. This final expression is relevant since, as our objective is to implicitly reduce
the dimension of the mapping, it provides a point of comparison with forthcoming derivations of
the proposed method, which will be addressed in Subsection 4.2.1.3.
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In contrast to (4.56), (4.53) does not impose any constraint on G (w). From the tentative map-
ping to the shift-invariant autocorrelation kernel, we just require a square-integrable window func-
tion. The result is that the well-defined scalar product is what ensures a proper nonnegative kernel
function, and not the opposite. While still endorsed by the theory of RKHS, the derivation here
gains in intuition, and provides a fresh look into kernel functions.

Nonetheless, there is still some advantages by imposing additional constraints to G (w). In
particular, since we want to deal with CFs, we may impose that G (w) is also the CF of a given
random variable. Therefore it is g («) that will become a PDF (unit area and nonnegative function),
following Theorem 2.2, and not |G (w)|®. This approach subverts the usual kernels derived from
Bochner’s theorem, given that we are primarily interested in the feature space, rather than in the ker-
nel measure itself. Interestingly, by doing so, the resulting kernel k is an autocorrelation between
two PDFs. This property coincides with the estimate of the IP based on the Parzen-Rosenblatt
window estimate in (3.72), which also leads to the shift-invariant kernel (3.74) and originates from
the interest on the feature space itself. Again, while in (3.72) the kernel is defined by the auto-
correlation itself, here the kernel is derived from the scalar product in the function space, hence
operating in the inverse path. Later, we will leverage the notion of G (w) being a CF to define a
mapping based on the contamination of random variables.

4.2.1.1 First and second-order statistics in the characteristic space

Once the mapping is defined, and following the case for discrete sources, we are now interested in
studying the first and second-order statistics in the characteristic space. Since the feature map is
based on the CF, we will see that the expectation and the correlation among the mapped data in
this space can be evaluated in a closed form. To get a better insight, let us begin from (4.46). The
expectation over the mapped data is

Eyy {52 ()} = /R &% [y (1) dar = px (). (4.58)

which is directly the CF of X. The sample mean estimator is then
=
ox (W) =1 Z; e, (4.59)

Clearly, this directly translates to the empirical estimator of the CF, which is known to be consistent
for a wide class of probability distributions [FM77]. By introducing the window function, the
expected value becomes

By {5 @) = [ G fx () = G)px ) =€), @60)
and the sample mean is

L-1
Ew) =G w) 7 3 &) = G ) px (). @.61)
=0

Given that G (w) is data invariant, the estimator is also consistent for a wide class of probability
distributions.

Next, we proceed to consider the second-order statistics in the windowed CF space. For that,
consider two random variables X and Y defined in the sets X C R and ) C R, whose PDFs are
fx (x) and fy (y), respectively, and the joint PDF is fy y (z,y). First, we consider the autoco-
variance of the mapped data:
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Cov{zy (w1), 2z (w2)}

= By {20 (w1) 2z (w2)} — By {22 (1)} Epy {27 (w2)} (4.62a)
=Es, {ej"““”G (w1) e IwE (wg)} —Ef, {ej“’le (wl)} Ef, {e_j“’”G* (wg)}
(4.62b)
=G (w1) G* (wo2) </R eI £ (1) da — /Rejwlex (z)dx /R eI fy () da:)
(4.62¢)
= G (w1) G" (w2) (px (w1 —w2) = @x (wi) px (—w2)) - (4.62d)

As can be seen, the autocovariance becomes a function of the univariate CF, and consequently to
the first-order statistics. This is a particular property of the proposed mapping, which will entail
further advantages when operating with the finite-dimensional feature space. On the other hand, by
proceeding analogously as in (4.62), the cross-covariance between the mapped data is the following:

Cov {z (w1), 2y (w2)}

=Erey {2 (1) 25 (wo)} —Epy {20 (1)} Epy {2y (w2)} (4.63a)
= EfX,Y {ejme (wl) €7jw2yG* ((/.)2)} — EfX {6jwle (wl)} Efy {67jw2yG* (WQ)}
(4.63b)
=G 6" () [ ey ) sty = @ i (@) do [e71fy ) ay)
(4.63¢)
=G (w1) G* (w2) (pxy (W1, —w2) — px (w1) Py (—w2)) . (4.63d)

By considering a set of L i.i.d. observations of the original sources {z (¢) ,y (i)} fori = 0, ..., L—1,
then the empirical estimate of (4.63) ? can be directly computed as follows:

Cov {z (w1), 2y (w2)}

T N 2o S 2o S
= G (w1) G* (w2) <L Z elwrz(i) g—jway(i) _ - Z e]ww(l)f Z e—ww@)) . (4.64)
1=0 1=0 1=0

As it turns out, the cross-covariance just becomes a windowed version of the joint CF with reverse
sign in one of its arguments. Following (4.61), the previous expression is also a consistent estimate
of the covariance of the mapped data, provided that G (w) is known. Thanks to the property of
the CF of translating uncorrelation to independence, as addressed in Section 2.1.1, the correlation
between the mapped data can be seen as a detector of dependence. However, due to the nature of
functions, the uncorrelation has to be checked for all possible values of w; and wo, i.e. V (w1, ws) €
R2,

In order to limit the feature space with the purpose of estimating an information measure, we
proceed to further determine the implications, properties and behaviour of the first and second-
order statistics in the windowed feature space. In the sequel, we analyze what the previous expres-
sions entail while studying further constraints to the window function to comply with the desired
finite-dimensional mapping.

On complete second-order statistics When dealing with complex random variables, the com-
plete information is not given by the proper second-order statistics, but their improper depiction.
The improper perspective can be achieved by gathering the usual proper representation, for exam-
pleEs, , {2z (w1) 2 (wo) }, with the extended one, E f, ., {2, (w1) 2y (w2)}. The complementary

The empirical derivation of (4.62) is omitted because it is equivalent to performing (4.61) due to the first-order
statistic point of view.
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Figure 4.3: Illustrative rationale for a Hermitian window function.

information, referred to as the complete characterization of second-order statistics, leads to the
consideration of the augmented covariance (or augmented matrix in the case of random vectors).
For a complete overview of improper statistical processing, the reader is referred to the works of
Schreier et al. [SS10]. This is relevant in our problem given that the characteristic function space
is defined in the complex set. Therefore, given (4.62) and (4.63), the complete characterization of
the proposed complex feature space is, in principle, required.

In order to comply with the complete characterization, we would need to compute the proper
covariance and add the improper representation. Nevertheless, this may pose a problem when
limiting the feature space, given that, when moving from functions to matrices, the augmented
covariance matrix (improper) has double the size of the nonaugmented one (proper). In order to
avoid this derivation, and, at the same time, to not loose the information given by the complete rep-
resentation of the second-order statistics, the window function will be constrained to be Hermitian
with G* (w) = G (—w).

Figure 4.3 exemplifies the previous argument. If the window is Hermitian from the start, then
one “just” needs to explore V (w1, w2) € R? on the (only) proper statistics to include the complete
characterization of the second-order statistics. It is also worth noting that the Hermitian constraint
is, in fact, in agreement with o x v, ¢ x and ¢y, since the CF is always a Hermitian function. There-
fore, by imposing this additional constraint, the complete representation of second-order statistics
is achieved both for the window function and CFs.

Another consequence of imposing a Hermitian window is that its Fourier transform g («) is
real-valued. Therefore, from (4.54), the kernel k is a real-valued positive definite function, which
is in agreement with Definition 5. Thanks to considering the complete second-order statistics and
imposing some additional restrictions on G (w), the resulting derivation entails some relevant prop-
erties that guarantee k to be a proper reproducing kernel for x € R. Or, in the opposite side, kernels
must be real-valued and positive definite so that the complete characterization is performed. The
resulting constraint is the same as derived from the mathematical kernel background, albeit ex-
pressed in the terms of this dissertation, with a more intuitive point of view.

On the contamination of the CF  As mentioned before, a straightforward approach to the design
of Hermitian window functions is to also assume that G (w) is a CF. This constraint also implies
that |G (w)] < G (0) = 1, hence g () is a PDF and the kernel is properly scaled, similarly to
(4.56). Not only that, but it also entails the characterization of first and second-order statistics under
a contamination point of view. Here, we consider this particular case to study its implications.
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First, we consider the first-order statistics from (4.60). Generally speaking, £ (w) is just a
windowed version of the CF of X. However, if G (w) is a CF, we can ensure that £ (w) is also a
CF. Given that the product of CFs implies the convolution of PDFs, (4.61) can be seen as directly
the first-order statistic of some virtual source X’ with density function fx- (x). To better see this
rationale, let us consider i.i.d. observations of X' such that

2 (i) = x (i) + vg (i) (4.65)

where v, (i) are independent realizations of a random variable with PDF g (z), and also inde-
pendent from z (i). We refer to this approach as a contamination of the original random variable
due to its resemblance with an additive noise channel. The PDF of the virtual source is just the
convolution of the original PDF with g, that is

fxr (@) = (fx * g) (2), (4.66)
and its CF becomes the product of CFs such that
pxr (W) =&(w) = ¢x (W) G (w).- (4.67)

Consequently, to window the feature space and measure the first-order statistic is equivalent to
directly operate with the virtual source X’ mapped in the original, windowless, feature space.
Therefore, we can write

By {Zar (W)} = Efpy {22 (W)}, (4.68)

recalling that Z denotes the nonregularized feature space (4.46), but X’ implies that the regulariza-
tion is performed from the contamination point of view.

Henceforth, we will directly deal with the virtual sources instead, given that the contamination
in (4.65) will be required for the adequate evaluation of the second-order statistics, and operations
further on, from the point of view of a necessary regularization. It is thanks to G (w) being a CF
that we can benefit from the idea of convolutions between PDFs, and it will be further addressed
in Subsection 4.2.1.2.

Next, we proceed to consider the autocovariance and cross-covariance of the virtual sources,
following (4.62) and (4.63). On the one hand, the autocovariance of the contaminated mapped
sources yields:

Cov {Zy (w1), 2o (w2)}

= Ep {20 (w1) 2 (w2)} — By {20 (01)} By, {20 (w2)} (4.69a)

=By, {er et gy feion L gy, {emier') (4.69b)

— / eJwr=w2)a’ £ () dw — ( / 7N fro () da:) ( / e fro (x) dx) (4.69¢)
R R R

= pxr (w1 — wz2) — px7 (wi) px7 (—w2) (4.69d)

=px (W —w2) G (w1 —w2) — G (w1) G (—w2) px (w1) px (—w2) . (4.69¢)

In contrast to (4.62), the window that governs over ¢ x (w1 — wa) is now also G (w1 — w2), and not
G (w1) G* (w2). This variation is a consequence of the contamination point of view, which imposes
some constraints to the window function, now considered a CF. Thanks to this expression, we will
be able to simplify the computation of the autocovariance function when limiting the feature space.
On the other hand, the cross-covariance is as follows:

Cov {Zy (w1), Zy (w2)}
= Efx’,Y’ {233’ (wl) 2;’ (WQ)} - Efx/ {’gm’ (wl)} Efy/ {EZ/ <CU2)} (470&)

=Efy {6”““6‘””’} —Ey,, {ej“””' } Ey,, {e‘jww’} (4.70D)
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= [ e s ) oty — [ e @) de [ g ) ay
R

R R
= pxry (w1, —wa) — pxr (w1) Py (—w2) (4.70c)
= G (w1, —w2) pxy (W1, —w2) — G (w1) px (W1) G (—w2) gy (—w2), (4.70d)

where G (w1, w2) is the joint CF (the bivariate case in (2.5)) of the chosen distribution for regular-
ization purposes. Similarly to (4.69), we will use this particular derivation of the cross-correlation
when measuring information after the limitation of the feature space.

On the window effective finite support As mentioned before, an uncountable number of (w1, w2)
pairs is required to measure dependence in this feature space due to the nature of the characteris-
tic function space. This approach is studied, for instance, in the distance covariance method from
Subsection 2.3.4.3. Specifically, (2.86) checks the magnitude of correlation V (wy,ws) € R? by
performing an integral. Furthermore, the distance covariance is also regularized by a window
function to ensure the convergence of the integral, consolidating the idea that the proposed feature
space needs regularization. With the purpose of limiting the number of pairs required to asses
uncorrelation, we explore here further considerations of the window function to achieve it.

The key point is to assume that G (w) has an effective finite support with a given bandwidth,
namely v. Since G (w) is deterministic and v is determined beforehand, its shape and effective
finite support give some clues to deciding the largest values of w; and wo that need to be tested.
For example, we can benefit from the Chebyshev’s inequality to determine an approximate decay of
the contaminated CF. Moreover, the addition of the window function can be seen as a tapering of
the CF that helps with improving the estimation of the CF itself. This property exhibits an insight-
ful duality with the classical spectral estimation problem [Kay88]. In particular, Blackman-Tukey
spectral estimation “tapers” the estimated autocorrelation function to trade-off bias and variance of
the spectral estimate. In fact, we will see that, by determining the shape of G (w) with a given band-
width, the trade-off of the taper function is replicated in terms of the window bandwidth. All these
notions will be leveraged for deciding the required bandwidth for the estimation of information
measures in Section 4.3.

Nevertheless, the finite effective support of G (w) may not be a sufficient condition for a proper
estimation of information. In particular, we are also interested in requiring that ¢ («) also has a
finite effective support. This is in preparation for an eventual limitation of the function space based
on sampling w; and wo (for example, as in (4.57)). Consequently, following the Nyquist-Shannon
sampling theorem, it is desirable to reduce the potential impact of the replicas from the contam-
inated PDF fx (x) by considering that the resulting PDF also has an effective finite support’.
Given that we are working in the frequency domain, a possible way to manage the decay of the
Fourier transform is to consider G (w) to be a smooth function. In this regard, it is well-known that
the smoothness of a function, i.e. a function that is differentiable everywhere, is tied to the decay
of its Fourier transform (see, for instance, [SS11] Section 2.2). In particular, a function that is
n-th differentiable has a Fourier transform that decays with O (Jw|™") as |w| — oo. It is therefore
desirable that G (w) is smooth. The result is no surprising since smoothness was also assumed
when addressing kernel methods in Chapter 3. In particular, the smoothness condition also has
been assumed in Subsection 3.2.2 (which addressed the KCCA) in order to properly estimate the
HGR coefficient.

By gathering all previous observations, an appropriate window function is then a smooth CF
that provides the minimum spreading over both g (o) and G (w). A window function that fulfills
all the previous conditions is, for instance, the Gaussian window. By imposing G (w) to be the CF
of a Gaussian random variable, then the contamination from (4.65) is an Additive White Gaussian
Noise (AWGN) process. The Gaussian window is also known to be optimal in terms of minimizing

3The full implications of the sampling will be detailed in Section 4.3. Right now, the sampling standpoint is only
provided to identify an adequate window function.
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Figure 4.4: Diagram of the window function properties and their implications.
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the spreading in both time and frequency domains in the context of spectral estimation [Jan91],
and in time-frequency analysis methods [JB95], thus complying with the effective finite supports
requirement. This property of the Gaussian window is also studied in radar detection problems,
which characterizes the spread of the so-called ambiguity function, where it is also desirable to be
as sharp as possible in both time and frequency domains [Lie90].

Unified window map In order to gather all previous particularizations and implications of the
window function G (w), Figure 4.4 shows an orientation map of the constraints imposed and their
respective outcomes. We have begun this subsection by imposing a finite scalar product to the
feature space by means of G (w). Thanks to the addition of the window function, we can relate
the proposed feature map with Bochner’s theorem, which also yields the autocorrelation kernels.
Furthermore, if a kernel comes from an autocorrelation function, then we can ensure that it fulfills
the reproducing property, hence it spans a RKHS. Next, by considering the complete representa-
tion of the second-order statistics, we have imposed that G (w) is Hermitian so that it considers
both proper and improper statistics. Consequently, the resulting kernel is real-valued, thus also
complying with the reproducing property of kernels. In another regard, we require the window
function and its Fourier transform, at the same time, to have an effective finite support. On the one
hand, we have assumed that the decay of the window function in the frequency domain is governed
by a certain kernel bandwidth. This has been done in preparation for a forthcoming limitation of
the feature space based on sampling w. On the other hand, a smooth window function also en-
sures the decaying in the transformed domain (and also that the kernel is smooth), thus minimizing
the potential aliasing introduced by the sampling. By uniting the previous statements, we have
concluded that the Gaussian function provides the desired behaviour in both domains. Nonethe-
less, there are further advantages to choosing a Gaussian function, which will be addressed in the
following subsection.

Relation to second-order statistics in the data space Lastly, before advancing to the next sub-
section, it is also of interest to characterize how the second-order statistics in the CF space are
related to the second-order statistics in the data space. In particular, consider again that G (w) has
a window bandwidth v. If we let v to be very close to 0, then we can approximate (4.69) and (4.70)
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by means of the Taylor expansion in its origin, as it is addressed in Subsection 2.1.1.1. As a study
case, let us take (4.70) to analyze the resulting approximation #. Following Appendix 7.3.4, the
approximation for small values of v yields the following:

Cov {Zm/ (wl) ,Zy/ (WQ)} X Wiw2 (EfX,Y {XY} + Efx {X} Efy {Y}) . (4.71)

The resulting cross-covariance is then expressed as a function of the first and second-order statis-
tics of the original random variables. However, it is not completely the covariance, given that the
marginal variances are added instead of subtracted. Also note that a very small value of v corre-
sponds to a large value of the bandwidth of ¢ (), since it is the Fourier pair of G (w). Therefore,
as the variance of the contamination process increases, the windowed mapping restores to second-
order statistics. This behaviour resembles, again, the asymptotic IP estimator provided in (3.84),
where an increase of the kernel bandwidth allowed us to link the kernel estimate with the sample
variance. In this case, however, it is performed from the CF point of view.

4.2.1.2 Gaussian regularization

We are now in conditions of detailing the particular feature space given by imposing a Gaussian
window function. To be concrete, consider G (w) to be the CF of a zero-mean Gaussian random
variable such that

G(w) =e 7/ 4.72)

for nonzero variance o2. Consequently, its Fourier pair (with the appropriate 1/27 normalization
to make the transformation unitary) is

1 o

g (a) = W6_202 = fV (Oé) ) (473)

which results in the PDF of the zero-mean Gaussian random variable V', i.e. A" (0, 6). The feature
map is then directly as follows:

Zo(i) = ewr (D) g=o?w?/2 _ gjwa(i)—o®w?/2 Yw € R, 4.74)
which is the CF of a Gaussian random variable with mean z (¢) and variance o2, i.e. N (z (i) , 0?).
Then, the scalar product in the feature space can now be computed (as in Appendix 7.2.1) with

k(o) = /R g(a+B) g (B)ds = \/# @.75)

The resulting kernel function is equivalent to the one from (3.74) for « = x (i) — = (), which just
confirms the expected result of obtaining a Gaussian kernel by imposing a Gaussian shape on the
window in the characteristic space.

Following the perspective of virtual sources from (4.65), the CF becomes

px (W) =px (W) evw), ey (W) =9py (W) ey (W), (4.76)

where ¢y (w) = G (w). The implications of the Gaussian virtual contamination are particularly
meaningful in the form of the first-order statistics in the characteristic space. For instance, it is
worth noting that the Fourier transform of the sample estimate is equivalent to estimating the PDF
of X through the Parzen-Rosenblatt method shown in (3.51):

L-1 L—-1
1 jwr (i) —o2w? 1 jwr (i) —o2w?
FAEs {2 )} = f{L E{_O: (iw(d) /2} = §4_0:f{ef (@ /2} (4.772)

*A similar procedure can be performed with (4.69). However, for clarity, only one of the cases will be shown.
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e 202 . (4.77b)

This means that (4.74) is intrinsically estimating the sample CF of X by the summation of Gaussian
random data in the original space, whose expectation is the convolution between the original PDF
and the window function as in (3.54). However, here we have a direct control of the shape of the
Gaussian function in the feature space in terms of o. Particularly, we can directly determine the
bandwidth of the window function that operates in the inherently infinite-dimensional feature space
in terms of the bandwidth h required for estimating the PDF with the Parzen-Rosenblatt method
(3.51). This behavior allows to determine an specific trade-off between the required (w1, ws) pairs
and the sensitivity of the CF in front of ¢y (w). Clearly, we want to limit the CF but also to let
the bandwidth to be sufficiently large to contain all the relevant areas of the CF. The question is
then how to determine the window bandwidth without tampering too much the CF for a given set
of observations. This topic will be addressed later, on Section 4.3.

Lastly, another advantage of this particular case is that smoothing with Gaussian convolutions
is known to act as a natural regularization of the problem of estimating measures of information.
Goldfeld et al. [Gol+19; Gol+20] proposed to employ the contamination with a Gaussian variable
to improve the convergence rate of estimation with respect to the sample size, even achieving the
parametric rate of convergence with nonparametric estimators. Particularly, in [Gol+20] the case of
the x2-divergence is addressed, which specifically ties into the estimation of SMI. The consequence
of smoothing is reflected on an additional bias of the estimators. For the estimation of the second-
order Rényi entropy, the smoothed density function becomes “more” Gaussian, or sub-Gaussian,
resulting in a positive bias. For the estimation of the SMI, the contributing bias is negative due to
the general data processing inequality for f-divergences (see, for instance, [PPW17; Col19]). Both
of these behaviors will be verified on Section 4.3 via computer simulations.

For all the reasons above, we will fix G (w) = ¢y (w) to be the Gaussian CF and it will be
used as a basis for windowing the feature map on the characteristic space.

4.2.1.3 From the function space to the finite-dimensional feature space

Before moving into the finite-dimensional feature space formulation, we will provide some insight
on its properties, advantages, disadvantages and challenges. So far, we have seen that the feature
space requires some sort of regularization, whose implementation resonates in multiple facets of
the mapping. On the one hand, by windowing the feature space to allow for a well-defined scalar
product, we are intrinsically “kernelizing” the problem. This kernel is uniquely determined by the
window function, and it is directly related to the kernel methods addressed in Chapter 3. The im-
position of a windowed CF space also helps on gaining interpretability of the feature map, whose
study has lead to Figure 4.4. On the other hand, the regularization of the feature space is equiva-
lent to contaminating the original random variable, which, by imposing a bandwidth to the window
function, permits to control the decay of the CF. Furthermore, the window function G (w) helps
in the universality standpoint. Thanks to imposing an effective finite support on the characteristic
space, any underlying CF of the data is admitted, and the resulting estimate will only be concerned
by a bias penalty. With the objective of limiting the feature space, we have concluded that the
Gaussian window not only meets all the required constraints, but also has a strong relationship
with the concept of smoothing convolutions for the estimation of information measures. Under
this assumption, the first-order statistics is also equivalent to the Parzen-Rosenblatt window es-
timate. However, this course is intrinsically tied to kernel methods. Since the path took by the
kernel methods is well-studied, we are more interested in operating with the first and second-order
statistics in this particular space, opening the possibility of applying classical signal processing
techniques. In essence, we want to establish the dual problem sketched in (4.14): outer products
in front of inner products, kernel methods in front of second-order statistics.
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We are now interested on limiting the dimension of the feature space to perform any kind of
processing based on first and second-order statistics efficiently. As we move to analog sources,
a mapping to functions is required, in principle. This can be theoretically done by rearranging
a combination of the covariances studied in Subsection 4.2.1.1 so that the second-order Rényi
entropy or the SMI are obtained. In essence, this would mean to translate the expressions from
(4.8) and (4.32) to an integral form. However, the evaluation of this integral is still required to be
solved numerically. The immediate solution is then to sample the function space, so it has a limited
dimension. By doing so, we are inherently introducing bias to the estimate, a direct consequence of
Proposition 4.1 and Theorem 4.1, but we recover the matrix and Frobenius norm structure. Under
this setting, a relevant question becomes how is the required sampling of w.

This is a similar problem as the one posed in (4.57), where the selected features w,,, called
nodes, have to be determined appropriately for a good approximation of the inner product. Rahimi
et al. [RRO7] proposed to randomize the selected features by generating samples from a uniform
distribution. This approach, however, does not account for the shape of the underlying distribution,
and itis let to converge in probability as the number of features increases. In this sense, the approach
proposed in this section is that the Gaussian shape of G (w) is known, which can be leveraged to
improve the required mapping. Dao et al. [DDR17] proposed, in return, to approximate the integral
given in (4.55) by means of a Gaussian quadrature. The approximate is then cast as follows

N
k, (z (i), 2 () = / ejw(ﬂﬁ(i)—x(j))p (W) dw =~ Z Oénejwn(96(1')—96(3'))7 (4.78)
R

n=1

where the challenge is then to determine v, and w,, based on the distribution p (w), that better
approximate the inner product with the minimum value of N. In particular, given (4.74), we are
interested in the Gauss-Hermite quadrature ([AS64], 25.4.46), which is generally used for approx-
imating integrals with infinite interval of the form

N
/Re_‘ﬂf (w) dw = Z an f (wn) - (4.79)
n=1

From here, we are only interested on the nodes w,,. The reason is that our objective is not to approx-
imate (4.53), that is the inner product kernel approach, but to translate the problem of sampling w,,
into the required one in Subsection 4.2.1.1. The values of w,, for the Gauss-Hermite quadrature are
given by the roots of the Hermite polynomial

N

Hy (w) = (—1)New28‘1—Ne—w2. (4.80)
As it turns out, the roots of the previous expression are approximately equally spaced (see, for
instance, [GM48]). Figure 4.5 illustrates this outcome by comparing the mean distance between
nodes given by the roots of (4.80) which is proportional to 1/ v/N. This result denotes that, by
imposing a uniform sampling on w, we are approximately complying with the Gauss-Hermite
quadrature. Moreover, a uniform sampling will be advantageous since then the involved matrices
for estimating information measures will be Toeplitz. Consequently, we can benefit from Szegd’s
theorem to determine asymptotic behaviours of these matrices. These concepts will be clarified as
the finite-dimensional mapping is specified.

4.3 Estimating information with second-order statistics
In view of the observations and phenomena addressed in the previous section, we now proceed

to propose a finite-dimensional space. We are particularly interested on three key aspects. First,
to analyze how to translate a function space to a finite one, which will be the first question to be
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Figure 4.5: Mean value of the distance between nodes for an increasing value of V.

addressed. Secondly, since we want to deal with analog sources, any limitation of the dimension
of the space entails a bounded estimation that depends on the feature space dimension itself. This
covers the results observed in Proposition 4.1, in the case of the second-order Rényi entropy, and
in Theorem 4.1, in the case of the SMI. And finally, the dimension of the feature space becomes a
meaningful parameter that has to be chosen appropriately. This question will become undoubtedly
tied to the choice of window G (w) and associated bandwidth. In the sequel, the finite-dimensional
mapping is proposed and discussed, the second-order Rényi entropy and SMI estimators are de-
rived, and some numerical results are provided.

4.3.1 An explicit finite-dimensional feature space

Consider a sequence of L i.i.d. pairs {« (%), y(¢)}i=0,1,. -1 drawn from the random variables X
and Y defined in the sets X C R and Y C R, respectively. Let us begin by considering the
mapping from (4.48), and by proposing a sampling of the windowed CF such that the resulting
complex-valued vector is the following:

1 ..
() = ——el® Wom o N 4.81a
0 = I (4.81a)
~ 1 iy (1) am M

Zy () ﬁe”’() eCM, (4.81b)

where n € NV and m € N¥ with

n=[-K .- 0 - K]", m=[-P - 0 -~ P]", (4.82)
hence N = 2K + 1 and M = 2P + 1. Here /%' ()om and e7¥'()om denote an element-wise
exponential vector. This mapping represents a uniform sampling of the w domain with a given
sampling period av. Without loss of generality, we will consider the case M = N for simplicity,
and therefore m = n. As a result, we determine z : R — C2V*1 as the general function that maps
the data onto a high-dimensional (but finite) space. The case M # N can be considered if the true
CFs px or @y require either a narrower or a broader sampling limit.

The proposed uniform sampling goes as follows. Given that analog sources can be considered
of inherent “infinite-dimensionality”, a finite-dimensional mapping infringes, by default, the or-
thonormality requirement imposed for discrete sources (see, for instance, Proposition 4.1). The
new parameters that control the gap between the function and the finite-dimensional mappings are

N and a. In particular, if we let N — oo and o« — 0 simultaneously such that Na — oo, we would
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be then mapping the sources onto asymptotically orthonormal vectors. For example, v = N ~1/2
fulfils the condition for N — oo. If such condition is achieved, then the posteriors estimates that
take advantage of this mapping would be also asymptotically unbiased (Proposition 4.1 and The-
orem 4.1). However, we are interested on limiting N such that the computational complexity of
the problem does not grow exponentially, and particularly for it to be lower than the one of kernel
methods, i.e. N < L. For that, we will determine the values of N and « from the data itself,
trying to limit as much as possible the dimensionality while providing a sufficiently accurate esti-
mation. Also note that the factor of 1/ Vv/N is added to obtain asymptotically (with respect to V)
orthonormal vectors, which will be crucial for estimation purposes.

Using the mapping defined in (4.81) we can then construct the data matrices X € CV*Z and
Y € CV*L guch that

X - |: Zx/(o) e Zm’(Lfl) i| 5 Y — [ iy/(o) e iy’(Lfl) j| . (483)

These matrices conform the mapped data matrices from Lemma 4.2. Consequently, it is straight-

forward to define the sample correlation and covariance matrices required for the estimation. The
5

autocorrelation matrices’ are
1 1
Ry =By, {72 ) = =3 ) = XX, (4.84a)
i=0
1 1
A ~ ~H ~ ~H H
Ry =Ey, {Zy02h | = T 2 reipn = 7YY, (4.84b)
i=0
and the cross-covariance matrix is
Cpy =E 7 ()2 Ef {Zoi By {2t 4
o =B {2020 |~ Br {20} En {20) (4.852)
= = = H
_ 5 SH 5 ~
= Z Z Zz’(i)zy/(i) - (L Zwl(i)> (L Z Zy’(i)) (485b)
i=0 i=0 i=0
1
— ZXP%YH (4.85¢)

Note that, following the concept of Gaussian convolutions, the sample autocorrelation and cross-
covariance matrices refer to the contaminated sources X’ and Y’. We can then specify the regular-
ized feature space by following the same rule as in (4.69) and (4.70).

One the one hand, from (4.69), the elements of the autocorrelation matrices can be written as:

L—-1
R 1 1 — /

R, = L (LS siamn >) ov (o (n—n')) (4.86a)

[ }”7”/ VN <L i=0

1 [1%
o N ejy(i)a(nn’>> ov (o (n—n')) (4.86b)

[ y}"’”/ VN (L i=0

for

pv (a(n—n')) = e et (4.87)

Thanks to this particular expression of the autocorrelation matrix, which only depends on the first-
order statistics, we observe that (4.86) is a Toeplitz matrix for n,n’ = 0,...,2K. For example,

>Only the autocorrelation matrices and the cross-covariance matrix will be shown, as these are the only matrices
required for estimating both the second-order Rényi entropy and the SMI.
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the autocorrelation matrix R,/ can be expressed as the matrix whose diagonals are constant and
correspond to the sample mean of the regularized feature space:

[ R, [Re] =]
0,1 0,2 0,2K
m), 0 [
1,0 )
R, — [Rx] [Rx] ' [f{x/} (4.88)
2,0 1,0 0,2
: ‘ 1 [Rm,}
1
=] R, Be), 1
L 2K,0 2,0 1,0
As a result, we can construct both autocorrelation matrices as follows:
R 1 N . 1 .
R, = ﬁToe (Pa) » R, = ﬁToe (qa) , (4.89)
where p, and q, are the extended weighed first-order statistics
= =
Pa = (L ) 6”“”“’“) OWa b= (L > ejy(”““ﬂ) O Wa (4.90)
=0 =0
forn, =[0,1,--- ,2K]T =10,1,---,N — 1]T and the asymmetric window vectors
w, = py (an,) = gm0 a’ng/2 4.91)

Note that (4.89) is expressed following Definition 2 in order to simplify and operate with Hermitian-
Toeplitz matrices.

On the other hand, from (4.70), the elements of the cross-covariance matrices can be expressed
as follows:

L-1
a 1 1 jz(i)n  —jy(i)n’
S, =% (L > eine ) ) pv (am) pv (—an')

i=0
1 (1 = 1 (18
| = jz(kn | _ = = —jy(k)n’ !
-~ Z e’ ) - ( Z e ) oy (an) oy (—om) . (4.92)
VN AL VNA\L S

Unfortunately, this structure does not yield a Toeplitz matrix, and no further simplifications can be
done. We can, however, express the full matrix as follows:

L-1
A 1 1 (i (T o
Coy = —— | =Y eOne=vn™ | o (wwT) — ——pg-, (4.93)
0> )
where the weighted first order statistics are
= L=
p= (L > eﬂ“)“) Oow, = (L > eﬂy“)“) Ow (4.94)
i=0 i=0
and the symmetric window vector
w = ¢y (an) = emTrem?/2, (4.95)

Finally, with the definition of the required matrices for estimation of information measures, we
are now in terms of determining a new class of estimators based on the second-order statistics in
the finite-dimensional windowed characteristic space.

75



4.3. ESTIMATING INFORMATION WITH SECOND-ORDER STATISTICS

4.3.2 Entropy estimation via empirical characteristic function

Consider the sample correlation matrix f{x/ from (4.84), whose elements are defined in (4.86).
From (4.10), an estimate of the second-order Rényi entropy just becomes

«

hy (X) = —In (

A~

R,

2
) . (4.96)

F

The normalization factor «/27 is required since we are sampling w rather than 27 f, which is
typical when defining the Fourier transform. This relation will become clear as we analyze the
implications of the mapping and its asymptotic behaviour. To simplify further equations, we will
just consider the estimate of the IP, namely V/ (X). By gathering all previous definitions, the
estimate is as follows:

K 2
~ o A 2 I} o
VX)=—|Ry|| =— R, 4.97
=g reli=5 3 |, 9
(6% K 1 (1 L1 2 2 2 2
_ < Z e Z ej:n(i)a(k:—k’)) e~ a (k—K")=/2 (497b)
2m k=K |V N\ L i=0
« K 1 " ? 2 2 2,52
_ @ Lt jz(i)alk—k) —o2a2(k—k") /2‘
= kz_:_ N (L Z e ) e . (4.97¢)

Additionally, we can further simplify the estimation by exploiting the Toeplitz structure of R,
Thanks to the correlation matrix only relying on first-order statistics, it may be more efficient to
just operate with the vector of sample means p, given in (4.90). This observation can be easily
deduced from the matrix structure in (4.88), where only the first column/row is required, and the
summation of all the squared-modulus elements is equivalent to sum all [p,],, forn = 0,...,2K
and multiplied by a unilateral triangular window. In particular, we can write the IP estimator as

A a 2K
V(X)= o (Z

n=0

[f)a]n

2[va], — &N) (4.98a)

2

J-

o N—-1 1|1 L—1
=[S S |5 D eirtan) =ttty (N ) 1] (4.98b)
2 = N |L =
where
Va=[2K+1,2K 2K —1,--- 21" =[N, N—-1-.-,1]", (4.99)

and w, as defined in (4.91). Note that N elements of value 1/N are subtracted since the main
diagonal is only computed once, while all the m-th diagonals, for m = 1,...,2K are computed
twice, hence the factor of 2 in front of v,. This can be done since (4.98) sums squared-modulus
elements of a Hermitian matrix. At last, the computationally efficient second-order Rényi entropy
estimator is the following:

ha (X) = —In (f/ (X)) = —In (;‘Tlﬁ (i, Pal? © vy — 1)) : (4.100)

4.3.2.1 Regularization and choice of parameters

Given the second-order Rényi estimator, the only left question is how to choose N, a and o'2. These
parameters determine all the relevant aspects regarding the uniform sampling. Our objective is to
establish a rule so that, provided that the effective support of the CF is known, a single parameter
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determines the required sampling hyper-parameters. To do so, we will again take advantage of
the known shape of ¢y (w) and follow a similar regularization as the one considered in [Gol+20].
However, while in [Gol+20] a smoothing variance is added to improve the convergence rate of the
estimator, here a smoothing variance is added to regularize the problem by limiting the required
samples. Nevertheless, we will see the first is also true, and a strong regularization/smoothing
increases the convergence rate of the estimator at the cost of an added bias.

We will begin by fixing the variance of the contamination process o, where we will leverage
the known decay of the Gaussian window according to the approximated bandwidth of the CF of
the data. As it is addressed in Subsection 4.2.1.1, we assume that the Gaussian window has an
effective finite support, outside of which ¢y (w) is approximately zero. We define this support as
the wmax that yields

lov (w)] < e, V |w| > Wmax, (4.101)

being € > 0 an arbitrary small number, and
Wmax = ko, (4.102)

with £ > 0. Note that the wpax is expressed in terms of the standard deviation 0. Consequently,
due to the separability of CFs, we can determine that

loxr (W) = lex (W ey (W) <&, Vw] > wmnax (4.103)

given the global bound |px (w)| < 1. Therefore, we just need to choose a sufficiently low value of
given wmax = ko~ !. For that, we will generally use the Chebyshev’s inequality, where the interval
is decided in accordance with a sufficiently high percentage of the population. However, since the
normal distribution is well-known, we can particularize the inequality to be tighter. Specifically,
in [Das00] it is shown that, for normal distributions with mean p and nonzero standard deviation
v, the inequality then becomes

1

Pr{|X —pu| > kv} < e (4.104)
For the case of the Gaussian CF, we have the equivalent ko~ instead of v, but k remains un-
changed. Therefore, we will usually use k¥ = 2.5 as a general rule, since this provides approxi-
mately 98.67% of the population, and a further increase of & would negatively sway the number
of sampling points. While the choice of £ may seem to follow an arbitrary rule, it is based on the
controlled decay of a Gaussian shape, providing a certain degree of robustness in front of the real
(unknown) effective support.

The next step is to determine N, which is tied to both the observed lags in the CF and the
dimension of the mapping. Previously, we have fixed in (4.81) that we perform a uniform sampling
in w with sampling period «.. Since the CF and the PDF are Fourier pairs, the sampling in w implies
a periodicity of the PDF equal to 27/« Specifically, the implicit density of X’ becomes

fX’ (JL‘) _ {Ziozoo (fX * fV) (:U - k%) _Tﬂ << g ) (4.105)

0 otherwise

Thus the smaller is «, the more separated are the replicas of the (fx * fi/) (z) and the smaller is
the aliasing. Since we want to avoid the overlapping between the replicas as much as possible, then
the sampling period can be determined as the inverse of the expected dynamic range of the PDF of

the sources. In particular, we will let
1
a=—, (4.106)
q0y
where o, denotes the standard deviation of X, and ¢ > 0. In contrast with the choice of k, wherein
the Gaussian CF has a well-behaved shape, ¢ needs to be high enough to contain most of the PDF
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for a wide class of probability distributions. Hence, we will now strictly follow the Chebyshev’s
inequality [PP02], that is Pr {|X — u;| > go.} < ¢~ 2. In view of this, we propose to use ¢ = 6,
as it guarantees that approximately 97.22% of the population is not overlapping. Note that, while
lower values may become critical in terms of overlapping replicas in (4.105), higher values mainly
contribute to an increase of N. Therefore, while ¢ is chosen as a somewhat heuristic approach
between overlapping and sampling size, and similar with k, it is reinforced by the Chebyshev’s
inequality.

Next, we will combine IV, « and ¢ into a single parameter by letting wm.x = ok, i.e. the last
sample from (4.81), and combining the result with (4.102). The following relation is then obtained:

Wmax = — = a = —, 4.107)
(oa
and consequently we can determine N = 2K + 1 such that
N =2 [kq&-‘ F1. (4.108)
g

As a result, we have tied the choice of N and « to only the smoothing variance 2. Note that
while the choices of k£ and ¢ are driven by two different aspects (regularization and sampling,
respectively), both equally influence the value of V. In fact, an increase in ¢ can be mitigated by
decreasing k accordingly, in terms of /N. On another note, the stronger the smoothing of the CF,
less sampling points are required. This rationale is in agreement with the observations made in
Subsection 4.2.1.2 regarding Gaussian convolutions, where a “strong” regularization adds a higher
bias but improves the rate of convergence of the estimator. In terms of the proposed estimator and
consequent choice of parameters, the regularization narrows the required observed support of the
CF, not only improving the rate in which the estimator approximates the true (contaminated) value,
but also by decreasing the computational complexity of the overall process. The final interpretation
of (4.108) is that we are moving the problem to a finite parametrization of the PDF, which originally
belongs to the nonparametric class. As the implicit number of parameters becomes finite, the
problem of estimating the second-order Rényi entropy becomes consistent.

Finally, the only parameter left to be chosen is o2. The role of o2 is to determine smoothing
of the underlying PDF and to regularize the required sampling points. However, ¢ also implic-
itly governs the convergence rate of the estimator by adding a trade-off between bias and variance.
Therefore, we will take advantage of the duality with the taper function in the context of spectral
density estimation, where the relation between data size and perturbation variance is determined
after minimizing the MSE with respect to the taper bandwidth [HA17]. Generally speaking, the
required contamination is reduced as the number of observations L increases, and vice versa. This
is a similar observation to that made by Silverman’s rule of thumb in (3.55), which is also portrayed
in link between the empirical estimate of the CF and the Parzen-Rosenblatt method in (4.77). Fol-
lowing these arguments, the choice of o goes as follows. Consider the bias and variance of the IP
estimator for large L such that

Bias {V(X)} = -0 (e +0(¢7'L7"),  Var{V(X)}=0(c7'27").  @109)

Note that the term —O (02), for O (62) > 0 is the result of smoothing the original PDF with a
normal distribution, as addressed in Subsection 4.2.1.2. If the second-order Rényi entropy were
analyzed here, the signs of the contributed bias would be reversed, but the case of the IP is exhibited
to avoid further approximations with the natural logarithm. However, note that as the general rule
for determining the bias-variance trade-off is implemented, it will also serve as a valid rule for ap-
proximating the desired smoothing for both the second-order Rényi entropy and the SMI in the next
subsection. The key point is that both bias and variance are let to be decreased with O (O'_IL_I)
so that

lim o2 = lim o 'L7 ' =0. (4.110)

L—o0 L—o0
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As a result, the desired limit limj,_, ., MSE {V (X )} = 0 is attained, where

MSE{V(X)} :Bias2{V(X)}+Var{V(X)}. @4.111)
To achieve this limit, the variance o2 is required to be a monotonically decreasing function of L
such that 0 ~! L~ is also monotonically decreasing. For this, let us adopt a power law o = O(L~7),
for 0 < v < 1, that guarantees the desired convergence with

MSE {V (X)} =0 (L* min{47’1*7}> . 4.112)

Then, the value of v can finally be chosen by the following MinMax rule:

1

v = arg max {min {4v,1 —v}} = 5" (4.113)
v

Notice that the resulting power law of the standard deviation o is the same as the Silverman’s rule

of thumb, thatis o = O(L‘l/ %). Consequently, we will set the value of o2 as the following:

2 p

where p is the new relative free parameter of the estimator. However, the choice of p is less re-
strictive as a general choice of o2, since the contamination is now always governed by the desired
power law. The selection of p can then be done by choosing a sufficiently small value, which will
be confirmed with computer simulations.

4.3.2.2 Szego’s limit theorem

Before delving into the numerical results, the proposed estimator will be analyzed by means of
Szegd’s theorem. For clarity, let us define the Hermitian-Toeplitz matrix P, = Toe (p,) € CV*¥,
where p, is the sampled CF whose sample estimate can be found in (4.90). Note that, by construc-
tion, the difference between P, and R, is the normalization factor 1/v/N, i.e. it is composed by
the elements

[Parly = ¢x (a(n—=n")) ey (a(n—n')) (4.115)

forn,n’ =0,..,N—1,and R,y =P,/ V/N. The elements of P, are then samples of the CF of
the contaminated random variable X’. From (2.1) we have

iyxe;
o= | " e @y, (4.116)
-7/

where the integration limits are added due to the sampling of the CF, as described in (4.105).
In view of this relationship, the involvement of Theorem 2.4 is straightforward. In this case the
sign of the exponential is reversed given that [p,], = [pa)_,,. Moreover, note that in (4.116)
the normalization factor (adjusted to «) that makes the Fourier transform unitary is missing, as
it is also not present in (2.1). The factor 27/« is required, however, in the inverse transform,
which is manifested by the inverted factor in the integral. In light of Theorem 2.5 and the previous
considerations, for large feature dimension /N we can write:

N-1
‘ 1 ) a T/ ) B T/ )
Jim ;} A (Por) o = /ﬂ/a 12 (z)dz = /ﬂ/a (fx * fv)? () da. (4.117)

As a result, the integral is just the IP of the contaminated variable X', namely V' (X’), which is
the measure that we want to estimate. In comparison with the original expression in (2.20), here
the CF is uniformly sampled with sampling period «, hence the integration limits are changed to
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encompass the region for which we assume, for a sufficiently small «, that no replica is present.
Given P, (or R,) is a Hermitian matrix, the eigenvalues are real and nonnegative, and equal to
the singular values. Hence, we can write the particular form of Szeg6’s theorem in terms of the
Frobenius norm:

lim [P 2 2 /w/a (fx * fv)* (x)d 4.118)
im — / — = * .
N—oo N v F27T —/a X v *)aT,
where we finally have

1 9 a 9 o

~ P lle 5 = Rarllp o (4.119)

In light of this observation, we can deduce that for « — 0 and N — oo at the same time, which
corresponds to the same constraint made in Subsection 4.3.1, the estimator becomes unbiased with
respect to the contaminated IP. In particular, we can assert that

. ¥ !
Y jim | Ep {V(X)} =V (X'). (4.120)
Note that, given (4.108), to decrease « is intrinsically tied to an increase of N, ensuring that the
asymptotic limits are attained simultaneously. In conclusion, by estimating the elements of R,/ as
the sample mean of the CF, its squared Frobenius norm tends to the true IP of X’. The resulting
estimator is not only consistent in terms of L [FM77], but also in terms of N.

The application of Szegd’s theorem for estimating an entropy measure has also been studied in
[Ram+09]. In contrast with the proposed approach, the authors of [Ram+09] explore the reverse
path by exploiting the analogy between a PDF and a PSD, and the estimation of the differential
entropy and the KL divergence arises from Szegd’s theorem. Instead, the estimator in (4.100) is
conceived from the feature map perspective and analyzed through Szegd’s theorem lenses. Nev-
ertheless, the process to regularize the estimator is also very different. In [Ram-+09] the data is
normalized so that the PDF is inside of the interval [—1/2, 1/2], and the CF is sampled with sam-
pling period 1, hence the integral limits in (4.116) are directly inside of [—1/2,1/2] and no nor-
malization is required. Afterwards, the dimension N is also chosen in view of classical spectral
estimating techniques, but it is done by modelling the PDF as an autoregressive model [Kay98;
BV00] and with a posterior minimum description length criterion to determine the required lags of
the CF. In the proposed approach, the normalization and regularization is performed through o and
N. Thanks to the Gaussian convolutions, the overall regularization problem is tied with a physical
sense of contaminating random variables, and the required samples of the CF are governed by the
degree of contamination. As a result, the estimation process is endowed with a more direct and
manageable approach, which allows formulations as the ones made to control the curve of learning
in (4.114).

4.3.2.3 Numerical results

In this subsection, the performance of the proposed second-order Rényi entropy estimator is ana-
lyzed by means of Monte Carlo simulations. Generally speaking, we will evaluate the estimator
by modelling the data as GMMs. Particularly, we will consider L i.i.d. observations x (i), with
¢t =0,...,L — 1, from the following distribution

M-1

X~ pmN (s 07, - (4.121)

m=0

One can also write the probability weight, mean and variance vectors as

17, (4.122)

T T
P = [P()a "°7pM71] ) H = [,U’Ov "'7HM*1] ) U?X' - [037 "'70-]2\4—1
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Figure 4.6: PDF of the GMM with M = 3, p = [0.5,0.2,0.3]", 2 = [0.3,0.1,0.3]" and
pw=[-15,0,1.5".

respectively, with Z%:_ol Pm = 1. The reason for modelling the data this way is that it allows for

an extra flexibility on generating different kind of models, while hy (X)) is always known in closed
form. Particularly, by following Appendix 7.3.5, the second-order Rényi entropy of a GMM is

M-1 M-1 B B 9
b (X)= V(X)) = I |3 Y PP, (M)

mi—0 m=0 /27 (Ufn, + 07%1) 2 (Ufn/ + U%@)
(4.123)
Furthermore, for any smoothing variance o2, the second-order Rényi entropy of the contaminated
variable, i.e. ho (X'), can be immediately obtained by letting the new variance vector be o%(, =

T . .
[0(2) +0% 0% +02, ..., 012\4_1 + 02] , which yields
M-1M-1

N — _ Pm/Pm _(Mm_ﬂm’>2
ho (X') ==In{ > > )eXp<2(2a2+a,%1/+a$n)>

m'=0 m=0 \/27r (202 + 02, + 02,

(4.124)
Unless otherwise specified, the choice of parameters will follow the rationale from Subsection
4.3.2, where k = 2.5, ¢ = 6 and therefore

N=2 [15“7} 11, (4.125)
g

with the sample variance being 6, = 71; Zf;ol (z (i) — fig)% and fi, = %ZZL;Ol x (7). The

smoothing variance (or contamination) o2 will be determined following (4.114), that is o? =
pL~2/5, where p will be indicated per simulation.

To begin with, the repercussion of choosing p is analyzed. The distribution used to this end is
the GMM illustrated in Figure 4.6. These parameters are chosen so that the distribution has a dis-
tinctive non-Gaussian shape while maintaining a relative simple model. The resulting distribution
has three clear distinguishable clusters that provide a particular vulnerability in front of the added
contamination. When the smoothing effect of the Gaussian regularization is strong, the nuance of
the original distribution is lost. For this reason, the proposed distribution is useful for studying if
the regularization is well-behaved, i.e. if it maintains the information embedded in the underlying
distribution, or if the smoothing effect is overly strong so that it disrupts it.
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Figure 4.8: Expected value of the second-order Rényi entropy estimator with different values of p
and L. The color-coded solid lines represent the contaminated entropies hy (X') for each value of
p with fixed L = 10%.

Figure 4.7 exhibits the effectiveness of letting o to be decided by the rule in (4.114), where
the distribution is the one from the previous figure. Consequently, the second-order Rényi entropy
of the contaminated random variable ho (X') changes as L grows, approximating the true second-
order Rényi entropy hs (X). On the one hand, in the left figure, it is shown that high values of
p the estimator tends faster to ho (X’), but not necessarily to ho (X), than with lower p values.
As a drawback, the added positive bias is noticeable for large values of p. Nevertheless, given
(4.114), the smoothing variance is reduced as L increases for any given choice of p, attaining an
asymptotically unbiased estimator. On the other hand, in the right figure, it is shown what happens
if the smoothing variance o2 is fixed ©. While the expected value and bias results the same around

®The choice of o in this case is based on the “objective” o2 from the left figure for L = 104, thatis o2 = pl()_s/ 5,

and p equal to its corresponding value in the left figure.
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Figure 4.9: Expected value of the second-order Rényi entropy estimator for different distributions
for ha (X) = 1.5.

the targeted L, which in this case corresponds to the rightmost part of the curve, the convergence
rate is not properly managed, resulting in an increased bias in the overall estimate. Furthermore,
since o2 is not a function of L, then the estimator is not asymptotically unbiased. In conclusion, by
adopting the power law described in (4.114), we are capable of both improving the convergence rate
and the introduced bias. While the choice of p remains undecided, ultimately left to be determined
by a rule of thumb, its consequences are less strict than those of choosing a fixed value of o2,

Figure 4.8 iterates on the display of the behaviour of the estimator for different values of the
parameter p and data size L. In this figure, we examine different values of hy (X') and how these
may influence the choice of parameters. To obtain these different values, we have taken advantage
of the GMM from Figure 4.6 by just changing 08. It can be seen that lower values of hy (X)
become more susceptible to higher contamination values. This is as expected since the underlying
PDF becomes narrower in some portions of the overall dynamic range, and the convolution with
a smoothing distribution is more noticeable. On the contrary, while higher values of hsy (X) are
more robust to the contamination, for p sufficiently low the bias’s sign is ultimately reversed. This
observation reveals that, for a sufficiently low p, the estimator becomes asymptotically close from
below, and not from above. The consequence is that lower levels of hy (X ') become reliant on the
dimension, requiring a lower p, while higher levels become dependent on the data size, requiring
higher L.

Next, we test the convergence rate with fixed p for different distributions. Figure 4.9 shows this
comparison for the Gaussian distribution, the GMM from Figure 4.6, the Student’s t-distribution,
the Pareto uniform distributions. The reason behind each one of these distributions goes as follows:
The Gaussian distribution serves as the basis for comparison, whose second-order Rényi entropy is
hy (X) =0.5In (47ra(2}) where o2 denotes the variance, jointly with the GMM distribution from
Figure 4.6. The Student’s t-distribution, whose second-order Rényi entropy is known, represents
a distribution with a long tail, which is, in principle, a favorable distribution as it endures better
the induced contamination, and whose effective support of the CF is more limited. However, it
requires a higher sampling rate in order to avoid aliasing from the long tails of the PDF. The
Pareto Type I and the uniform distributions serve a similar function by presenting a discontinuity
in the PDF. While the first is a unilateral exponential distribution, with a discontinuity in z =
0, the latter is just defined inside of the support = € [a,b]. As a result, both distributions are
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Figure 4.10: MSE of the estimated second-order Rényi entropy as a function of data size L for
ho (X)=1.5andp=0.1.

susceptible to the smoothing variance, and it is expected that the introduced bias is greater. The
second-order Rényi entropy of the Pareto distribution can be found in [NZ03], while for the uniform
distribution is hy (X) = In (b — a). All distributions have been calibrated so that ho (X) = 1.5.
The phenomenon of the data-dependent regime from Figure 4.8 can also be seen in Figure 4.9.

For this second-order Rényi entropy value, the estimator becomes asymptotically close from be-
low, introducing a negative bias. However, the estimate tends to the contaminated entropy ho (X’),
and not to the true value (as happens, for instance, in (3.92) for the case of the IP). Ultimately, this
is translated to a reversed bias sign, which is visibly manifested for higher values of L. As expected,
the bias introduced by the regularization is especially distinguishable for the uniform and Pareto
distributions. While the Gaussian distribution is the most robust in front of the contamination, ei-
ther Student’s t-distribution or the GMM come close, and the end result is almost not perceivable.
Even so, apart from the implication of o2, all five distribution share a similar learning curve for an
increasing value of L, showing the qualities of the proposed second-order Rényi entropy estimator.

Finally, the proposed estimator based on the Frobenius norm of the mapped correlation matrix,
denoted Frobenius Second-Order statistics (FSO) in the figures, is compared with other second-
order Rényi entropy estimators in the literature. Specifically, the other shown techniques are the fol-
lowing: the KDE estimator defined in (3.77), where the kernel bandwidth is decided as in [Che15],
the estimator based on the k-Nearest Neighbors (KNN) method [LLPS08; LL.C0O9], with k = 3, and
the one based on Sample Spacings (SP) of the data [Wac+05; HLLEOS5], which is a direct expansion
of the Vasicek’s entropy estimation [Vas76], and with internal parameter m = [\EJ We use
the information theoretical estimators toolbox [Szal4] for the estimation of the Rényi entropy with
both KNN and SP methods. Note that, in the case of estimating the second-order Rényi entropy,
the classical approach of plugging-in the estimated PDF through the Parzen-Rosenblatt window
method into the functional of interest is equivalent to performing (3.77) [AH84].

Figure 4.10 illustrates the MSE of the aforementioned estimators for the GMM from Figure
4.6, defined as

MSE{BQ (X)} —E;, {(1%2 (X) — hs (X))Q}. (4.126)

Clearly, the proposed estimator competes with the KNN and SP estimators, while the KDE one
struggles to reach a similar performance. It can be observed, however, how the bias sign is reversed

84



CHAPTER 4. LEVERAGING SECOND-ORDER STATISTICS TO MEASURE
INFORMATION

when increasing L, ultimately deteriorating the MSE. This is a consequence of the regime change
illustrated in Figure 4.8. This outcome can be avoided by decreasing p so it behaves better at higher
L, but the cost is then a worse performance for low values of L. Note that the contrary is also true, in
order to improve the performance of the estimator at the low L regime, a stronger smoothing effect
can be applied by increasing p, at the cost of a worse performance at high L. These phenomena
can be implicitly observed in Figure 4.7.

4.3.3 Information estimation via empirical characteristic function
Once the second-order Rényi entropy estimator has been developed and analyzed, the equivalent

for estimating the SMI is straightforward. From (4.39) we have

N ~ N N R 2
(X;Y)=|C|f = R;,”QCx,y,R;l/QHF, (4.127)

where the sample autocorrelation and cross-covariance matrices are defined in (4.89) and in (4.93),
respectively. It is worth noting that, unlike with ho (X)), the SMI estimate does not require any
additional normalization factor, given that it just cancels out by the autocorrelation matrices. Nev-
ertheless, similar to hy (X)), we are moving the problem of estimating information measures to
the problem of estimating sample correlation and covariance matrices, which are known to be a
consistent estimate for i.i.d. data.

The choice of parameters is performed equally to the second-order Rényi entropy case. Specif-
ically, we let .

40 max

where omax = max {o,,0,}. In other words, the choice of sampling period is determined by
the most restrictive distribution in terms of overlapping replicas, which is the one that requires
a denser sampling in the w domain. The maximum value of the effective support is maintained
with wmax = ko1, since it is determined by the contamination rather than the distribution. It is
noteworthy that this assumption can be done since the joint CF is also bounded, similar to (4.103).
Specifically, assume that we have

o =

(4.128)

loxr(wi)] <&, levi(w) <&, |oxryr(wi,w)| <€ Vwr,ws > wWiax- (4.129)

The last bound is derived by following the separability of the CF for independent random variables
ox vy (wr,w2) = exy (Wi, w2)pv (w1)ev (wa), (4.130)

given that [¢x y (w1,w2)| < 1 and
lov(w)] < g, lov(w2)] < &, Vw1, w2 > Wnax- (4.131)

Lastly, the choice of N is the same as in (4.108), and the smoothing variance as in (4.114).

It is also worth noting that, thanks to the Gaussian convolutions perspective, the inversion of
lf{z/ and f{y/ can be done without issues. Contrary to the diagonal loading that is usually required
to invert the kernel matrices, for instance in (3.27), the proposed approach succeeds in regularizing
the feature space by providing a physical interpretation of the overall effect on the final estimate.

4.3.3.1 Large feature space dimension

While the information coherence matrix C that is required for estimating the SMI is not Toeplitz,
the autocorrelation matrices R,/ and f{y/ indeed are. Like with the second-order Rényi entropy
estimation, we can further exploit their asymptotic behaviour. In this case, we are particularly
interested in facilitating the matrix inversions.
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Recall from Theorem 2.5 and Corollary 2.5.1 that Toeplitz matrices behave asymptotically
like circulant matrices, which are diagonalizable by the unitary Fourier matrix. A weak condition
for this asymptotic behaviour is that the columns of the Toeplitz matrix are square integrable for
N — oo [Gra+06]. While this condition may not be guaranteed for any R, since it depends on
the unknown CF of the data, thanks to the addition of the Gaussian windowing this condition is
ensured for f{w/. Particularly, for 0% >0, and given that

=
- Jy(i)on
I2e

i=0

then the sample vectors p, and ¢, from (4.90) are square-integrable such that they have finite L?-
norm:

L-1

% Z ejz(i)om

1=0

<1 <1, (4.132)

)

. .12 . L2
i [Ball; < oo, lim [Ball < o (4.133)
The following lemma sets the required theoretical framework:

Lemma 4.3. Let t,, € C be a Hermitian sequence, that is t, = t* , withto = 1 and

—n?

N-1
lim Y [tn|* < oc. (4.134)
n=0

N—oo

Let us define vector t € CN and associated Hermitian-Toeplitz matrix T € CN*N gs [t] n = tn
and T = Toe {t}, respectively. Let W € CN*¥ be the unitary discrete Fourier transform matrix
from (2.18). Then

2

N-1N-1
1 2
: - H _a; _c _ _
Jim | ; Z:O (WTWH], [dlag <\/NRe {W(tov,)} 1N>Ln, =0

(4.135)

forn=0,1,..., N — 1, where v, is a unilateral triangular window
Va=[N,N—-1---1]". (4.136)
Proof. See Appendix 7.3.6. u

Next, we define the computationally efficient SMI estimator, and show that is asymptotically
I, (X;Y) for N — oo. Consider the sample cross-covariance matrix Cx/y/ € CN*N from (4.93),
Pa € CN and g, € CV the sample weighted first-order statistics from (4.90), W & CN*N the
unitary Fourier matrix as in (2.18) and va € R a unilateral triangular window with elements
[Val,, = N —nforn =0,...,N — 1, as in (4.136). Then, the reduced computational complexity
estimator of the SMI is as follows:

N ~ n “ 2
I (X;Y) = HP’—l/QWCx,y,WH Q12 HF , (4.137)
where P/ = ﬁdiag {p'}.Q = ﬁdiag {g'}, and
p' =2Re (W7 (p, ©v,)) — 1w, 4 = 2Re (W (4, ©v,)) — 1n. (4.138)

Theorem 4.2. Consider the SMI estimator I (X;Y) from (4.127). Let

2
=A% (4.139)

~ N —-1/2 ~ N —-1/2
F

and

~

~ ~ o 2 ~
I (X;Y) = HP'_l/QWCx/y/WHQ’_l/QHF = B2 (4.140)

86



CHAPTER 4. LEVERAGING SECOND-ORDER STATISTICS TO MEASURE
INFORMATION

from (4.137). For an increasing feature space dimension N, then

1 ~ .
I —HA—B —0, 4.141
NS VN F (4141)
and consequently R R
lim [, (X;Y) = lim I,(X;Y). (4.142)
N—oo N—o0
Proof. See Appendix 7.3.7. |

The implication of Theorem 4.2 is that we can approximate the Fourier transform of the auto-
correlation matrices as diagonal matrices, whose inverse is then an element-wise operation, hence
reducing the computational complexity typically associated with the inversion of matrices of high
dimension. As the dimension increases, the individual elements of the matrices involved in the es-
timation of the SMI tend to have the same value, and both estimators yield virtually the same SMI.
The cost of this approximation is that a high value of N is required to cope with the limit behaviour.
Nevertheless, we will see through computer simulations that this high-dimensional regime is ac-
tually quite fast to achieve. The main advantage of this approximation is that, as the N required
increases, e.g. the required smoothing variance o2 is low, the approximate estimator becomes more
enticing, and the overall computational complexity does not increase exponentially.

4.3.3.2 Numerical results

Lastly, the performance of the proposed estimators and the impact of their free parameters are
evaluated by means of Monte Carlo simulations. Similarly to the second-order Rényi entropy case,
we will exploit the GMMs in order to model the data and to easily generate different scenarios.
Unless otherwise stated, the following GMM will be used:

1 1 1 1
(X,Y) ~ ZN(M’ )+ ZN(*M, )+ ZN(“Q’ Xo) + ZN(*I@ 3), (4.143)

where X <
m:[_g}, mz[%], (4.144a)
_ | 1= (I=N)p 1= —(1=XN)p
21_[<1—A>p Y ] 22—[_(1_@,) 1A ] (.1440)

with p € [0,1),and A € [0, 1] so that X'y and X'y are positive semi-definite matrices. The marginal
random variables are then distributed as follows:

X N%N( o, 1 — )\p) n %N (— 2,1 — )xp) , (4.1452)
Y N%N( o1 — )\p) + %N (— 1 — )\p) . (4.145b)

The parameter p determines the degree of dependence between both random variables, performing
a similar role as a correlation coefficient, where 0 yields to independent random variables, hence
I, (X;Y) = 0. Conversely, A determines different scenarios with varying degree of difficulty,
and it shall be used to evaluate the performance of the estimator in front of different distributions.
Following this model, L i.i.d. data samples can be generated by

(i) = ha (i) (—ﬁ+ 2 () VI A) A+ ws () /1= p (4.146a)
y(i) = hy (i) (\FA+ 2 () VI = )\) VP +wy (i) /I —p, (4.146b)

fori =0,...,L—1, where z, w,, wy ~ N (0, 1) are i.i.d. random variables and h,, h, are discrete
random variables that can take the values in {—1, 1} with equal probability.
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Figure 4.11: Contour plots of the proposed GMM model for two A\. The SMI has been calibrated
to be approximately the same.

The usefulness of this model is that the correlation between X and Y is always null, i.e.
Efy, {XY} = 0, thanks to the decorrelating random variables A, and h,. The reason behind this
constraint is to demonstrate that the dependence measure can be estimated by measuring correlation
in the feature space, thus forcing the estimator to discover dependence from originally uncorrelated
data. Moreover, for simplicity, the model has been calibrated so that E ¢, {X 2} =Ey, {YQ} =1.
Note, however, that this has been done so that the op,.x from (4.128) is always around the same value
for comparison purposes.

From (4.143) two distributions with different A value will be used: A = 0 and A = 0.9. The
joint distributions for both these cases can be seen in Figure 4.11. The advantage of A = 0 is that the
marginal distributions are then just normal with X ~ N (0,1) and Y ~ N (0,1). Consequently,
the SMI can be computed for any given smoothing variance o2, which is the following:

ot

I (X,Y)\ 0t 02)4 Ty (4.147)
This property allows to characterize the true SMI values for any given Gaussian regularization. This
model has also been previously used to test independence detectors in [Res+11; dR19]. This is also
the model that has been used in Figure 2.1 under the name of GMM. On the other hand, for A = 0.9
the SMI needs to be measured by a genie-aided estimator based on the empirical average of the SMI
under the knowledge of the marginal and joint distributions [WKV09]. A similar distribution to
this one has also been used to test an independence detector based on kernel methods, as can be
seen in [Gre+07; GG10]. However, while in these works independence is generated by rotating the
nonoverlapping (A = 1) Gaussian components, here it is embedded in the parameter p.

We begin the analysis by performing a similar test to that from Figure 4.8 in the case of ha (X))
estimation. Figure 4.12 shows the expected value of the estimated SMI values as a function of small
(I; (X;Y) € [0,0.1], left figures) and moderate (I (X;Y") € [0, 1], right figures) SMI values with
different combinations of p and L. Similar to the case of estimating the second-order Rényi en-
tropy with the same tool as here, we can identify two different regimes. On the one hand, the small
dependence regime is the data-limited regime, where a large value of data size L is required. On
the other hand, the strong dependence is the dimension-limited regime, requiring a smaller value of
p to reduce the estimation bias. Nonetheless, it is worth noting that the regimes have pivoted with
respect to the hy (X) case. On the one hand, here the bias is inherently negative, following the gen-
eral data processing inequality for f-divergences [Col19], which yields I (X;Y) > I (X';Y").
On the other hand, the estimator becomes asymptotically close from above to the contaminated
SMI for L — oo. Furthermore, the case of estimating the SMI entails some further advantages
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Figure 4.12: Expected value of the SMI estimator (up) and the reduced-bias estimator (down) as
a function of the true SMI value for the GMM model with A = 0.9. The solid black line denotes
I (X;Y), while the solid color-based lines denote I (X';Y”) for their respective value of p.

that are not possible when estimating /o (X). In particular, following (4.127), and consequently
(4.39), some of the singular values of C yield an arbitrarily small value, which correspond to the
theoretically null squared canonical correlations. The estimator then aggregates these residuals,
which originates a ground level and a bigger estimator error. This can be seen in Figure 4.12, and
particularly for low L values, given that the estimation error of these squared canonical correla-
tions increases. However, in the case of SMI estimation we can compensate this behaviour thanks
to a reduced bias estimator I (X;Y)— I (X; Ying), portrayed in the bottom figures, where Yiyq is
another independent random variable with the same distribution than Y. This data can be obtained
by circularly shifting the data sequence associated to Y by j € N, positions, where j € [1, L — 1].
The overall result is an improvement over the original estimator, reducing the bias in the small data
regime regardless of the kind of data statistics.

Next, we test the convergence rate of the method with different distributions. Figure 4.13 shows
the expected value of the estimator for a varying value L. The distributions shown are the same as
in Figure 2.1, and are the corresponding bidimensional distributions from Figure 4.9. Similarly to
the case of entropy estimation, the distributions with discontinuities are of special difficulty for the
proposed estimator. This time, however, the SMI estimation with the Student’s t-distribution is not
as well-behaved as in the second-order Rényi entropy case. Another relevant observation is that,
within the GMM model proposed in (4.143), the case A = 0 presents the slower convergence rate,
while this rate is improved by increasing A. Furthermore, for A = 0 the rate of learning is even
faster than the Gaussian case, manifesting the negative bias given by the Gaussian regularization
for relatively low values of L.
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Figure 4.13: Expected value of the SMI estimator for different distributions, with 5 (X;Y) = 0.1
and p = 2.5.

A=0 I(X;Y)=01 A=0 IL(X;Y)=1
102 . . 102 T T
—6—FSO
—e -FSOg
1 . — % LSMI
—~= 10 —o 0 AP
-~ >~ —4—KDE
= = — 4+ NOCCO
—— ——
& @
o 95}
= =
z Z

NMSE {fs (XY

Figure 4.14: NMSE of the estimated SMI as a function of the data size L. Parameters of choice
for the FSO estimator: (a.1) p = 5, (a.2) p = 2.5, (b.1) p = 0.5, (b.2) p = 0.25.

Figure 4.14 depicts the Normalized Mean Squared Error (NMSE) of the proposed estimator,
denoted as FSO in the figure, along with the reduced bias version I (X;Y) — I5 (X Yinq), denoted
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as FSOy in the figure, where -, stands for ground. The MSE is computed as follows:

Efyey {(ﬂ (X;Y) — I (X;Y)>2}
I(X;Y)?

NMSE {fs (X; Y)} - , (4.148)

and it is used to fairly compare different values of SMI, given that it is now relevant to study the
small information regime in particular due to its links with the MI. For the sake of comparison,
four other SMI estimators are shown: the Least-Squares Mutual Information (LSMI) estimator
[Suz+09], the estimator based on the Adaptive Partitioning (AP) of the observation space [DV99],
the NOCCO [Fuk+07], addressed in Subsection 3.2.5, and the one that employs the KDE [MRL.95].
Both the AP and the KDE based have been adapted to specifically estimate the SMI, since they
are plug-in estimators. The LSMI estimator is an explicit estimator of the LSMI, and no further
adjustment is required. The kernel bandwidth for the KDE is again chosen following [CK19],
and the hyper-parameter of the LSMI is chosen through the cross-validation procedure depicted
in [Suz+09]. Generally speaking, the proposed method and choice of parameters are shown to be
effective and comparable with the other estimators from the literature. It is only for A = 0 and
small dependence that the FSO struggles a bit, jointly with the LSMI, which corresponds to the
known previously analyzed case of slow convergence in Figure 4.13. It can also be seen that the
FSQ, is particularly effective for A = 0.9. This is a result of this model requiring a higher mapping
dimension NV, but with the same amount of SMI, hence contributing to a higher ground value. For
A = 0, fewer samples of the CF are required, and the ground level can be ultimately neglected.
Regarding the choice of p, it is observed that “easier” scenarios require very small values of p,
while more difficult scenarios require higher values of p, thus a stronger regularization.

The advantage of the FSO is that, contrary to other methods, its computational complexity
scales with the dimension of the mapping NV, rather than with the sample size L. This is espe-
cially true for the KDE and LSMI, whose computational complexity is O (LQ) [Nos+21], and for
the NOCCO, which is O (L?) if no low-rank approximation is computed [LLP20]. Furthermore,
the LSMI estimator requires the cross-validation procedure, which increases the overall compu-
tational complexity well above the rest of the methods. The computational complexity of the AP
estimator depends on the partitioning algorithm [SN12], although it still scales with L. In the case
of the proposed estimator, the complexity stays at O (N 2L) , since it is required to multiply NV x L
matrices. The advantage becomes appealing for N < L. For reference, the largest N required in
Figure 4.14 is N = 601, which is only attained for L = 10*. Although it varies from model to
model, choosing the estimation method is then a trade-off between accuracy and complexity.

To conclude, Figure 4.15 shows the performance of the asymptotic frequency-domain estimator
I (X;Y) depicted in Theorem 4.2. First, since we are testing the bias with respect to the true
SMI value, note that the bias does not tend to 0 but to the difference between the contaminated
SMI and I (X;Y) = 1. That is, except for the case p = 0, which denotes that no regularization
is being performed and the bias of the estimator diverges as /V increases. This behaviour ratifies
the need of regularizing the proposed estimator, and particularly for the case of estimating the
SMI. Besides that, for an increasing value of N the asymptotic estimator converges to the regular
estimator, as stated in (4.141). Another phenomenon that can be observed is that the stronger the
regularization is, which entails a large value of p, the faster the convergence becomes, in the sense
of the difference between the frequency-domain estimator and the original performance. This can
be seen as a consequence of the increased convergence rate given a large smoothing variance,
which not only governs the learning rate of I (X;Y’), but also how rapidly I, (X;Y") tends to
the original estimator. The reason is that, given a strong decay of the CF, matrices R, and f{y/
become virtually banded (as in Theorem 2.5), and the asymptotic behaviour of Szegd’s theorem is
rapidly achieved.
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Figure 4.15: Bias of the estimated SMI as a function of the mapping dimension N for I (X;Y) =1
and L = 10°. The data is modelled following the GMM with A = 0.9.

4.4 Concluding remarks

In this chapter a framework for estimating information measures based on measuring correlation
and covariance in a given feature space has been developed. This tool maps the data onto a feature
space of higher dimension to perform the required measurements of second-order statistics, avoid-
ing the classic approach of plug-in methods that require a prior estimate of the density functions.
Instead of relying on the kernel “trick™, as it is usual in kernel methods, our approach thrives on
explicitly determining the feature map. Thanks to this, we can perform the estimation of informa-
tion measures, provided that the desired surrogate can be expressed as the Frobenius norm of a
quadratic measure of uncertainty/dependence.

While the required dimension in the discrete case is known and limited by the source cardi-
nality, in the case of analog sources the feature space is limited by sampling the feature space. To
reduce the implicit dimension entails an inherent error in the estimate, which becomes asymptoti-
cally unbiased in terms of the dimension N. Consequently, the estimate poses a classical trade-off
between accuracy and complexity, but reformulated in terms of a simple sampling. The paradigm
then becomes to determine the required sampling points, tied in the required dimension of the
mapping itself.

To bestow the tool with the required capability of estimating the second-order Rényi entropy
and the SMI under any kind of data or underlying distribution, the approach engages with different
classical techniques from other fields, such as information theory, signal processing, and mathe-
matical analysis. In front the imposed regularization for any high-dimensional mapping, we have
proposed an approach based on a Gaussian regularization. It does not only improve the conver-
gence rate of the estimator, but it also allows the inverse of the autocorrelation matrices in the
feature space. Given that the feature space is based on the CF, the repercussions of the windowing
in this space overlap with the ideas of classical spectral estimation problems. Finally, the required
matrix operations have been linked with Szegd’s theorem, providing both an asymptotic theoretic
guarantee (in the case of the second-order Rényi entropy) and a computation complexity reduction
(in the case of the SMI). The choice of parameters is embedded in the parallelisms traced with
the regularization approach, and, although there are some additional hyper-parameters, these have
been unified in a single approach. Nonetheless, the choice of this single parameter is still vulnera-
ble in front of different values of second-order Rényi entropy or SMI. The simulations support the
good behaviour of the estimator and reveal that its performance can be on pair with well-known
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methods in the literature.

Following this chapter, we move to the other side of the balance. Instead of leveraging second-
order statistics to estimate information measures, we next proceed to leverage information measures
to solve problems usually performed by second-order statistics. The perspective is then shifted, but
for the sake of unifying both paths. Specifically, we will focus on methods based on estimating
an entropic measure, specifically the IP, and how the properties of these measures enhance the
original measure.
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Entropy-based applications

This chapter deals with specific problems that benefit from an information-theoretic point of view.
In particular, three different parameter estimation problems are analyzed by performing an entropy
estimate first, and afterward the measure of the parameter of interest. While the previous chapter
has focused on utilizing second-order statistics to estimate a measure of information, this chapter
strives to substitute the second-order statics approach in concrete applications. The use of an en-
tropic measure is driven by its property of being a more sensitive measure of the underlying PDF
than the first and second-order moments. The estimator used in this chapter is the one addressed in
Chapter 3. The reasons to choose this estimator are its inherent relation with second-order statistics,
as it is studied in Subsection 3.3.3, as well as its depiction as a U-statistic in (3.86). The first reason
allows us to generalize the second-order statistics by an entropy-based approach by tuning the kernel
variance of the entropy estimator. For high values of kernel variance, the estimator behaves as the
sample variance, which can be beneficial when the data is Gaussian or quasi-Gaussian. However,
the entropy estimator gains in awareness of the complexity of the data for low values of kernel vari-
ance, resulting in a more robust estimate when the assumed distribution does not correspond with
the real one. The second reason, regarding the U-statistics, pursues a specific modification of the
entropy estimator that helps with the robustness of one of the entropy-based applications addressed
here. Thanks to the computation of the absolute value of pair-wise differences, one can develop
strategies that take advantage of this particular expression. As this section is being unravelled, all
of these properties, advantages, and results will become clear.

The structure of this chapter is straightforward, where each section addresses a different ap-
plication. First, Section 5.1 establishes the entropic measure utilized throughout this chapter, and
analyzes its expected value and variance under GMMs. Section 5.2 studies the problem of estimat-
ing the determinant of the covariance matrix. The objective here is to gain robustness in front the
of classical Gaussian assumption. Section 5.3 carries on the rationale of the previous section, but
this time it is extended to the estimation of the coherence between two random sequences. Lastly,
5.4 changes the perspective and tackles a different problem, which is the estimation of the SNR in
a digital communication channel.

5.1 Preliminaries

Before we delve into the core contents of this chapter, we will define again the IP estimator from
(3.86), but particularized for complex-valued random variables. The objective is to determine the
bias and variance for a given signal model based on a GMM, and to employ this knowledge to
improve the entropy-based methods afterwards.
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Consider the random variable X € X with X C C¥, and a set of L i.i.d. observations x (i) =
(21 (7) ,...,xn (i)]T fori =0, ..., L — 1. The IP estimator is then defined as

0 = F=T X e, 6.
where
by (x(3), X(7)) = —or exp (= (x() = x()T V7 (x() = x()) . (52)
V| V]

Note that, in contrast with (3.86), here we let the kernel variance (the square of the kernel band-
width) matrix V € RY*¥ to be any given positive semi-definite matrix, which represents a general
expression of the covariance matrix of a multivariate Gaussian distribution. This generalization is
used as the basis for characterizing the IP estimator, whose structure will be specified per applica-
tion. Nevertheless, in most cases a diagonal matrix is used, where a particular kernel bandwidth is
associated to each one of the dimensions of the original random variable.

We use this particular estimator for two reasons. On the one hand, it is an unbiased estimate of
Ef {kv (x(7),x(4))}, given that (5.1) is a U-statistic. Recall that, from Definition 10, a U-statistic
is an unbiased estimate of a given parameter based on the average of a symmetric function whose
argument is composed of combinations of i.i.d. observations. Consequently, if this expectation can
be computed, we can guarantee that the expected value of the estimator is known, jointly with the
bias to the true value of IP. On the other hand, some data models work particularly well with the
Gaussian function in (5.2), and we can determine other relevant properties of the IP estimator, such
as its variance. Specifically, by employing a general assumption that the data is modelled as a GMM
the problem becomes manageable. This assumption can be seen as an extension to the well-known
and widely used Gaussian assumption. As a matter of fact, we shall see how this assumption can be
used, in tandem with the entropy-based processing, to enhance the solution to problems typically
undertaken with just the Gaussian assumption. In the sequel, we proceed to determine the statistical
model of the data, its corresponding true IP value, and the bias and variance of the estimator.

Let X be a random variable defined on the set X with PDF fx (x) that is distributed as a
GMM:

M-1
X~ pnCN (B, Zom) - (5.3)
m=0
Recall that the IP is defined as
V(X)= / I3 (x)dx. (5.4)
X

Hence, the corresponding IP of the multivariate complex GMM (see Appendix 7.4.1) is the fol-
lowing:

M-1
PmPm/ ( H -1 )
g - — X .3 — ). (5.5
= TN |2m + Zm/| exXp (Hm 22 ) ( m T 2m ) (“m Koy, ) ( )

Next we determine the expected value of the IP estimator based on the following proposition and
corollary:

Proposition 5.1. Let Z be a N-dimensional complex random variable defined on the set Z and
modelled as a GMM such that Z ~ 3"} p,CN (ay, W) with PDF f (z), where a, € RY is

q=0
the mean vector of the q-th component, and W, € RNXN jts covariance matrix. Then
Q-1 p
— _ q H -1
EfZ {kv (Z)} = Lkv (Z) fZ (Z) dz = % m exp <—aq (Wq + V) aq> s

(5.6)
where kv (z) is defined as in (5.2).
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Proof. See Appendix 7.4.2. u

Corollary 5.1.1. Given Proposition 5.1, the expected value of the IP estimator from (5.1) is as
follows:

Eh{ﬁ«X&-—Laf_Uoﬁg;L1Ehwkv@uxxu»}—Ehwkv@u»xu»}wvw
M-1

PmPm/ < H (¥ 5 v) ! >
= X — My, — Mgy m m/ - !
E,O N’E Y V|ep (m m) ( ) (p’m um)

(5.7b)
=V (X | Py By Zm +V/2) (5.7¢)

Proof. From the argument of (5.1) we can determine that z = x (i) —x(j), which yields Q = M?,
ag = p,, — My and W, = 3, + 37 /. n

As a consequence of employing (5.1), the expected value of the estimator just becomes a con-
taminated version of the true IP, determined by the kernel variance matrix V. In contrast with
(5.1), the resulting expected value does take the collision between two equal Gaussian components
into consideration. In other words, while in (5.1) we discard the data-independent additive constant
provided by the samples with ¢ = 7, the resulting IP recovers the original exponential summation
of pairwise Gaussian components differences. Given this result, the bias of the estimator is directly
computed as

Bias {0 (X) } = V(X | ps s Zon) =V (X | pons s B+ V/2). (59)

Clearly, the bias then tends to zero as the elements of V also tend to zero. This result is a particu-
larization of the analysis in (3.79), but applied to multivariate random variables.

Next, we perform a similar analysis to determine the variance of the estimator. To do so, we
will take advantage of the following lemma
Lemma5.1. Let Z 1 and Zs be D-dimensional complex random variables modelled as a GMM such
that Zy ~ S B4 p,CN (a,, W) and Zy ~ S B4 piCN (a0, W), where Ef, 4, {z122} =
YW, a, € RP and a’. € RP are the mean vectors of the r-th and r'-th components, respectively,
and W € RP*P s q shared covariance matrix. Then

Bty 2, {kvy (21) kv, (22)} —/ kv, (21) kv, (22) f2,.2, (21, 22) dz1dz2 (5.9a)
z
R-1R'-1 H a
-1 T
2D|Uy > Z exp( [ } U [ ar D ., (5.9b)
r=0 r'=
where
| W+V, YW
U= [ W W+ Vs ] (5.10)
Proof. Letz = [z; ZQ]T. Then, (5.9) can be obtained through Proposition 5.1 by fixing
_| W W [Vvi o0 [ ar
wq_[vw A ] v_[ ! VZ], aq_{aw], 5.11)
N =2D,and Q = RR'. [ ]

"For simplicity, the covariance matrices of each Gaussian component are defined now equally, thus we have dropped
the subindex associated with each of them.
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Using Proposition 5.1 and Lemma 5.1, we can now finally state the following proposition:

Proposition 5.2. Ler U (X) be the IP estimator given in (5.1), where X is a N-dimensional
complex random variable with X ~ Z%;l PnCN (o, X), oy, € RY the mean vector, and
X € RNXN the covariance matrix. The “cross-covariance” of the IP estimator given two kernel

variance matrices V1 and Vg is the following

Cov {U'Vl (X) Uy, (X)} —Ej, {U'Vl (X) Uy, (X)} —E;, {U'Vl (X)}EfX {UVQ (X)}

(5.12a)
= 4(L_2)éa(;f)$2(b_c), (5.12b)
where
1 = f =t 1 5ot [ o —
T N, mmﬂzmopmpm’pn exp (— [ = ] U, [ e — D , (5.13)
1 - [T TRV S TR
b=y T mmZOpmpm/ exp (— [ e ] U, { o D . (5.14)
and
c=E;, {le (X)} Ef, {fJVQ (X)} (5.152)
=V (X | pras s 2+ V1/2) V(X | Py oy, X + V2 /2). (5.15b)
as in Corollary 5.1.1, for
Ua = { e 22§V2 } o U= { A 222fV2 ' (5.16)
Proof. See Appendix 7.4.3 |

From this analysis is it clear that U (X)) is a consistent estimator for any finite value of a, b and
c. In particular, the variance of the estimator decreases inversely proportional to L as L — oo.
The rationale is then similar to the one in Subsection 3.3.3. As L increases, both variance and
bias tend to zero, given that the required kernel variance also tends to 0. It is noteworthy that a
similar analysis is provided by Principe in [Pri10], albeit for univariate random variables and for
the estimator in (3.73). The term b is ignored in [Pri10] as it becomes asymptotically negligible.
However, as we advance in the analysis of bias and variance of the particular estimators for different
applications, we will see that we are interested in the case in which the kernel variance matrix
becomes close to 0 with a fixed L. In these cases, b is prone to dominate the variance of the
estimators, and it should be computed likewise as a and c.

With this, we are now in terms to move into the entropy-based applications based on the U-
statistic estimator in (5.1).

5.2 Covariance determinant estimation

The first entropy-based application to be addressed is the variance estimation of a random scalar
sequence. The classical approach to this problem is to make a prior assumption that the data is
Gaussian, referred to as nominal conditions. Under this setting, it is well-known that the maximum
likelihood estimator of the covariance matrix is the sample covariance matrix (see, for instance,
(2.27)). However, the Gaussian assumption does not always hold in practice. In many applications,
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Figure 5.1: Main rationale of the robust entropy-based approach (b) in front of the classical Gaus-
sian assumption (a).

the underlying distributions tend to be leptokurtic, i.e. the distribution has a longer tail than the
mesokurtik (zero kurtosis regardless of the parameters) Gaussian distribution. A typical occurrence
of long tails is given by faulty observations, considered outliers that are detached from the expected
range of operation. In these cases, the Gaussian assumption may become detrimental to the overall
processing (see [PSQ13] and references therein).

We refer to robust signal processing to these methods that are conscious of the faulty Gaus-
sian assumption and develop an alternative that is resistant against the effects of deviations. In
particular, a common problem is to develop a robust estimation of the mean and covariance matrix
from a random sequence [SBP15], which arises in multiple areas [Zou+12]. A common practice
is to directly assume that the underlying model has a heavy-tailed distribution due to the outlier
contamination [Hub64], or some elliptical distribution [Tyl87; K'T88].

Here, we will address the estimate of just the determinant of the covariance matrix in a robust
manner. In some applications, only the determinant is required, such as in multichannel signal
detection [LVO1; Ram+11]. We first focus on the determinant because it naturally links with the IP
of a Gaussian distribution. In particular, we can see from (5.5) that, provided the data is distributed
as a zero-mean Gaussian variable (corresponding to a GMM with just one component), the IP is
proportional to the determinant of the covariance matrix. As a consequence, the retrieval of the
determinant of the covariance matrix from an entropy estimate becomes straightforward.

An entropic measure may be more favorable to estimate the determinant of the covariance
matrix than the classic sample approach. In particular, a favorable property of entropy (or the IP
in this case) is that only depends on the probability of the events, and not on their magnitude.
This property may be particularly advantageous in front of outliers, which is an occurrence with
low probability, but with great impact for the sample estimate. This property contrasts with the
use of the Huber loss function [Hub64], typically used in robust statistics, which penalizes the
low probability events so their magnitude is not as impactful in the overall estimate. An entropy-
based approach acquires robustness in a natural manner, thanks to the properties of the entropic
measure itself rather than by a trade-off between accuracy and closeness between the assumed and
the real model. At the end, the proposed approach here is an information-theoretic method to the
estimation of variance, which substitutes a classical second-order statistics approach (to measure
sample covariance matrices) to one based on measures of information.

Nevertheless, the proposed approach still considers a Gaussian assumption in its formulation.
The expected IP is assumed to be from a normal distribution for a proper isolation of the deter-
minant of the covariance matrix. However, this assumption is not made from the point of view
of the underlying distribution, but from the perspective of the IP. In particular, we subvert the
Gaussian assumption not by omitting it, but by a displacement of its typical order. Figure 5.1 il-
lustrates this philosophy by comparing the classical approach versus the one proposed here. The
Gaussian assumption is then taken in a second step, once the nonparametric entropy measure has
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been performed. This allows us to relax the penalty of infringing the nominal condition, gaining
in both robustness and simplicity with respect to other formulations that consider more complex
underlying distributions.

In the sequel, the estimator is derived, the impact of the free parameters of the IP estimator are
unveiled, and an analysis of the performance is provided.

5.2.1 Problem formulation

Let us assume that the samples are drawn from a N-dimensional complex Gaussian distribution
X ~CN (p, X) with

fx (x) = 7TN12|eXp (— (x—p)H @1 (x—p,)) . (5.17)

In nominal conditions, the IP can directly be obtained from (5.5), which results in

1

= . 5.18
N 23| (5.18)

V(X)
Clearly, since the determinant of the covariance matrix is inversely proportional to the IP, our focus
will be on first estimating the IP and then measuring the determinant. Another relevant property is
that, for a sole Gaussian component, the IP is invariant in front of the mean value of the distribution,
a shared property with other entropic measures.

For convenience, we will use the Modified Information Potential (MIP), which will further
simplify the consequent expressions and the bias and variance analysis. Consider L observations
of the random variable X denoted as x(i) € CV fori = 0, ..., L — 1. The MIP estimator is then
defined as follows:

~ 7TN
W () = MOZL@ (x(0),%() (5.19)

where kv (x(i), x(j)) is given in (5.2). It can be seen that the only difference between U (X) and
the MIP estimator W (X)) is the constant factor 1/7 |V, i.e.

W(X) =" |V|U(X). (5.20)

Therefore, there is no significant change in the previous analyses of the base estimator apart from a
constant value that depends on the determinant of the kernel variance matrix. The expected value
can be directly obtained from Corollary 5.1.1 (for M = 1), and becomes the following:

; _ V]
Erx {W(X)} IR (5.21)

which is just E s, {W (X)} = 7V |V|Ey, {(7 (X)} Consequently, if we want to retrieve the
determinant of the covariance matrix, the contamination added by the kernel variance matrix V

must be considered. On the other hand, the variance of the MIP can be obtained from Proposition
5.2 by letting M = 1 and V1 = V3, which results in

X X X 2 A4(L-2)(a—c)+2(b—
Var{W(X)}:EfX {WQ(X)}—IEfX {W(X)} _ A )éa(Li);)r 0=9 (52
where

_ v|® _ V|
“TTaxrv X | [T+ V[BEZ 4V (5-23a)
Y 2¥4vV
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\%E V|2
— M — M (5.23b)
2 1V 2% V]]4X + V|
2%  2¥X 4V
V 2
c= % (5.23¢)
23 + V]|

It is worth noting that the resulting variance tends to zero as V goes to zero, as can be seen from a, b
and c. This result is different from the classical IP estimate, whose variance increases as the kernel
variance decreases, and further requiring L — oo for its variance to go to zero. However, the MSE
of both estimators tend to zero as L increases, where 1 (X)) and U (X)) converge to the real value
of MIP and IP, respectively. This property can be retrieved from the KDE estimator in Subsection
3.3.1, given that both IP and MIP estimators are constructed from the Parzen-Rosenblatt method.

in both cases the estimator is consistent, since for fixed a, b and c the estimator converges in
probability to the real value W (X) in the case of the MIP, or U (X) in the case of the IP, with
respect to L.

These observations reinforce the idea that the MIP may be more appropriate for a parameter
estimation. However, note that the resulting expression could not be used as a pure IP estimator,
since the expected value also goes to zero as V decreases, and it is only used here for the purpose
of determining the determinant of the covariance matrix. The consequences of this choice and the
analysis of the parameters will be provided in the following subsections.

With the knowledge of the expected value and the variance, the problem then moves to con-
structing an estimator of the form

Dip = ¢v (W (X)), (5:24)

where &y : R — R is a monotonic decreasing function of W (X)), whose bias and variance depend
on the parameter V. Note that Dip corresponds to the bottom rationale from Figure 5.1. On the
contrary, the upper rationale would be the equivalent of estimating the sample covariance matrix
with

o= %XPXH , (5.25)

where X = [x(0), ...,x(L — 1)], P+ = Iy — 117/L, and then by

Ds =

ﬁ:sj . (5.26)

These expressions illustrate the main differences between both approaches, where the nominal
condition is assumed separately in different stages. The entropy-based rationale is again illustrated
in Figure 5.2, where it has now been updated (from Figure 5.1) to specify the problem of the
estimation of the determinant of the covariance matrix.

5.2.2 Performance analysis

For the purpose of properly characterizing the estimator, and for clarity, we focus here on the
univariate case N = 1, where V and X are now v? and o2, respectively. To be concrete, the kernel
function employed to estimate the MIP in (5.19) is the following:

. N2
hy (2(i), 2(j)) = exp (—‘I(z)_m)'> : (5.27)

v2

This particular case transforms the estimation of the determinant of the covariance matrix into the
estimation of variance 0. In this case, by isolating (5.21) we have that

R 2
Dip =62 =&, (W (X)) - % <W1X) _ 1) : (5.28)
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Figure 5.2: Entropy-based approach for the problem of estimating the determinant of the covariance
matrix (b) in front of the sample covariance estimator approach (a).

which is, ultimately, an entropy-based estimator of the variance. Henceforth, we also define

U2

= 2071 (5.29)

Eyy {W (X)} =W (X)

Note that this assessment can be done following the unbiased property of the U-statistic in (5.21).

Next, we analyze the bias and variance of this new estimator with the purpose of determining

the role of the main free parameter, the kernel bandwidth v, as well as determining the efficiency
of the estimator. For the bias, we just use Jensen’s inequality to state that

2 2 2 2
YN PE) S R S A (- sUS (5.30)
Ix 2 2 2 2 ’

Ep {W (X)} v

given that 1/z is a concave function for z > 0, and W (X) > 0forv > 0. As a consequence, we
have
Bias {6%} = E;, {6°} — o > 0. (5.31)

On the one hand, the previous expression just confirms that the bias is always nonnegative. There-
fore, for any given value of v, the estimate tends to o> from above. This property contrasts with the
second-order Rényi entropy estimator from Chapter 4, which had two different regimes depending
on the number of available data and the added contamination. On the other hand, the bias is well-
behaved, given that the estimator W (X) is a consistent estimate of W (X), thus the estimator 62
is also well-behaved.

In order to determine the variance of the estimator, a small error analysis is performed, fol-
lowing a similar approach as Lépez-Valcarce et al. in [LLM07]. Consider a Taylor expansion of

& (W (X )> up to the first order around the point W (X) = W (X)) is given by

52~ ot 1 (W(x)—w (x)) 2 2) , (5.32)
0z =W (X)
where the derivative yields the following result:
2
6&) (Z) — 2 (1}2 (1 — 1>> — _ U2 — _ (202 + ’UQ) . (533)
0z =W (X) 0z \ 2 \z =W (X) 2y (X)2 202

Consequently, the estimator variance can be approximated by

2 4
>:Var{W(X)}(202+U2), (5.34)

Var{&Q} ~ Var {W (X)} (65553)

z=W(X)

101



5.2. COVARIANCE DETERMINANT ESTIMATION

10'1: T T R

T

¢ Empirical
— Theoretical

o

10-97 Lol Lol Lol Lol Lol Lol Lol i Ll
107 103 102 107" 100 10" 102 103 10*

Figure 5.3: Normalized variance of the MIP estimator as a function of the relative kernel variance
for different values of data size.

where Var {W (X )} is given in (5.22). We define here the relative kernel variance

(5.35)

in order to better analyze the variance of the estimator. Notice that it is a common practice in kernel
methods to let the kernel bandwidth/variance depend on the true standard deviation/variance of the
data, e.g. (3.55). It is then within reason to evaluate the impact of v? in a relative manner, which
also generalizes for any given 2. The relative variance is then written as follows:

Var {62}
1

g

(2+w)4‘

Var {62} = ~ Var {W (X) } -~ (5.36)

4w

The variance of the MIP estimator is given in (5.22), which can be written in terms of the relative
variance as follows:

w? w? w?

Note that, unlike the normalization in (5.36), the previous expressions are not normalized, but only
a change of variable has been applied, which yields

A 4L —2) w? w?
Var{W(X)} :L(L—Ql) <(w—|—1 (w+3) (w+2)2)

2 w? w?
+L(L—1) (w(w—|—4) (w—|—2)2>' (5.38)

From this result, one can observe that the relative variance of the estimator goes to infinity as
w — 0, independently from the fact that a, b, ¢ — 0. The reason for this is that b goes to zero as
O (w) instead of O (w?) as happens with a and ¢, i.e. b decreases slowly than a and c, and this
is why b was not neglected in (5.12) nor in (5.22) as it is done in [Pril10, Sec. 2.5]. Figure 5.3
illustrates this effect by showing the normalized variance (with respect to L) of the MIP estimator
both empirically and theoretically, given in (5.38). While for low and moderate values of w the
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normalized variance depends on the value of L, high values of w mitigate this dependency and tend
to the same value. These discrepancies at low w values are mostly due to b, which increases the
relative variance as L decreases. Nonetheless, the penalty term provided by b becomes negligible
as L increases.

. In terms of the variance estimate 62, it should be noted that its relative estimators variance
Var {62} does not go to zero as w decreases, but to infinity. This property is recovered from
the nonmodified IP estimator, which only goes to zero as L. — oo. This property can be seen
as a consequence of estimating a parameter of the data, instead of just the MIP. As a result, the
choice of w is again a rather complex choice, provided that the final application is to estimate true
descriptor of the data and not some modified intermediate value.

Lastly, we would like to point out that the strategy for evaluating the relative variance here in
(5.34) differs slightly from the one used in our published paper [CRV 17], which is based on a small
perturbation analysis. The reason behind this choice is to unify all three applications addressed in
this chapter, given that the analysis of the variance of the SNR is cumbersome with the small
perturbation approach. Although in [CRV 17] the approximation is performed up to the second
order, which ultimately conveys an additional term in (5.36), they are the same result up to the
first order. Nevertheless, both approaches will render the same results in the hereunder asymptotic
analysis.

5.2.2.1 Asymptotic performance

We are now interested in determining the behaviour of the estimator in the case of large data size
L. For w > 0, we can gather from (5.22) that

lim LVar {W (X)} —4(a—c). (5.39)

L—oo

Therefore, by joining (5.36) and (5.38) we have

o Aoy 2+w)?* w? w? (2 4+ w)?
Jim LVar {67} =4 (a —¢) =" = <(w+ D3~ (w+2)2> oz~ (5:400)
(w+2)?

= . 5.40b

(w+1)(w+3) ( )
The limits regarding the relative kernel variance are given by w — 0 and w — oo, yielding 4/3
and 1, respectively?. We can therefore write the following

. 4
1< lim LVar{é?} < —. 41
< i Dar {07} < 5 (4D

From this result, it can be seen that the estimator is asymptotically efficient as w — oo, since it
reaches the Cramér-Rao Bound (CRB) of the sample variance estimator, namely &%, which is o /L
for circular complex data (and 20 /L for real-valued data, see [Kay93]). This is not a surprising
outcome since it is known from the large kernel bandwidth analysis in Subsection 3.3.3 that the IP
estimator (and equivalently the MIP) becomes a function of the sample variance estimator. On the
other hand, the variance increases as w decreases, but never more than 4/3, which represents the
maximum asymptotic penalty. In fact, the small kernel bandwidth values are the ones interesting
for the purpose of gaining robustness in front of outliers, as we will see in Subsection 5.2.3.

5.2.2.2 Threshold effect

Before advancing to the robust side of the proposed method, we will determine the required con-
dition for the previous asymptotic analysis to be valid. In particular, it is assumed that L is large

2For w — oo it is also required that (5.40) is monotonically decreasing. Since its derivative —2(w + 2)/((w +
1) (w + 3)?) is negative for w > 0, then it is strictly decreasing.
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Figure 5.4: Variance amplification with respect the CRB as a function of the relative kernel variance
for complex-valued data with different L.

enough such that the impact of b in Var {62} from (5.22) is negligible. To be concrete, the follow-
ing is assumed for o > 1:

2 14(L-2)
—(b— ———(a— 542
which translates to .
(b—c)< —2(L—-2)(a—c¢). (5.43)
o
Using (5.37) we can state the following relation between the data size L, the relative kernel variance
w and a: ( ' ( )
w+1)(w+3
L>2 1]). 5.44
(e +1) 049

It can be seen that for small values of w, higher values of L are required so that the estimator
reaches the asymptotic behaviour. If this inequality is not fulfilled, the variance of the estimator
will not correspond to the given approximation with a much higher value than desired.

This condition also serves as a lead hint to the determination of w as a function of L. For
this purpose, consider that we have a very small relative kernel variance w so that (5.44) can be
simplified to

3a
w> o (5.45)
If we fix @ = 10, for example, we obtain an approximate minimum relative kernel variance such
that

Win ~ T (5.46)

Although the choice of kernel variance is crucial in the estimation of the MIP, we can at least
guarantee that the variance of the estimator will not be more amplified than approximately 4/3
with respect the CRB if (5.46) is fulfilled, following (5.41).

To illustrate this threshold effect, Figure 5.4 shows the variance of the estimator under nominal
conditions as a function of w and for different values of L. On the one hand, it can be seen that
the normalized variance tends to the factor of 4/3 with respect to the CRB for moderately small
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Figure 5.5: Variance amplification with respect the CRB for real-valued variables.

w and increasing values of L from (5.41). Consequently, the larger is L the smaller can be the
relative kernel variance before the variance of the estimator is overly amplified. This also implies
that the larger is L the less critical becomes to choose an adequate value of w in order to have
sufficiently high accuracy under nominal conditions. Figure 5.4 also shows the required minimum
w for achieving the asymptotic regime for each value of L, following (5.46) and indicated by the
upward arrows. The normalized variances of the estimator corresponding to these wp;, values are
quite close the 4/3 factor, proving that the rule for determining a floor value of w for each L is
behaving as expected.

Real-valued case It is also worth noting that, in the case of real-valued data, the resulting asymp-
totic relative variance of the estimator results in (the computation is quickly sketched in Appendix
7.4.4):

— 2)3 2
lim LVar{&Q}:4(a—c)w:4(w+2)2 wr ~1], (547
L—o0 w V(w+1) (w+3)
whose limits are
2 < lim LVar{5°} < 2.4752. (5.48)
L—oo

The minimum kernel variance is then determined by

w > (%)2% ((2_1@)2) . (5.49)

As it turns out, the w required for the asymptotic behaviour is then inversely proportional to L2.
The minimum kernel variance is now roughly wyin, &~ 1044/ L? for o = 10. Although the resulting
Wmin becomes small faster than the complex-valued case with respect to L, the constant factor is one
order of magnitude above the complex-valued case in (5.46). As a result, for very small values of
L the kernel variance required in the complex-valued case may be lower than the real-valued case,
but this tendency is quickly pivoted and wp, decreases much faster in the real-valued case (for
L > 70, approximately). This result implies that the performance of the estimator is more robust
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in front of the choice of w, since the possible values of w that achieve the asymptotic threshold are
less limiting.

Figure 5.5 also shows the normalized variance of the estimator, following Figure 5.4, but for
the real-valued case. The floor value from (5.48) is also shown. Clearly, the margin for choosing
w is much broader than in the complex-valued case, given that for the same value of L the variance
requires a much smaller relative kernel variance before it is amplified. This property can be ob-
served in the distances between the asymptote of different values of L, which are now greater than
in Figure 5.4. The upward arrows now point to the corresponding relative variance by following
the minimum relative kernel variance from (5.49) for « = 10. It is also worth noting that the
penalty term is divided by 2 for the sake of comparison, given that the CRB in the real-valued case
is two times greater than in the complex-valued case. Consequently, the resulting estimator is also
efficient for w — oo.

5.2.2.3 Kernel variance determination

Following the previous subsections, the strategy for determining the kernel variance is provided
hereunder. Until now, the analysis of the estimator’s behaviour has featured the relative kernel
variance w. The reason is that the kernel variance needs to operate in a range around the true
variance o2, Precisely, (5.41) illustrates this requirement by showing that very relative small values
have a penalty to the variance and very relative high values tend to the sample variance case.
However, given that o2 is precisely the parameter to be estimated, we propose to determine the
kernel variance v? from the available data in a iterative manner. Moreover, the relative kernel
variance w has to meet (5.46) for any value of L and data variance in order to attain the desired
asymptotic variance results. Consequently, v2 = 15&% /L will be used as a tentative value for
determining the kernel variance, and it shall be used to initiate the iterative method.

Algorithm 1 Iterative procedure for determining the kernel variance.

62[0)=63A=1;g=10<6< k=1
while A > §
v? [k] = 1562 [k] /L

N

W lk] = ﬁ Zogi<ng_1 hv[k] (z (i) — = (4))
~ v2[k
62 k] = 2”(#[@—1)

A =162[k] — 62 [k —1]| /62 [K]
k+—k+1
end

Algorithm 1 specifies the proposed iterative method in terms of the sample variance estimator
&g. The method measures the MIP through (5.19) in order to retrieve a tentative value of o? from
the expected value of the MIP in (5.28). The operation is repeated until no significant change is
observed in the estimate of the variance. At every step, the algorithm uses a conservative value of
the kernel variance as a function of the estimated variance and the available number of samples,
following (5.46). As a result, the final iteration of the algorithm directly provides an estimation of
the variance, as intended.

5.2.3 Robustness to outliers

Finally, the sensitivity of the estimator in front of outliers is quantified. To do so, we will use a
contaminated additive model given by

ze (i) = (3) + 2 (4) y (1), (5.50)
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where X, is the new random variable whose PDF is defined as fx_ (). Here, z (i) can be either
one or zero, whose probabilities are Pr {z (i) = 1} = ¢ and Pr{z (i) = 0} = 1 — &, respectively,
and assuming that € is an arbitrarily small value. This is a common model utilized for studying
distributions that are close to Gaussian models, but with some error probability to departure from
normality [Mar+19, Sec. 2.2]. However, while the new random variable Y is usually considered
to be a Gaussian process independent of X, thus constructing a GMM, here we will assume that it
is a discrete random variable such that

Pr{Y = ym} = py (Ym) = Pm, (5.51)

with m = 1,..., M and PMF py (y). This model allows for a better analysis in terms of the
proposed estimator, which will result in deterministic and well-defined bounds of the contaminated
IP value. With (5.50), we assume that there is a small probability ¢ that an outlier y (¢) is disturbing
the original observation. This is particularly harmful for the sample variance estimator, whose
expected value under this model becomes the following (see Appendix 7.4.5 for details on the
computation):

1
Efy {08} = 5Es. {]xe (4) — . (j)]Q} — o te(o2+p2(1—¢), (5.52)

where 41, and 05 are the mean and variance of the random variable Y, respectively. As a result,
the variance estimation is biased with a term that is proportional to the probability of an outlier, as
well as to the mean and variance of the contamination process. While € can be expected to be a
fairly low value, the fact that it also depends ., and O'Z is not a desirable property, since both mean
and variance can be very large in comparison to 2.

Once the sample variance case is outlined, we are now interested in analyzing the impact of
the contamination model on the entropy-based estimator. Since the proposed estimator is based on
the estimated IP 3, we will examine how the outliers and their probabilities deteriorate the IP of the
random variable X.. For this, recall that the IP is expressed as

X.) = / fx. (z)dx. (5.53)
x
The PDF of the contaminated data is expressed as follows:
M
fx.(@)=(1—e) fx @) +& D pmfx (& —ym). (5.54)
m=1

This density distribution corresponds to a weighted sum of shifted replicas of the original PDF
fx (x). Alternatively, we can write

M
fx. (@ Z mfx (T = Ym) (5.55)
where
1—¢ f -0
- e orom (5.56)
epm for 1<m< M

and yg = 0. First, let us examine an upper bound of the IP through the Cauchy-Schwarz inequality:

fx. (@ Z\/%@fxx—ym i(\ﬁ)Z(@fx b)) - 55T

m=0

30r equivalently, the MIP. However, the analysis of robustness in front of outliers will be executed in terms of the
1P, since it simplifies the computation and shows the exact same result.
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We have that
M 9 M M
S (Vom) =Y pm=1-e+ed pu=l-c+e=1, (5.58)
m=0 m=0 m=1
which yields
M
Fxo (@) S\ B3 (2 = ym). (5.59)

m=0

The IP of the contaminated random variable is then bounded by

M M
V(Xe) < /X > k¥ (@ —ym)dz = pm /X fx (@ = ym) dz (5.60a)
m=0 m=0
M
=" BV (X) =V (X), (5.60D)
m=0

where in the last equality we consider that the support of X is all the complex numbers.
On the other hand, let us now examine a lower bound. By plugging-in (5.55) into (5.53) we
can express

M M
VX)) =D b (Y — Y (5.61)
m=0m’=0

where

<<z>=/XfX (4 2) fx (2)de < C(0) = V (X). (5.62)

Notice that ¢ (z) is expressed as an autocorrelation, and that is why it is bounded by its value at the
origin, which coincides with [ Py f)z( (x) dz and thus the IP. Consequently, we can write

M M
V(X)) 5 (0) =V (X)) pre (5.63)
m=0 m=0

The resulting sum of squared p,,, can be seen as the argument of the logarithm in the collision
entropy expression (2.47), and therefore will be denoted as the collision probability Col (Z;Y),
where

M
Col(Z;Y)=(1—e)’+£*) pl <L (5.64)
m=1
In particular, this expression captures the probability that two different realizations of Y will take
the same value, wrapped by the contamination rate. By gathering the previous bounds, we can state
the following inequalities:

V(X)Col(Z;Y) <V (X.) <V (X). (5.65)

The outcome of contaminating the random variable X is then assimilated by a shrinking of the IP.
From (5.65) it can be seen that the deterioration of the IP is governed by the collision probability,
whose relevance is that it only depends on € and p,,, rather than p, and 05. Therefore, the values
that Y can take do not have any impact whatsoever for the entropy-based estimator, unlike with
the sample variance estimator. This is the key observation that justifies to use an entropy-based
approach to the problem of estimating the variance with the purpose of achieving robustness.
Once we have analyzed the bounds of the contaminated IP, we proceed to give further insights
on the implications of these bounds in terms of the estimation of o2. The upper-bound in (5.65)
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corresponds to the noncontaminated case, and therefore it is implicitly addressed in previous sub-
sections. The relevant case now is the lower-bound in (5.65), which yields the worst-case scenario,
i.e. it is the farthest from the true IP value V' (X'). We then proceed by considering the MIP, since
it is the entropic measure used for estimating o2. Given the expected value of the MIP in (5.29),
its worst-case expected estimate is the following:

Epy, {W (Xo)} = Col (Z;Y) By, {W (X)} = W

Therefore, by plugging the previous expression into (5.28), the bound of the expected variance
estimate becomes

(5.66)

v? 1 v? 202 4 v?
Efy. {62} >—|—-1) =— <2'—1> (5.67a)
2 Efx {W(XE)} 2 UCOI(Z7Y)
o? v? 1
=——t — | ——————1]. 5.67b
Col(Z;Y) | 2 (COI Z:Y) ) (5.67b)

Since we want the variance estimate to be as close as possible to o2, it is clear from (5.67) that we
are interested on small kernel variances. As L grows to infinity, the kernel variance goes to zero
naturally*, providing an asymptotic floor value of

0.2

L—oo

Again, it is worth noting that this is only attained by considering the worst case in (5.65) (the
lower-bound), which is influenced by the variance of the contamination 05. Nevertheless, as 05
increases, (5.68) is quickly achieved and then it is saturated, preventing the bias to further increase,
unlike with the sample variance. This result will become apparent when showing the computer
simulations.

It is also worth analyzing the minimum penalty in front of the “best” contamination case. On
the one hand, for a fixed value of ¢ in (5.68), the minimum penalty occurs when Col (Z;Y) =
(1-— 8)2 + €2 (which requires that p,, is 1 only once, and the remaining terms are 0). Then the

asymptotic expectation of the variance estimator becomes

2
o
lim E 2 = — 5.69
Lo Ixe {7} (1—¢e)%+¢2 69
On the other hand, from (5.52), the expectation of the sample variance becomes
Efy {68} =0 +pie(1—¢). (5.70)

Therefore, even in the most favorable case, the sample variance estimator is still dependent on the
squared magnitude of the single outlier, unlike the entropy-based approach.

Figure 5.6 exhibits the robustness of the proposed entropy-based method in front of the sample
variance. The normalized bias, namely NBias {62} = (E fx {62} — 02) / o2, is shown in terms
of the normalized contamination variance for two different contamination rates € and two values
of L. The dotted lines indicate the asymptotic floor values assuming (5.68), which results in

o2

9 Col(ZY) o? 1
lim NBi o4t = ! = —
lim, NBias {67} o2 Col(Z;Y)

1. (5.71)

It can be seen that, while the sample variance increases with 02, as in (5.52), the bias of the entropy-
based approach exhibits a ceiling effect, showing that € becomes relevant instead of 05.

“It is a shared desirable property of the chosen IP estimator, as addressed in Subsection 3.3.3. Generally speaking,
it follows from the KDE estimator, hence it can be seen as analogous to Silverman’s rule given in (3.55), which also
decreases the kernel variance as the data size increases.
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Figure 5.6: Normalized bias of the variance estimators as a function of the relation between the
variance of the contaminating random variable and the true variances.
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Figure 5.7: Average iterations for each measurement of the kernel variance in Algorithm 1 as a
function of the relative contamination variance.

In order to demonstrate the effectiveness of Algorithm 1, Figure 5.7 shows the average number
of iterations required for the robust measure of variance in relation to Figure 5.6. On the one hand,
for a small contamination rate, i.e. close to nominal conditions, the algorithm proves to converge
quickly and only two or three iterations are required. On the other hand, a higher € requires, in
average, more iterations. After some value of 05 /o? the number of average iterations still increases,
albeit slowly. However, generally speaking, these are still very few iterations, proving Algorithm 1

to be an effective tool for determining v2.

5.2.4 Conclusion

In this section, a method for estimating the determinant of the covariance matrix, without explicitly
estimating that matrix, has been studied. It has been shown that performing the Gaussian assump-
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tion in a second stage, after an entropy-based estimate, is a valid strategy for gaining robustness
in front of, precisely, the lack of nominal conditions. The key point is that entropy is sensitive to
the probability of the outliers, rather than to their value. Consequently, robustness is acquired by
introducing an information measure to a problem that is classically performed under the second-
order statistics perspective. Furthermore, the proposed entropy estimate has an intrinsic relation
with second-order statistics in form of an asymptotic trend of the kernel variance. Therefore, the
entropy-based method for estimating the determinant of the covariance matrix can be seen as a
generalization of the second-order statistics approach, where, in the worst case, are comparable.
We will precisely see that this is a recurrent topic when using the IP estimator from Section 3.3.
Next, we continue to study this entropy-based proposition to widen its applications with a more
general case than the one addressed until now.

5.3 Coherence estimation

Once the estimation of the determinant of the covariance matrix has been addressed from the point
of view of an entropy estimate, we proceed to broaden this concept by addressing an entropy-based
coherence estimation. We refer to coherence as the statistic that provides a measure of similarity
between two different signals. In its most general form, this statistic translates to the Generalized
Coherence (GC) [GC88], which is commonly encountered as a nonparametric detector of a com-
mon signal on two noisy channels [CGS95; GPC06; KAS14].

To get more insights on this problem, we begin by defining the GC. Consider an i.i.d. complex
sequence of the form

x (i) = [ x1 (1) ] (5.72)

X9 (Z)

for x; (i) € CN* and x5 (i) € C™2, whose covariance matrix is a block-composite matrix such

that
X Y
o [ = ] : (5.73)
where
H
2, =Ey,, {(m ~Eyy, {xl}) (x1 ~Eyy, {xl}) } (5.74a)
0
22 = ]EfX2 {(Xg — ]EfX2 {XQ}) (X2 — ]EfX2 {Xz}) } (5.74b)
H
i, =l =, {(xl ~Epy, (x1}) (%2~ gy, {x2}) } (5.74¢)

are the autocovariance and cross-covariance matrices, respectively. The GC is then defined as

12|
N e (5.75)
7 B

where 0 < v < 1. The second term in the right-hand side of (5.75) corresponds to the Hadamard
ratio [Ram+10], which is just the determinant of the covariance matrix over the product of the
determinants of the marginal covariance matrices. In this setting, the Hadamard ratio becomes
the generalized likelihood ratio test for distinguishing a block diagonal matrix (Gaussian data)
from an arbitrary Hermitian matrix [Ram+13; Hua+14]. Since it is a measure that only depends on
determinants of covariance matrices, the GC can be seen as an extension to the previous subsection,
hence indicating a good predisposition to be estimated based on an entropy-based approach. In fact,
this observation has also been exploited for measuring the time delay among spatially separated
sensors based on an entropy estimate [BHCO7], albeit with Shannon’s entropy.
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For completeness, the GC can also be seen under the perspective of the CCA. To see that, let
us rearrange the GC as follows:
3] DRTED TS rud RN

|31] 3]

y=1 =127 (B - 21255 '%,) | =1-I-C|, (5.76)
where C = 21_1217222_ 122’1 is the squared coherence matrix, as it is addressed in Subsection
2.2.2. The GC can be then expressed as a function of the eigenvalues of C such that

min{Ni,Na}

y=1- [] @-x(0). (5.77)

n=1

Consequently, to estimate the GC is equivalent to perform the CCA of the sample coherence matrix
and to retrieve y afterwards. Under normal distributions, this link between the GC and CCA is
translated to the MI. In particular, the MI between X; and X5 then becomes

B2

(X1 Xy) = —In [ —121
(X35 X2) (!21!|22I

) — In(l—~) (5.78)

This set of relationships helps us to locate the GC within the framework of the thesis, and justifies
our interest in estimating this statistic through an entropic measure.

5.3.1 Problem formulation

Similar to the case of the covariance determinant estimation, we focus here on the particular case
of N1 = Ny = 1 for simplicity, which corresponds to the bivariate case in Section 5.1 with N = 2.
The covariance matrix is then defined as

2 2,2
— g1 PV 0102
XY= W o2 (5.79)

for p € [0,1). As a result, the parameter to be estimated is the following:

2.2 2.2 2
o{05 — poio
7102

where p is just the coherence factor or Pearson coefficient. In this case, v is commonly referred to
as the Magnitude-Squared Coherence (MSC) [CGS95]. To justify this particular case, we would
like to point out that the MSC is a well-known approach to test whether there is a common signal in
different noisy channels or not, whose statistical behaviour under the null hypothesis is well-known
for Gaussian noise [Nut81; GC87].

The intention is then to take advantage of the entropy-based estimator from sections 5.1 and
5.2 for the purpose of estimating the MSC. Given that we now have to deal with the bivariate
case, the kernel variance is now defined as the matrix W € R2*2. For general purpose, we will
assume that W is a diagonal matrix with elements [W]nn = v2 and n = 1,2. Note that this is
a common assumption for estimating a multivariate PDF through the Parzen-Rosenblatt window
estimate, and therefore a common assumption for estimating the IP (see, for instance, (3.58) and
(3.85)). For simplicity and cohesion with the previous section, the relative kernel variance will be

defined as follows: 9 9

U1 Uy
= = =%, 5.81
w p (5.81)

If the marginal variances are known, which is uncommon, then only the marginal kernel variances
v? and v? need to be estimated. For example, by running Algorithm 1 once for each kernel variance.
Otherwise, the variance of each complex sequence also needs to be estimated, for example with
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Figure 5.8: Entropy-based approach for the problem of estimating the MSC (b) in front of the
sample estimator (a), and Tyler’s approach (c).

the univariate robust estimator addressed in Section 5.2 and then used to normalize the data. By
performing such pre-processing, the estimate of the MSC, namely 4, then only requires a single
relative kernel variance w.

We begin by expressing the expected value of the estimation of the MIP. From (5.21) we have

E {W(X)} I A viv (5.82)
fx TREFV] T (207 1 0d) (202 + 03) — dy02e?’ '
which, by expressing it in terms of the relative kernel variance, yields
v (x) v
Ep AW (X)} = ——5—. (5.83)
Ix (w+2)? — 4y
Consequently, the estimate of the MSC is expressed as follows:
S — (W(X)) W L) (5.84)
— = — — — w . .
7= Cw 1 W (x)

The previous expression provides the baseline on which the robust estimator will be constructed,
performing a similar function to 62 = ¢, (W (X )) from the previous section in (5.28), but now
the kernel variance is normalized from the start.

A comparison of different approaches for estimating the MSC is illustrated in Figure 5.8,
following the general rationale from Figure 5.1. The sample and entropy-based approaches are
equivalent to the estimation of the determinant of the covariance matrix, but now the entropy-
based approach, which corresponds to the middle row (b), is based on the specific function ¥ =
Cuw (W (X)) ). Tyler’s approach [Tyl87] is also shown in the lower row (c), which assumes an el-
liptical distribution with long tails to gain robustness to potential outliers, given that it will be used
to contrast the entropy-based approach with another robust method.

In the sequel, a bias and variance analysis will be performed following the steps of the variance
estimator. Again, we are particularly interested on the interplay between the data size L and w
under nominal conditions as a means of learning about the problem of estimating the MSC in a
robust manner.
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5.3.2 Performance analysis

In terms of the bias of the estimator, by the convexity of —1/x for z > 0 and Jensen’s inequality,
we can now state

2 1 2 2)? — 4
Efx{:y Swz l—-——m —i—w—&-l:w? 1——(w+ )2 il +w+1=r,
Epy {W(X)} w
(5.85)
which resolves into the following bias:
Bias {7} = Ef, {7} —v <0. (5.86)

In contradistinction to the variance estimator, the MSC estimate has a strict negative bias. Never-
theless, given that [E ¢, {W (X )} converges to the real MIP for a fixed value of w, then ¥ turns
out to be asymptotically unbiased.

For determining the variance of the estimator, the same small error approximation as in (5.32)
will be used. From the function ¢ (W (X )) in (5.84) and the equivalent Taylor expansion from

(5.32), we have now

2
((w +2)* - 47)
= 5 . (5.87)
2=W(X) 4w

0w (2)
0z

2=W(X) 4 22

The relative variance is then approximated as

2 4
_ var [ (w+ 2)2 — 4y
ZW(X)> ~ Va {W(X)} <2w > . (5.88)

The variance of the MIP estimator is composed as in (5.22), namely

St i ) (5

Var{W(X)} — 4(L_2)£“(£f>;)“2(b_c), (5.89)
where now we have
4 4
0 w R - v : (5.90a)
(w+1?=7) ((w+3)*-9) ((w+4)> = 167) w?
’11}4
o= . (5.90b)

((w +2)* - 47)

While a, b, and ¢ may seem similar to the case of variance estimation, their dependence on w
entails different asymptotic tendencies. In this case, the variance increases without limit as both
w — 0 and w — oo for a fixed value of L, whereas the entropy-based variance estimator only
tends to infinity for w — 0. All the same, the relevant relative kernel variances for both variance
and MSC estimators to gain robustness are those close to 0. As a result, we will only provide the
analysis for small values of w in the subsequent asymptotic analysis.

In view of (5.88), let us now examine the asymptotic performance of the MSC estimator. First,
from (5.40), the equivalent expression for the MSC is as follows:

(5.91a)

2w

= (w+2)?— 47\
Ll:n;oLVar{’y}:Zl(a—c) A
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(w2 —a) = (w412 ) (w3 99) ((w+2>2 - 4fy>2
((w +1)% - fy) <(u) +3)% - 97) 2
(5.91b)

In this case, it is direct to see that the variance reaches a minimum for w = 0, instead of an
asymptotic trend as in (5.41). In particular, using (5.91) the following is obtained:

(A=49)" = (1= (9=9) ) [4—47)* _ 28
i, Pt ( 17O 9) )( ;) =T
(5.92)

Clearly, this value becomes maximum for v = 0 and tends to zero for v — 1.
We can also determine the new required w for attaining the asymptotic behaviour. From Sub-
section 5.2.2.2 and following the same rule as in (5.43), we now have

h—
L>2 ( C) +2 (5.93a)
2\a—-c
2 2 2 2 2 2
N (w+2)"—4y) — ((w+4)" —167)w (w+1)"—v) ((w+3)" =9y
=5 5 + 2,
(((w 12?2 4fy) . <(w +1)? 7> ((w +3)2 - 97)) ((w T 4)? - 167) w?
(5.93b)
which, assuming that w is very small, translates into the minimum w required such that
p— 2 — p—
w2 gL (4—47)"(1-7)(9-9) (5.942)
(4= 49)” = (1 =) (9 - 97)) (16 - 167)
16 1—7)9(1—
(1) (2 191 =7) (5.94b)
2L T(1=7)"16(1-7)
Yo
1 - 94
=z (1= (5.940)
For o = 10, we finally obtain the approximate minimum relative kernel variance
45 45
Wmin ~ 7L ( '7) 77L (5.95)

Similarly to (5.46), this approximate w,, is the one used as a tentative value for determining the
kernel variance in Algorithm 1 for the case of estimating the MSC. Since + is the parameter to
be estimated, the rational choice is to be as conservative as possible and assume the “worst-case”,
which is given by assuming v = 0, resulting in the upper bound given in (5.95). In terms of the
dependency with the data size L, wp;, is this time inversely proportional to the square root of L,
which translates into a slower dependence than in (5.46). As a consequence, the choice of kernel
variance for the MSC estimate is more restrictive. Nevertheless, considering again the real case,
the dependency is then inversely proportional to L, similar to the difference between (5.45) and
(5.49).

All the effects described above are illustrated in Figure 5.9. As mentioned, the variance of
the MSC estimator tends to infinity for w — oo, regardless of the data size L, and to the value
described in (5.92) for w — 0 at the same time as L. — oo. The minimum relative kernel variance
from (5.95) is also shown. As expected, the higher is ~, the lower is the minimum w. Moreover,
it can be seen that the relative variance indicated by wp;, also corresponds, approximately, to its
minimum value for a given L, suggesting that (5.95) is a fitting rule for deciding the kernel variance.
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Figure 5.9: Variance of the MSC estimator as a function of the relative kernel variance.

5.3.3 Robustness to outliers

Next, we focus on the robustness of the entropy-based MSC estimate. This time, we consider a
bivariate model of replacement outliers [Zou+12; Mar+19], where the outliers do not modify the
marginal variances. The observed data under this model is defined as

Xe (1) = (1= 2 () x (i) + 2 (1) y (4) (5.96)

fori =0,..., L—1and z (¢) defined as in (5.50). The random variables X and Y will be considered
to be complex Gaussian variables with X ~ CA (p, ¥;) and Y ~ CN (p, X)), independent to

each other, where
_|Llr _| b =
Z‘x_[p 1], Z‘y_[_p ! ] (5.97)

The model in (5.96) can actually be seen as a GMM of two components with weights 1 — € and €,
whose covariance matrix is

S=01-¢) (Zs+ppl) +e(Zy+pp”) —(1—e)ptep) (1 —e)p+ep)’ (5.98a)
=(1-e) X, +eX,+ (1 —¢) (pp”) +e(up”) — pp” (5.98b)
=(1—-¢e) X, +eX, (5.98¢)

Consequently, the MSC of X is directly given by

_ L p L = ||_,_ 1 p(1—2e)
] ) S [ PR [
=1-1+4p(1—-2)*=~v(1-2)?, (5.99b)

where the subscript -. refers to the contaminated signal (5.96), and the subscript -s denotes the
sample approach to the MSC, similar to the one given in (5.52). Given that (1 — 25)2 < 1 for
e € [0, 1], then . ¢ shrinks for any value of €. In addition, for ¢ = 0.5 the resulting MSC becomes
null, resulting in a particular difficult case for the sample estimate >. In contrast, the entropy-based

SNevertheless, it is not expected to reach such values, taking into account that the probability of an outlier ¢ is
expected to be rather low.
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MSC estimate is sensitive to the PDF of the contaminated data, which is a GMM given by

(1—¢) _
fx 09 =5 s e (= - ) 22 (- )
e _
St (— (x— w2, (x - ﬂ)) . (5.100)

From here, we can determine the resulting IP of the contaminated random variable such that

V(X.) :/Xf)%g (x) dx (5.101a)
(1—¢) -
:/X7T4(1—’7)2€XP (—Q(X—M)Hle(x—u)) dx
2
(1—¢)e _ _
w2 [ e (e B e - (x—u)sz%x—;;))l;i:)

The first two integrals correspond to scaled versions the IPs of the random variables X and Y,
namely (1 — &)* V (X)) and €2V ('), which can be solved through as in (2?) and correspond to

(1—¢)? g2

(1—6)2V(X):m7 €2V(Y)=m'

(5.102)

The third integral is solved following similar steps to those in Appendix 7.4.1, which yields

A= /X L(L:)Zexp (_ (X— H)H 2;1 (X — u) — (X _ “)H 2;1 (X B H)) dx (5.103a)

™ (1 —7)
2(1—¢)e 0o -
T i1 4)? /XeXp (‘ (x—2p)" (T + 2,7) (x - 2#)) dx (5.103b)
:2(1_6)6/6}(1) _M dx = 2(1_5)571-2(1_’7)2:(1—6)6
i (1—7)" Ja 1—7 A(1—)? 4 2
(5.103c)

By rearranging and substituting, we finally obtain

V(X.) = (17T_2 ((?2_4-’;)2 (1 2—7;) e_(1- ) + ir—;g(_l ;)’y) (1—¢)e (5.104a)
)

~
=V (X)(1—2ye(1—2)), (5.104b)

where V (X) = (472 (1 — 7)) ! is the IP of the noncontaminated random variable. The conse-
quence of the contamination is that the IP is decreased as a function of v and ¢, and the inferred
MSC (assuming that w — 0) becomes

L—v

Ve =

Once the entropy-based estimator has been addressed, we are now interested in comparing the
resulting MSC estimate with the one given by the sample estimate. In particular, from (5.99), the
bias of the sample MSC is

Bias {9} =7 (1 —2¢6)> —y =4ye (e — 1). (5.106)
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Figure 5.10: Absolute value of the bias of the MSC estimators as a function of the true value of
MSC for L = 500.

On the other hand, the asymptotic bias of the entropy-based estimator is

1=y 27e(l-e)(v 1)
1-2ve(1—2) '~ 1-29e(1—¢)

lim Bias {4} = 1 - (5.107)

By testing which is bigger or smaller between (5.106) and (5.107), the resulting inequality ¢ is
lim Bias {%}| < |Bias {4}/, (5.108)
wW—r 00

where the equality is met for ¢ = 0 and equal to v, meaning that both approaches are unbiased
without contamination. However, the inequality is strict for ¢ > (0. As a result, the theoretical
entropy-based MSC estimate proves to be more robust than the sample MSC estimate, given that
the shrinkage is always lower. Although the required condition for (5.105) is that w — 0, which
translates into . — oo, generally speaking the kernel variance will be a relatively low value,
following the rule in (5.95), and maintaining the robustness of the entropy-based method.

Figure 5.10 shows the absolute value of the bias (given that is it negative) of the entropy-based
MSC estimator in comparison with the sample covariance and the Tyler [Tyl87] approach (with 10
iterations). While the sample covariance method is nonrobust, Tyler’s method is a robust approach
that is shown to compare with the proposed, also robust, method. Two different contamination
rates are shown, € = 0.2 and the particularly difficult case of € = 0.5. In both of these, the sample
covariance grows linearly with v with a slope proportional to €, as expected. Tyler’s approach shows
its robustness for moderate value of e, albeit it does not hold up for e = 0.5. On the contrary, the
entropy-based method achieves robustness in all scenarios. Moreover, it can be seen that with only
L = 500 it is considerably close to the asymptotic value given in (5.105), and only for higher
values of ~y a higher value of L is required. It is only in these last cases where Tyler’s method
outperforms the proposed entropy-based approach. However, as pointed out in [SBP15], Tyler’s
requires a prior estimation of the mean, leading to severe problems in practice depending on the
nature of the outlier process, while the entropy-based method is invariant to it.

SThe proof is omitted since it just requires to simplify the absolute value of the previous expressions by isolating
and testing whether it is bigger or lower than the resulting inequality, which is always true for v € [0, 1). While it may
be cumbersome, it is not complex, and the empirical results will shown the inequality to be true.
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5.3.4 Conclusion

After addressing the case of just the determinant of the covariance matrix, the case of estimating
the coherence, and in particular the MSC, has been studied. Similarly to the previous section, the
entropy-based approach achieves a certain degree of robustness in front of outliers by relying on
an information measure. The Gaussian assumption is done again after an estimate of the IP (or
its surrogate), providing certain advantages over the usual preliminary Gaussian assumption. The
result is that the entropy-based is less harmed by the probability of outliers than other methods,
and consolidates the information-theoretic perspective in the problem of estimating determinants
of covariance matrices.

Next, we move into a different problem, albeit similar in many aspects. Instead of estimating
a single parameter of a random variable, the objective is to estimate the relation between two of
them: the signal power and the noise level of a noisy channel. The signal model will now be
characterized as a GMM, which allow us to seize the complete derivations from Section 5.1. The
desired parameters are then retrieved from the expected IP and the second-order Rényi entropy
of a complex GMM. The objective is to determine not only the intravariance (equivalent to the
variance for a univariate random variable), but also the intervariance between different components
of the GMM. In contrast with the second-order statistics approach, which is classically used for
this problem and provides good results when the intravariance is large, entropy provides a more
throughout characterization of the signal and becomes sensitive to both inter and intravariance.

5.4 Signal-to-noise ratio estimation

To end this chapter, the estimation of the SNR in a digital communications system will be addressed.
An accurate assessment of the link quality of a channel is a fundamental task for adaptive coding
and modulation, optimum signal detection, or turbo decoding, among others (see [SW98; PB00]
and references therein). The constant growth of the complexity of communication systems requires
both increasing accuracy and faster, in-service, algorithms. The main interest relies on determining
this link quality, embedded in the SNR, with as little information as possible. Moreover, it is also
desirable to design algorithms that are invariant/robust in front of as many parameters as possible,
such as the transmitted symbols, the carrier phase, carrier frequency or modulation, among others.

To comply with these specifications, the most common approach is a Nondata-Aided (NDA)
algorithm, which are designed to tackle the estimation of the SNR without the knowledge of the
transmitted data. Conversely, Data-Aided (DA) methods require pilot information and have the
advantage of a known closed-form maximum likelihood estimator. Nevertheless, although NDA
methods provide a worse CRB at low SNR values than the DA methods, it proves to be too little
of an advantage in front of the capability of NDA methods of measuring the SNR in-service and
without prior information [PB00; Gap08; BMA14].

Within the NDA category, there are many different estimator classes. From an entropy perspec-
tive, and for reasons that will become clear in short, we are particularly interested in the classifica-
tion between Envelope-Based (EVB) and coherent methods. Coherent methods compute the SNR
by preserving the in-phase and quadrature components, while EVB methods directly compute the
magnitude, i.e. the envelope, of the received signal. Another main category is encountered be-
tween baud-rate sampled versus oversampled methods [Sev+07; RVV10], and further distinctions
are usually portrayed by the characteristics of the channel, either by considering multiple-input
multiple-output systems [MDW16; Wau+07] or different kind of channel distributions [HKS15;
JH13], among many others.

The advantage of EVB methods is that are invariant in front of phase and frequency errors.
However, due to the suppression of the phase information of the signal, their CRB is two times big-
ger than the CRB of coherent methods at high SNR [GL.M09]. Moreover, EVB methods also tend
to perform poorly for multilevel constellations, particularly in the medium to high SNR range. The
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most notable and widely used EVB approach is based on measuring the even-order moments of the
signal and to solve a linear system of equations from these estimates. In its most basic form, namely
the My M, method [ME94], it measures the SNR through the second and fourth-order statistics.
However, since the My M, only leverages low-order statistics, it is prone to being only sensitive
to the noise level (intravariance), and looses perception of the complexity of the different GMM
clusters (intervariance). As a result, the Mo M, provides good result for low SNR values and con-
stant modulus constellations, but worsens its performance otherwise. To cope with this problem,
the use of higher-order moment have been proposed. These are the moments-based estimators that
encompasses up to the eight-order statistics [ALM10] (hence using the eight-, sixth-, fourth- and
second-order moments) and up to the sixth-order statistics [LM07] (with the sixth-, fourth- and
second-order moments). Nonetheless, constellations with three or more levels remain of particu-
larly difficulty for the method of moments family. This approach has also been explored for different
channel configurations, such as with Multiple-Input Multiple-Output (MIMO) systems [MDW 16]
or under a Nakagami fading channel [HKS15]. More recent EVB methods utilize the Kolmogorov-
Smirnov test between the empirical cumulative distribution function and a set of stored cumulative
distribution functions [Fu+15; WSW20]. Their estimation is improved for a wide range of SNR
values with respect to the method of moments, but it is required to store a predetermined set of
cumulative functions, and the performance is still lacking at medium and high SNR values.

On the other hand, NDA coherent methods are narrowed down to the Expectation-Maximization
(EM) algorithm [Das08], a commonly used algorithm that provides an iterative solution to the max-
imum likelihood parameter estimation. The EM approach attains a variance of the estimator very
close to the CRB, but at the cost of a high computational complexity. Moreover, it requires a perfect
synchronization of the channel, or at least that the phase and frequency errors are estimated and
corrected [GLM 10]. However, by performing such joint estimation, its computational complexity
is then further increased, opposing the desired characteristic of an in-service algorithm. These
conditions preclude the EM for applications in which the standard conditions are not guaranteed,
or where its computational intensity is detrimental.

The purpose of this section is to study an SNR estimator from an entropy measure, following
the trail of the entropy-based MSC and variance estimators. The use of entropy provides more
awareness to the intricacies of the GMM, akin to the use of higher-order moments in the case
of EVB methods. However, entropy generalizes the idea and inherently includes all higher-order
moments, both even and odd. Moreover, we will observe a similar situation of gaining robustness
than in previous sections, albeit it comes from a different direction. From the SNR estimation point
of view, the central feature is that entropy is invariant in front of rotations, meaning that an estimate
of an entropy measure remains unaffected in front of carrier phase errors. Moreover, thanks to the
estimator provided in Section 5.1, it is also possible to build an estimator that is robust in front
of carrier frequency errors following the properties of incomplete U-statistics (Subsection 3.3.2).
The resulting estimator is then considered a hybrid between EVB and coherent methods, but it has
the capability of achieving the CRB of coherent methods. As a result, we call this entropy-based
approach a semi-EVB method.

5.4.1 Signal model

The entropy-based approach to the estimation of the SNR addressed here considers a complex ad-
ditive white Gaussian noise channel where the quality of the signal is estimated at the output of the
matched filter at the optimal sampling instants. The method is generalized for any linearly mod-
ulated signal, although we will assume that the constellation and symbol probabilities are known.
The signal follows the same model contemplated in [GLLM10]. Considering that the signal power
S" and noise power N’ are constant over a block of L symbols, the symbol-rate samples at the
receiver are the following:

o' (i) = Vs (i) ed CTOr ) 4 VN2 (7) (5.109)
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fori = 0,..., L — 1. Here z (¢) are i.i.d. samples of a complex zero-mean Gaussian process with
unit variance such that Z ~ CA (0, 1). The transmitted symbols are represented by s (i) and are
independently drawn from a constellation C, which is composed by M complex symbols s,, =
rmel?m whose probabilities are Pr{s (k) = s} = pm form = 0,...,M — 1. We will also
assume that the constellation symbols have zero mean and unit variance such that

M—1 M—-1
> Pmsm =0, > pmlsml =1. (5.110)
m=0 m=0

The parameter ¢ corresponds to the phase error, which is constant during all the observation win-
dow, and A ¢ denotes the frequency error, which is normalized to the symbol rate and is considered
sufficiently small so that the intersymbol interference can be neglected. The problem of estimating
the SNR is then cast as the estimation of p = S’/N’ given L samples from (5.109).

Along this section, we refer to standard conditions then both carrier phase and frequency off-
sets are null, i.e. Ay = ¢ = 0. This is a common assumption in coherent NDA SNR estimators.
Otherwise, the carrier phase has to be synchronized beforehand. Conversely, EVB methods are
invariant to phase and frequency errors, and the measure of SNR can be done before any synchro-
nization stage. In the case of the entropy-based estimator, we will consider both scenarios for a
proper evaluation of the semi-EVB property.

In addition, we will also consider that the data has been normalized with

x' (i) x' (4)

x (i) = = = — =, (5.111)
VL \ES )]
where Ms is the estimate of the second-order moment whose expectation is
By { M} =My = 8+ N, (5.112)

The SNR is then p = S/N, where S = S’/Mg and N = N’/Mg. Since M, is a consistent
estimate of the envelope [AL.M 10], we ensure that the normalized signal and noise powers S and N
are roughly between 0 and 1. Although this normalization is not strictly necessary for the entropy-
based estimator, it guarantees some consistency for determining the kernel variance. In particular,
we know from the previous sections that it is desirable to determine the kernel variance in terms
of the variance of the data itself. Thanks to the normalization, the whole search is limited, which
will ultimately help with the choice of parameters of the estimator.

With all this into consideration, we can now define the second-order Rényi entropy of the re-
ceived data. Following the signal model in (5.109) with the standard condition assumption and the
normalization from (5.111), X is distributed as follows:

M-1

X~ S puCN <\/§sm,N) . (5.113)
m=0

Hence, given Appendix 7.4.1 for univariate random variables, the second-order Rényi entropy of
the noisy constellation C is directly given by

I E pp Ssm — S|
ho (X)z—ln(V(X))z—ln(Z 277]7\7 exp <—2N’”>> (5.114)

m=0 m’=0

As it can be seen, ha (X) only depends on S and N, considering that s,,, and p,,, are known. On top
of that, the invariance in front of phase errors is gained thanks to the computation of the squared
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Figure 5.11: Diagram of the entropy-based approach in terms of EVB and coherent methods.

absolute value of symbols pairwise differences. Concretely, for Ay = 0 and ¢ # 0, the argument
of the exponential becomes

-S ‘smem — sm/ejd"Q =S ‘em (Sm — Sm) 2 =S sm — Sm/’2 (5.115)
2N N 2N N 2N ‘ ‘
As a result, we can ensure that
hQ(XNd)#O:hQ(X)’(b:O. (5.116)

Given this particular signal model, this property can be seen as the equivalent of the most well-
known mean invariance property of any given entropic measure. In this case, thanks to the use
of the second-order Rényi entropy, we gain the property of rotation invariance. However, carrier
frequency errors do still influence the entropy measure. Since gaining robustness in this last case
is more complex, we will address it in Subsection 5.4.4. For now, the data will be assumed that
just have an arbitrary carrier phase error, which is the same as assuming the standard conditions
for the entropy-based approach.

In view of the previous properties, Figure 5.11 illustrates the allocation of the entropy-based
approach as a function of their invariance in front of carrier phase and/or frequency errors. While
coherent methods are not, generally speaking, invariant to carrier offsets, the entropy-based ap-
proach is a coherent method, and it is invariant to constant rotations. That is why we refer to the
proposed method here as a semi-EVB approach.

5.4.2 Problem formulation

Next, we proceed to evaluate the entropy estimator from (5.1) in the context of this section with
the purpose of determining the SNR estimation. Given L i.i.d. observations from (5.109), the
second-order Rényi entropy is given by

hoy (X) = —In ZZ ke () | = -In (Uv (X)) (5.117)

O<z<]<L 1

It is worth noting that, this time, the kernel bandwidth v is included in the subscript of both second-
order Rényi entropy and IP estimator. The subscript is included in preparation for an eventual
requirement of various different kernel bandwidths, so every entropy estimate with different pa-
rameters is properly differentiable. To be concrete, we define the second-order Rényi entropy of X
contaminated by a variance v as follows:

N Pp S |sm — 8|’
ho oy (X) = —1n (V, mPm/ _208m ZSmrl ) )
20 (X) = —In (Vo (X n;)m,zow ON +02) P IN + 02
(5.118)
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where V,, (X) is also the contaminated IP. As a result, the implicit distribution of the contaminated

X is now
M—1

X'~ S puCN (\/Esm,N + v/2) . (5.119)
m=0

Focusing now only on the IP, the expected value of the estimator is

= Pp S 8 — Sm|?
EfX{ v } Z Z 2N—|—U2 exp <_2N—|—U2> =V, (X), (5.120)

which can be obtained directly from Corollary 5.1.1 for univariate GMM with f1,,, = v/S's, and
02, = N. As can be seen, the expected value of the IP estimator is in agreement with the con-
taminated IP in (5.118). Another relevant observation is that the amount of contamination given
by the kernel variance v? directly sways the noise power N in an additive manner. Although both
parameters, S and NV, are to be estimated by an entropic measure, v? will be chosen in terms of
the noise power. This makes sense because, by contaminating all the GMM components equally,
the affected variance is the intravariance, and not the intervariance, which translates to the additive
behaviour of v? in front of V.

We are now in terms of determining the expression of the SNR estimator. Given (5.120), we
will employ the estimate of the second-order Rényi entropy to retrieve S and N in a similar fashion
to the method of moments. In particular, the moments-based estimators are defined by two (or
more) equations based on the measurement of the even statistical moments (odd moments are not
considered, since it would infringe the EVB approach with, apparently, no gain in performance).
In the case of the entropy-based approach, the equivalent equations are given by different kernel
variances. This way, we can construct a nonlinear system with any desired number of equations.

Given a set of () kernel bandwidths {v1, v2, ..., vg}, the SNR estimator can be constructed by
fitting the model of the true second-order Rényi entropy 5z ,, to the estimated one by minimizing
with respect to the desired parameters S and IN. The estimation is then cast as the following
Nonlinear Least-Squares (NLS) problem:

{S N} —argmmZ(hqu )—il,gqu (X)>27 (5.121)

SN o

and then by computing the SNR with p = S / N. This optimization problem can be solved with the
Levenberg—Marquardt algorithm [NWO06], which behaves both as a gradient-descent method and
as the Gauss-Newton method depending on the distance of the parameters to their optimal value.
As aresult, this algorithm provides both fast and good local convergence. Due to the normalization
in (5.111), the signal and noise powers are assessed only between 0 and 1, hence facilitating the
minimization problem.

Regarding the initialization of parameters, a moments-based method is generally used. For
instance, an initial guess from the sixth-order statistics estimator [LLM07] provides a good enough
first approach with a very low computational cost. Although the error increases for multilevel
constellations at high SNR values, it is usually enough for the entropy-based estimator to find the
values that minimize (5.121). Otherwise, the bias is propagated into the entropy-based estimator,
and the global minimum may not be achieved.

It is worth noting that the second-order Rényi entropy is used instead of the IP for the purpose
of estimating the SNR, unlike the variance and MSC estimators. The main reason is given by the
concavity of hg,, (X) with respect to S and N. To see that, consider (5.118) as follows:

e S‘S — S /‘2
ha, (X) =In(m (2N +22)) — <Z mepm/exp< M)) (5.122)
q

m=0 m’=0

123



5.4. SIGNAL-TO-NOISE RATIO ESTIMATION

On the one hand, we have that In (7r (2N + vg)) is strictly concave. On the other hand, it is known
that the logarithm of the sum of exponential functions is convex [BV04], hence its reverse sign is
concave. Given that the sum of concave functions is another concave function, hence ha o, (X) is
concave. The quadratic adjustment of the logarithm is then used since it does not alter the perfor-
mance of the fitting. Nonetheless, the concavity of (g, (X) — iLqu (X))? in (5.121) cannot be
guaranteed since the difference between the second-order Rényi entropy and its estimate (the argu-
ment of the previous expression) is not strictly nonpositive. This observation may pose a problem
in terms of the convergence of the NLS. However, we will see in the computer simulations that the
optimization process generally behaves as expected, with the exception for very high SNR values,
which is the most difficult regime for the chosen initial estimate Mg. Nonetheless, the conver-
gence can be controlled by choosing an adequate kernel bandwidth, as we will see in forthcoming
subsections.

5.4.3 Performance analysis

Once the base estimator is established, we are then interested on unraveling the performance of
the SNR estimator. First, we analyze the behaviour of the second-order Rényi entropy at different
values of true SNR in the case of a GMM. Then, the variance of the estimator is analyzed, which
will be used to determine the strategy for choosing the adequate value of kernel variances.

5.4.3.1 Asymptotic behaviour

Consider the expression of the contaminated second-order Rényi entropy hs ,, (X) in (5.122).
Given that the signal model is now based on a GMM, rather than a single Gaussian, we are now in-
terested on addressing the behaviour of this entropic measure when the true value of SNR increases
or decreases indefinitely.

First, let us examine the low SNR case. For that, and for clarity, we will express the SNR
as a function of a single parameter, which can be either S or N. This can be done thanks to the
normalization in (5.111), with which we can express

Sl N/

where S + N =1 and
1-N S

N 1=
Then, it is clear that p — 0 is equivalentto N — 1 and S — 0 at the same time. With this in mind,
the asymptotic second-order Rényi entropy at low SNR yields

M—-1M-1
. B ~ AT 1
lim oy, (X) = In (w (2N +v7)) —In (Z > pmpm> =-In <7r (2N+v,§)> . (5.125)

m=0 m’=0

p= (5.124)

As a result, the second-order Rényi entropy of a GMM at low SNR becomes the one of a con-
taminated Gaussian variable (as be seen, for example, from the IP in (5.18) for univariate random
variables). This is an expected behaviour since, as the signal power decreases and the signal noise
increases, the components of the GMM have a strong overlap and the distribution becomes Gaus-
sian. In this low SNR regime, it is possible to retrieve the SNR just by isolating /V from an estimate
of (5.125). Therefore, only a single kernel variance and entropy estimation () = 1) is required.
Under the context of parameter estimation with inherent Gaussian distributions, it is well-
known that second-order becomes a sufficient statistic for estimating the parameters of interest
[VVO05]. However, for the estimation of SNR, two parameters are assessed, S and N. The second-
order moment is indeed a sufficient statistic for estimating N at low SNR. This can be seen by
recalling that My = S 4+ N, which becomes My =~ N as p — 0. This is a similar outcome than
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Figure 5.12: Contour plot of the complex GMM distribution in the complex plane for different
values of SNR for p,,, = 1/M. Both original (a) and contaminated (b) distributions are shown.

in (5.125). However, the SNR requires the estimation of both signal and noise powers, requiring
two equations for two unknowns. Therefore, it is the combination of the two lower (even) moments
that become a sufficient statistic. This is exemplified by the M, M, estimator, which yields very
good results for low values of SNR, particularly for single level constellations. Moreover, we know
from (3.84) in Subsection 3.3.3 that the U-statistics entropy estimator becomes a scaled version of
the sample variance. Consequently, very large values of vg become beneficial for the estimation
of SNR, albeit only at the low SNR regime. In fact, the entropy-based estimator approximates the
M5 M,y estimator for very large values of vg. This behaviour will be later confirmed through both
theoretical estimator variance analysis and computer simulations.

To illustrate the second-order Rényi entropy for different values of SNR, Figure 5.12 shows
the low SNR scenario with the quasi-Gaussian distribution for the Quadrature Phase-Shift Keying
(QPSK) constellation, along with other scenarios that will be addressed shortly after. The upper
row shows the true PDF as it is expressed in (5.113), while the lower row shows the contaminated
PDFin (5.119), where vg = 10~ is chosen for illustration purposes. The low SNR regime can be
appreciated for p = 0 dB, which is enough for a good approximation of (5.125). Furthermore, it can
be seen that the contaminated PDF becomes even more Gaussian, provided that the contamination
is strong enough, thus providing a better approximate of (5.125).

On the other hand, for p — oo the components of the GMM become clearly distinguishable.
Consequently, a very small kernel variance is preferred in order to preserve the separation among
different clusters. Otherwise, high values of vg would conceal the rich structure provided by the
corresponding GMM, and the second-order Rényi entropy would derive again to the Gaussian case.
This outcome can be observed in Figure 5.12 for p = 10 dB, where the contaminated PDF portrays
an overlapping not present in the original PDF.

By considering p — oo and vg — 0, the only nonzero terms within the sum of exponential
functions are those with s,,, = s/, rendering the following asymptotic entropy value:

M—-1M-1
lm  hyy, (X)=In(7 (2N +v])) —In (Z Z pmpm/5m7m/> (5.126a)

m=0 m’/=0

M—-1
=—In (Z p?n) +1n (7 (2N +22)), (5.126b)

=0
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where d,, v is the Kronecker delta, which is equal to 1 if and only if m = m/, and 0 otherwise.
The result is similar to that of the low SNR regime in that the second-order Rényi entropy does
only depend on N. Nevertheless, in contrast with the low SNR case, now the argument of the
logarithm (the IP) also depends on the symbol probabilities. In fact, Z%;& p2, corresponds to the
collision probability of the constellation symbols. Similarly to the case of estimating the variance
in Subsection 5.2.3, the resulting IP here is also swayed by the collision probability. The minimum
IP (maximum hz ,, (X)) is then achieved by equiprobable symbols, and it just becomes an scaled
version (by 1/M) of the IP in the case of low SNR regime, as can be see in (5.125).

Again, in this regime one could retrieve the SNR by just isolating the noise variance in (5.126),
provided a very small value of kernel variance is used. This strategy is actually used in our pub-
lished paper [dR19]. However, it requires a determination of the threshold in which this regime is
achieved. In order to unify the methodology, this approach will not be considered (and neither the
low SNR one for the same reasons), and the SNR estimation will be addressed equally by solving
the NLS problem.

Lastly, intermediate values of SNR result in an underlying PDF that is neither Gaussian (or
quasi-Gaussian) nor distinct components of a GMM. In this case, the second-order Rényi entropy
cannot be simplified by an asymptotic analysis. This is the regime that is shown in Figure 5.12 for
p = 5 dB. As it can be seen, both original and contaminated PDFs are just overlapping components
of a GMM. In this case, the only option is to estimate the SNR following (5.121), which we
will see that it is precisely a particularly difficult regime. Nonetheless, in terms of the choice of
kernel variance, it can be seen that different regimes require different values: low SNR appreciates
large values of ’Ug, high SNR calls for low vf] to avoid overlapping of the GMM components, and
intermediate SNR values need an intermediate choice, since higher values would also just end up
with a quasi-Gaussian distribution. In short, the required kernel variance is in tone with the true
SNR value.

As a final remark, this result is in agreement with the observations made in Subsection 3.3.3.1.
The more intricate the underlying distribution, the more sensitive it becomes in front of the additive
Gaussian noise, which is inherent in the entropy estimate utilized in this chapter. While the SNR
estimator is not directly concerned about the added bias on the entropy estimate, given that it is
known and taken into account in the computations, the choice of kernel variance is still relevant.
If chosen carelessly, the sole process of estimating entropy may hinder the final SNR estimate.

5.4.3.2 Variance analysis

Next, we evaluate the variance of the SNR estimator, namely Var {/}. The intention is not only to
corroborate the performance of the estimator under different settings, but also to help decide the
best kernel bandwidths for each one of them. Similar to previous sections, the knowledge of the
variance is leveraged to decide the appropriate kernel bandwidth. While the computation can be
cumbersome, the knowledge of a closed-form expression of the variance of the estimator proves to
be useful for improving the performance of the final estimator thanks to an appropriate choice of
kernel variance.
For that, we first need to analyze the cross-covaraince of the second-order Rényi estimator

Cov {ha, (X) o, (X)} =

By { Ao, (X) hoy (X)) = Epy { Bz, (X)}Epy {hon, (X)) (5:127)

for ¢,¢' = 1,...,Q. To simplify the notation, the cross-covaraince will be denoted as o7 {q, ¢}
Similarly, we define the cross-covariance of the IP as

ot {a,d'} = Epy {Uvq (X) Uy, (X)} — o} po {d'}, (5.128)
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where p7 {q} = Ey, {Uvq (X )} denotes the expected value of the IP from (5.120).

In Section 5.1, the covariance of the IP is computed, but we now require the covariance of
the second-order Rényi entropy estimate. For this, consider two random variables Y and Z with
joint PDF fy. 7 and marginal PDFs fy and fz. Given a differentiable and real function f (z), the
covariance to be determined is as follows

Cov{f(Y),f(2)} =Ep S (V) F(2)} —Ep {f (V)} Ep, {F (2)}. (5.129)

The covariance will be approximated with the Taylor series up to the second order around the
expected value of Y and Z [BHNO5, Sec. 4.3.3]. The approximation yields

Var{Y'} of (z)
2 Oox

Var{Z} Of (x)
2 Ox

: (5.130)
z=Es {Y}

En {f (V)= f(Ep {Y})+

Ep, {f(2)} = f(Ep, {Z}) + , (5.131)

a=Es, {2}

and

Ep 2 A (V) F(2); =f Bp YD) f (Ef, {Z})

r 2 T
b1 By, vy B T

ar 2 T
41 (B, {2y D T

of (z)
Oz

z=E; {Z}

z=Ez {Y}
of (z)

+ Cov{Y,Z} 5
X

(5.132)

r=Es {Z} z=Ep {Y}

By combining the previous equations with (5.129), the following approximation is obtained:
of (x)
Oz a=Es, {2}

Var{Y'} Var {Z} 0?f ()
B 4 0z?

of (x)

ox

Cov{f (Y),f(2)} = Cov{Y,Z}

a=Es {Y}

O f (x)
Ox?

(5.133)

For the case of the second-order Rényi entropy, we need to substitute the expected values with
Ep {Y}=w{a}, Ep{Z}=np{d}, (5.134)
and the variances and covariance with
Var{Y} =0 {q,q}, Ep{Z} =03 {d.d}, Cov{Y,Z} =07 {q,d}. (5135
From (5.117), f and its derivatives are

B o2
fla)=—In(a), J;Ef) = —é, a@gﬂ”) - % (5.136)

which, by gathering all previous expressions, it finally yields the approximate variance of the
second-order Rényi entropy estimator:

ot {e.dy  obf{ea}oi{d.d}
po{aypo{dy 4 (uo {q} po {¢})?

or{a,qd} ~ (5.137)
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Figure 5.13: Variance amplification of the estimated second-order Rényi entropy as a function of
the relative kernel variance w for two different constellations and two different values of true SNR
(in dB).

The cross-covariance of the IP estimator with two different kernel bandwidths is given in Proposi-
tion 5.2 and yields

ot {a.d} =0t {q.d} = A= 2)&;?5 209 (5.138)

where now we have

M-1
. PmPm/Pn _ Sm — Sm/ 1| Sm — Sm/
G_Z 2 2 4 42 22) P SL”_SW] @ [sn—sm/} ’
mm/ =0 T (2N (vg + vy + 15N ) + VgUy
(5.139)
with )
| 2N + vg N
Ua= [ N 2N + v, } ’ (5.149)
the term
PPy MlMZl S [5m — Syt |2
b= mem exp | — mo_m (5.141)
1 )
w2 (quq/ + 2N (Uq + ’Uq/)) =0 m/—0 2N + (UL + UL)
q q’
and
¢ = pu{a}pu{d'} (5.142)

Figure 5.13 illustrates the variance of the second-order Rényi entropy estimator, i.e. the co-
variance with the same kernel bandwidth Var {fzg,v . (X )} = O‘}QL {q, q}. Following (5.81), here it
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is shown as a function of the relative kernel variance, defined as

(5.143)

w =

2|

For completeness, two different constellations with different degree of complexity are shown, the
QPSK and the 16-Amplitude and Phase-Shift Keying (APSK) (specified in [DVBO06]). For these,
the symbols are assumed to be equiprobable with p,,, = 1/M. Moreover, the variance is evaluated
for two different values of p. It can be seen that the approximation performed in (5.137) corresponds
to the one obtained empirically, thus confirming that is is a valid estimate. For low values of
SNR, we know from Subsection 5.4.3.1 that the GMM becomes quasi-Gaussian. Consequently, the
variance of the ﬁgﬂ, , (X)) estimate resembles the one in Figure 5.3, albeit with a floor value for low
values of w. When the SNR increases, the clusters do not overlap anymore and the particularities of
each constellation become noticeable. Unfortunately, the sum of exponential functions added to the
different symbol differences for each constellation makes the asymptotic analysis (as performed in
Subsections 5.2.2.1 and 5.3.2) mathematically complex, if tractable at all. However, for any given
constellation, the trend is that the variance of the estimator decreases as w increases, which is a
common trait with all the entropy-based applications in this chapter given the base estimator (5.1).

Next, we measure the variance of the SNR estimator. A small error approximation will be
used following (5.32). However, now the multivariate case is contemplated. Consider the vector of
parameters o = [S, N7 with which the SNR is computed through the function p = ¢ (o) = S/N
with ¢ : R? — R. The array « is defined through function ¢ : R? — R? with a = ¢ (hy) and
hy, = [thl, e hg,vQ] T While ¢ is known, ¢ comes from the () equations of the NLS problem in
(5.121) and it is unknown. The variance of the SNR estimator is then approximated by

H
Var {5} ~ (55 (¢ (2) Z:m) S, (55 (¢ (2) z:h) , (5.144)
where the Jacobian for z = [z, ..., zQ]T is
0 0 0 !
9,5 (6 (2)) s [aZlé(C( ) . B2 (€ (2)) zhj ; (5.145)
and the covaraince matrix
o2 {1,1} o2{1,2} - 0o2{1,Q}
S, = 02{2,1} o7 {2,2} : . (5.146)
AR o 0HQQ)
For the elements of the Jacobian, the chain rule states that
aazqﬁ (€ (2) = <a%(aa)>T((Z, (5.147)
where I€ (x) os o 81" 11 -9t
da [OSN’(?NN] - [NNJ ' C-148)

Conversely, the derivative of a« = ¢ (hga) cannot be directly computed given that ¢ is unknown.
For that, we will make use of the inverse function theorem ([Rud76], Theorem 9.42). Here, it
is worth noting that the inverse function theorem is generally expressed for differentiable vector-
valued functions f : R? — R, so the consequent Jacobian matrix is a square matrix. To avoid

129



5.4. SIGNAL-TO-NOISE RATIO ESTIMATION

any associated problems with the inversion of matrices, we will fix now ) = 2, which translates
into a nonlinear system of two unknowns and two equations with ¢ : R? — R2. An overdetermined
system (() > 2) may provide more robustness to the estimate through (5.121) (which can also be
solved with the Levenberg—Marquardt algorithm), alleviating the choice of kernel bandwidth by
just considering many more diverse vg values. However, the theoretical variance cannot then be
accurately computed as with () = 2. At the end, one could either optimize the two different kernel
bandwidths as a function of the variance of the estimator, or to just set many different fixed kernel
bandwidth values to gain in consistency with the estimated S and V. The first option is preferred
since it is less computationally complex (for every kernel bandwidth a new estimate of an L x L
matrix is required).

Then, from (5.147) and the inverse function theorem with () = 2, the derivatives required in
(5.147) are obtained by inverting the matrix that is composed by the derivatives of the second-order
Rényi entropy expression for each parameter S and NV such that

™ on Oho,  Ohon, 7L
021 21=h2,v, 0z1 z1=h2,4; — 05 oN (5 149)
ﬁ 8_N 8h2,1,2 ahQ,vQ
622 22:h2,112 32’2 ZQ:hQ’UQ o5 ON
Following again the chain rule, we have
Ohaw, _ Ohaw, Vo,  dg (5.150)
s~ v, oS po {q} '
and
Oha y, B Ohg y, OVy, _ & (5.151)
ON — 0V, ON — pu{q}’ ‘
where
oV,
d, = aqu (5.152a)
M—1M-1 2 2
1 |3m_5m’| S|Sm_8m/|
_ _ exp | ——————""1 || (5.152b)
> 2 v (i P
and
aV,
g = 8]:7(1 (5.153a)
M—-1M-1 PP ) S |sm — s ’2
_ mim’(ggbm_sm/y —2(2N+Uq)>eXp _Pom = oml] )
£ 5 ™ (2N + ) 2N+
(5.153b)

Finally, by gathering the previous derivatives into (5.149) and computing (5.147), the approximate
variance of the SNR estimator results in

uv]&g‘g—zvez—s?ﬁ H wjé;(}é—zvez—s(;z)

1e2—d2eq 2 2 1e2—d2eq

Var {p} ~ opil 1t ol 2} } (5.154)
v {2} (Ney +5dh) 0 {2,1} 05,{2,2} v {2} (Ney4+8dy)
NZ2(diea—dazer) N2(dyez—dzer)

From the previous expression, it is relevant to mention that the variance goes to infinity for v = v3,
given that then we have djes = dae; in the denominators of the gradient. This case actually corre-
sponds to the NLS problem for () = 1, which can in fact be solved thanks to the normalization from
(5.111) and following (5.123) and (5.124). Nonetheless, it is shown in [dR19] that this approach
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Figure 5.14: Normalized variance of the SNR estimator as a function of its true value for multiple
v? and a fixed v3 = 10° with L = 500.

induces a nonmonotonic dependence of the IP in terms of the SNR, resulting in a worse estimation
for the low and medium SNR regimes. Consequently, () = 2 is strongly suggested for a consistently
good performance of the SNR estimator and an appropriate evaluation of the theoretical variance.
From now on ) = 2 will be assumed unless otherwise stated.

To avoid the use of the same kernel bandwidth, we will generally impose v3 to be a high enough
value so that v is always beneath. The reason to prefer a high value of v3 is encountered in
Figure 5.13, where larger values of relative kernel variance have lower entropy estimation variance.
Later in this section we will see how the kernel variances will be chosen in base of this particular
observation.

Apart from v = v3, another conflicting kernel variance values are the ones that yield dy = eq.
That is, when the derivatives with respect to S and N coincide, the matrix from (5.149) is of rank 1,
and therefore not invertible. The theoretical analysis of these v, values is rather complex, thus this
problem will be circumvented, at the time of determining the kernel variance values, by a two-step
optimization with different initial guesses.

Figure 5.14 shows the comparison between the theoretical estimator variance in (5.154) and the
empirically obtained by solving the NLS problem in (5.121) by means of Monte Carlo simulations
with 500 iterations. This figure takes into consideration that one of the kernel variances (U%) should
be always greater than the other (v?). Therefore, for illustration simplicity, a sufficiently high value
of v3 is fixed while three different values of v? are shown. The normalized variance is defined

asNVar {p} = E, {( p—Er A{ ﬁ})Z} /p?, which it is compared to the Normalized Cramér-Rao

Bound (NCRB) of both EVB and coherent estimators as provided in [GLLM09]. As can be seen, the
theoretical variance is mostly accurate except for low SNR values with high kernel variance values,
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or for high SNR values with low kernel variance values. This mismatch is mainly caused by a poor
resolution of the NLS problem, which does not find the global minimum for the given v% and v%
values. However, it can be corrected by increasing or decreasing, respectively, the kernel variance
at these SNR values. Some spikes can also be observed, exemplifying that the estimator variance
greatly increases for djes — dae; & 0, with an asymptote at dyea = dae;. This occurrence will be
addressed in the following subsection.

5.4.3.3 Kernel variance choice

Following the previous subsection, we can consider that the problem of determining the kernel
variances is an optimization problem by itself. As a general rule, the best kernel variances are
the ones that provide the minimum SNR estimator variance, given that the bias introduced by the
kernel IP estimator is taken into consideration in the NLS problem. Since the theoretical variance
has been assessed, the most direct approach is to determine v? and v2 by minimizing Var {5}.
Consider now that we have a relative kernel variance for each one of v} and v such that

2 2
wy = ”Nl wy = UNQ (5.155)
Since N is unknown, the relative variance must be computed by a first estimate N. Given that
NLS also requires an initialization, we will benefit from the prior estimation given by the sixth-
order method of moments, namely Np. Therefore, the kernel variances used for the estimation of
SNR will be vg = quG. Unless stated otherwise, all vg will be based on ]\76 in both empirical
and theoretical results.

Given the w% =+ w% constraint, the most direct approach is to optimize the relative kernel
bandwidths in a coordinate descent manner. In other words, we will use a gradient descent method
for each relative kernel variance at a time, alternating between the two of them until the global
minima has been reached. For convenience, we will further constrain the relative kernel bandwidth
with wy > wy so that w? # w3 is never achieved.

To get more insights on the problem, Figure 5.15 illustrates the normalized variance as a
function of the relative kernel variance w; for fixed w9 with different SNR values. The value
of wy = 10 is chosen so that wy > w; is guaranteed for all the shown values of w;. This figure
represents a possible stage of the coordinated optimization problem, in this case on the side of w; .
Both empirical and theoretical estimator variances are shown again to corroborate that the opti-
mized kernel variances values would endorse the desired empirical variance. Again, the empirical
values are obtained through Monte Carlo simulations with 500 iterations. The overall intention is
to show that the relative kernel variances can be easily optimized with a gradient descend method,
albeit with a downside. The spikes that can be observed for some values of SNR correspond to
the d; = e4 conundrum. These are particularly difficult to avoid, since they can disrupt the good
behaviour of the gradient descend method if the initialization is either in one of its sides. To avoid
this, the first step will be to perform two different gradient descend algorithms, each one with a
different initialization, in order to iterate with the potentially better choice of kernel variances. It is
also worth mentioning that the mismatch between the empirical and theoretical variances, mainly
for low values of SNR and w1, is again due to a poor resolution of the NLS problem, similar to
Figure 5.14.

On a more general note, Figure 5.15 also shows that the entropy-based method exhibits the
best performance for w; = 1 as the SNR increases. This observation confirms that the best kernel
variances at high SNR, i.e. separated GMM clusters, are the ones that are at a similar order of
magnitude to the noise variance. Conversely, low SNR values perform better as w; increases,
confirming that a quasi-Gaussian distribution prefers high values of contamination to appropriately
determine the true noise level. Furthermore, the empirical variance of the M, M, estimator is also
shown for p = 0 dB as a dashed line. As can be seen, the entropy-based estimator tends to this
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Figure 5.15: Normalized variance of the SNR estimator as a function of its true value for multiple
values of v and fixed v3 = 10°.

value for an increasing kernel variance, confirming the low SNR regime study that is addressed in
Subsection 5.4.3.1.

Finally, Algorithm 2 depicts the proposed coordinated descend method used for determining
the relative kernel variances, and posterior v? and v, by gathering all previous insights. Here,
min {Var {p} ,wo, A, B} denotes the relative kernel variance that minimizes the SNR estimator

q

variance with an initial guess wq constrained in the region A < w, < B. After some parameter
initialization, including a very large initial ws, the algorithm looks for the minimum value at either
sides of the spike. Once one side has been determined, the algorithm iterates w; and wo in an
alternate manner until convergence is achieved. At each iteration, the wo > w; constraint is en-
forced to the regions of the optimization method. The step tolerance e that will be used throughout
this section will be € = 10710, unless otherwise stated. Generally speaking, the algorithm deter-
mines a considerable good kernel variance value with few steps, with the exception of the most
difficult, medium SNR values. This behaviour will be confirmed jointly with the performance of
the estimator in Subsection 5.4.5.

5.4.4 Frequency error robustness

Before proceeding further, it is worth briefly reviewing how robustness has been addressed up until
this point. In Sections 5.2 (determinant of the covariance matrix) and 5.3 (generalized coherence),
the sample estimators are nonrobust, and the entropy-based approach has been proposed to gain
robustness. However, in this section, the scenario is different, and the SNR estimators based on the
sample estimate of the moments are now the robust methods. Even more, they are EVB methods,
meaning that the moment-based estimators are invariant to two common errors in digital commu-
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Algorithm 2 Coordinate gradient descend method for determining the relative kernel variances.
E=1;0<e<1;A=10"%B =104 wy [0 = B
wy [0] = min {min {Var{p}, A, A, B} ,min{Var {5}, B, A, B}}
while A > ¢ - -
wa [k] <= min{Var{p},wa [k — 1] ,w1 [k — 1], B}
wi [] < Hgm (Var {p} w1 [k — 1], A, ws [K]}

el 1) o1
wl[k} ’ wg[k]

A:max{
k+k+1
end

nications channels (carrier phase and frequency errors). Thanks to this, EVB methods are widely
used when the coherence time of the channel, in the sense of nonvarying carrier error offsets, is
unknown, given that it is inconsequential for the EVB approach. Meanwhile, the entropy-based
approach is a coherent method, and it is “only” invariant to carrier phase errors. Nevertheless,
low-order moments are still not capable of discerning the intricacies of the implicit PDF, unlike
an entropy measure, which makes them prone to a high SNR estimation bias for multilevel con-
stellations. Higher-order moments provide an intermediate solution to this problem, being both
invariant to carrier offsets and with better awareness of the complexity of the PDF, but they are not
so easily manageable. Therefore, it is relevant to develop techniques that bestow both robustness
in front of carrier errors and good performance with multi-level constellations, thus providing an
alternative to moments-based estimators.

This subsection is devoted to the study of a method to gain robustness in front of carrier fre-
quency errors for the entropy-based approach. Until this point, the entropy-based applications have
been capitalizing on the U-statistics properties of the IP estimator. Thanks to the U-statistics stand-
point, the entropy estimator is inherently unbiased, provided that the kernel variance is known and
considered in the expected value, and only the variance becomes relevant. Here we develop the
concept further, taking advantage of the incomplete U-statistics (addressed in Subsection 3.3.2),
which still provide an unbiased estimate, but at the cost of a higher variance. While this approach
may deteriorate the overall SNR estimate, it also may be advantageous in a scenario where the esti-
mate window cannot be aligned with the coherence time of the channel. In fact, a common practice
in estimation and detection problems in the presence of frequency errors is to limit the coherent
integration of the estimator [GLS16]. This implicitly decreases the performance of the coherent
estimators that require such limitations. Meanwhile, the method proposed in this subsection takes
advantage of the complete length of the available data, as we will see hereunder.

First and foremost, and for the sake of clarity, let us express again the second-order Rényi en-
tropy estimator based on kernel pairwise differences, but also expressed in terms of the consequent
kernel matrix:

~ 2 ' ‘
20, (X) = —In L<L1>o<i<jz<“k“q (x (i) — = (5)) (5.156a)
1 L—-1
T N PR R
=-In{7 (L= 1)5201%4 (z(i))—z(j))—L|=-In(1]K1, — L), (5.156b)

where [K]; ; = ky, (z (i) — 2 (j)). The incomplete U-statistic approach comes from the obser-
vation that there is a strong dependence among the terms of the summation, mainly due to the
repetition of samples x (i) and = (j). Following this rationale, the set of terms that contribute
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Figure 5.16: Kernel matrix composition and number of elements in each block.

mostly to the estimator are then those terms whose sample pairs do not repeat indexes:
{kv, (x (1) = 2(2)) kv, (x (3) =2 (4)) ;.0 ko, (@ (L —2) —x (L —1))}. (5.157)

The subsequent terms are also of importance to reduce the variance of the estimator, but their
contribution becomes smaller the more indexes are repeated. The general approach is then to reduce
the total number of pairs, L (L — 1), so that only the ones that are close to each other (in terms of
the observation window) are used in the computation of the estimator. This new subset of terms is
then considered to have negligible carrier frequency error.

Thanks to the particular structure of the kernel matrix, those terms in which we are interested
are the ones closer to the main diagonal. In particular, we will determine the used terms for estimat-
ing the second-order Rényi entropy as those that are comprised within the first & diagonals. These
diagonals contain the terms whose maximum index distance j — ¢ is K, consequently bounded by
1 < K < L —1. While K = 1 corresponds to only the first diagonal, K’ = L — 1 denotes that the
complete kernel matrix is being used in the estimation of the IP or the second-order Rényi entropy,
and it is therefore equal to the estimator in (5.156). The subset of terms that are used to compute
the second-order Rényi entropy is then composed by the pairwise differences whose indexes are
within this distance. Concretely, the incomplete estimator then becomes

hawek (X) =—In (fqu,K (X)) , (5.158)
where
Oure (X) = 57— K_1 > D k@@ -2 (), (5.159)

0<1<L 1 i<j<J;

and J; = min {K + 4, L — 1}. In this case, the number of terms is X (2L — K — 1) /2, which is
much smaller than L (L — 1) /2 for K < L.

Figure 5.16 illustrates the different terms used in each one of the proposed estimators. While
in (5.156) the L (L — 1) /2 elements are computed (due to symmetry), which would correspond
to the upper-right block, here we propose to use only the K (2L — K — 1) /2 terms obtained by
subtracting the (L — K) (L — K — 1) /2 terms from the complete upper/lower triangular matrix.

Next, we proceed to analyze the behaviour of the SNR estimate with a given value of K. In
fact, the theoretical variance needs to be adjusted in terms of K for a precise kernel variance com-
putation. This is a consequence of reducing the terms used in the second-order Rényi entropy
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Figure 5.17: Weights associated to a, b and c of the variance of the incomplete U-statistics SNR
estimator in (5.160).

in a structured manner. Therefore, the weights associated to the terms a, b and ¢ from (5.138)
must be corrected. By following a similar approach than in Appendix 7.4.3, one can determine
that now the number of elements of a, described in (5.139), is K (2L — K — 1) (K — 1), and
K (2L — K — 1) /2 in the case of b, described in (5.141). The theoretical variance of the IP esti-
mator is then

ot {a,d} = (a-c)KQL-K-1)(K—-1) (b-—¢KQ2L-K—1)/2

(K (2L — K —1) /2)* (K 2L—K —1) /2)° (5.160a)
-y

It can be seen now that the difference between the weights of each term is now determined by K,
which should be appropriately computed. Additionally, note that for X' = L — 1, hence using all
the available samples, then (5.160) and (5.138) are equal. Therefore, one can define (5.160) as the
general theoretical variance of the IP, and determine K depending on the scenario.

A relevant aspect from (5.160) is the relationship between K and L. To better ascertain the
behaviour of the associated weights in (5.160), Figure 5.17 shows how they behave with a fixed
value of K (except for K = L —1) and an increasing value of L. For the cases when K > L, anew
value for K is assigned that corresponds with the corresponding L — 1, and that is why for K = 103,
for example, only appears for L > 103. First, it can be clearly seen that all weights decrease as L
increase. This means that (5.158) still benefits for an increasing value of L, even for small values
of K. Furthermore, for large values of L and small K one can attain similar performance than with
high K and low L. Secondly, the choice of K is more relevant for the weight associated to b than
the others (given that c is governed by both weights). The result is that by decreasing K the penalty
of the b terms increases, while the penalty of the a and c terms decrease, albeit not so much as with
b. In fact, for K = 1 the weights of a are not shown, since it is directly 0.

These observations constitute one of the main benefits of the semi-EVB approach. The ro-
bust entropy-based method succeeds in not being limited by the coherence time of the channel
by marginally sacrificing the potential performance achieved by fully coherent approaches. The
choice of K does not greatly detriment the performance of the estimator, showing that the compu-
tation of repeated samples is inherently redundant [VR22]. Once again, this is a consequence of
the processing of the absolute value of pair-wise differences of data instead of sample per sample.
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Figure 5.18: NMSE of the entropy-based SNR estimator as a function of L for multiple carrier
frequency offsets and K, with 15 dB of true SNR value.

Nevertheless, given that the carrier frequency errors may vary per application and symbol block,
one can determine a worst-case scenario by fixinga Ay, suchthat [As| < Ay . and measuring
the SNR with this assumption, relieving the estimator from the need of measuring Ay.

In order to ascertain this behaviour, the NMSE of the SNR estimator is shown in Figure 5.18.
It can be seen that, even for a very restrictive choice of K, the estimator tends asymptotically to the
NMSE of the complete estimator without carrier frequency errors. Consequently, the algorithm is
capable of both handling synchronization errors and improving its performance as L increases as
happens with EVB methods, although up to a given L depending on the value of A;. For com-
pleteness, the NMSE for K = L is included, showing that the estimator from (5.121) is consistent
(at least for this constellation with the given SNR value).

5.4.5 Numerical results and conclusion

Finally, the performance of the proposed SNR estimator is shown by means of Monte Carlo simu-
lations. For comparison, the following methods are also exhibited. The M2 M} is shown as a basis
for the EVB estimators [ME94], jointly with the Kolmogorov-Smirnov test method [Fu+15]. The
method of moments up to the sixth-order statistics Mg [LMO07] is also shown, as it is used as the
initialization of the entropy-based NLS problem and to measure the relative kernel variances, as
well as the method of moments up to the eight order, namely the Mg [ALM10]. The EM estimator
[Das08] is displayed for the comparison with a coherent method. The NMSE is then measured for
these estimators and, since the results show both EVB and coherent approaches, we also show the
NCRB of their respective methods obtained from [GL.M09]. The data is composed of L = 500 ob-
servations for all simulations, the symbols are considered to be equiprobable with p,,, = 1/M, and
the QPSK, 16-APSK and 16-Quadrature Amplitude Modulation (QAM) constellations are exhib-
ited. Regarding the entropy-based estimator, the case () = 2 is used, the relative kernel variances
are obtained through Algorithm 2, and the SNR is estimated through (5.121).

It is worth pointing out that equiprobable symbols are assumed as it is the common practice for
the analyses of SNR estimators. While other distributions could be considered, the entropy-based
approach performs similarly to the equiprobable case, provided that the probabilities of the symbols
are known. If unknown, these should be estimated or assumed to be equiprobable (maximum
entropy case), which would then contribute with an added bias in the overall estimation process.
Other estimators are more robust to this facet of SNR estimation. For instance, the EM estimator
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computes the probabilities within the algorithm itself, although it is then another point of failure
if the initial guess of probabilities is not close enough to the true values. The moments-based
estimators require the probability of the constellation level, which is, in principle, more robust
in front of small errors of the symbol probabilities. The case of small deviations of the symbols
probabilities will not be considered here and left for future work.

First, we show the aforementioned estimators under the assumption of perfect synchroniza-
tion in Figure 5.19. As can be seen, the entropy-based estimator outperforms the EVB methods,
generally speaking. The tendency of the entropy-based method to the MM, for low SNR values
can also be appreciated, rendering the same results up to approximately p = 0 dB, depending on
the constellation. At higher SNR values, the proposed method improves with respect to the EVB
methods, surpassing the EVB CRB. It is only within a small interval of around the 5-10 dB SNR
range in the 16-APSK constellation that the entropy-based method is slightly outperformed by some
moments-based methods. It is also worth noting that the performance of the estimator degrades at
very high SNR values with the 16-QAM constellation, which is mainly caused by the poor initial-
ization of the Mg estimate. While other methods can be used as the first guess, such as the Mg, the
performance is not much improved due to this constellation being of particular difficulty to EVB
methods, as can be appreciated in the figure. Regarding the Kolmogorov-Smirnov test, which is
particularly focused on multilevel constellations at high SNR, the entropy-based method provides
better performance and lacks the need for a computationally expensive comparison with predeter-
mined functions. On the other hand, the EM algorithm performs close to the coherent CRB, as is
expected by an iterative solution to the maximum likelihood estimation under standard conditions.
It is, nonetheless, a highly computationally complex method and very dependent on the lack of
synchronization errors, as it will be shown next.

Next, Figure 5.20 portrays the same SNR estimators from the previous figure, but considering
synchronization errors. While EVB methods are invariant to phase and frequency offsets, the EM
algorithm is hindered as the SNR increases. The entropy-based method adopts an intermediate
solution by providing robustness thanks to limiting the pairwise differences. The cost of such
limitation is especially acute around 10 dB for multilevel constellations, and it accentuates the
problem with the 16-QAM at high SNR. From a more general point of view, although the NMSE
begins to increase at high SNR, it is due to the choice of K, and it can be alleviated by further
limiting the number of terms used in the entropy estimation. While it is dependent on Ay, the
results encourage a conservative value of K to accommodate most SNR values, but it should be
fine-tuned if very high SNR is expected. In summary, the entropy-based estimator performance is
slightly worsened by choosing K < L, as expected, but it still outperforms the other methods for
a wide range of SNR values, thus providing an edge in front of unknown synchronization errors.

Finally, Figure 5.21 shows the number of average iterations that requires Algorithm 2 for de-
termining the kernel variances for each constellation shown in Figure 5.19. The number of average
iterations for the case of frequency errors (thus using the incomplete U-statistics approach) is not
shown for clarity of exposition, as it is roughly the same as the ones in Figure 5.21. Clearly, the al-
gorithms struggles around the intermediate values of SNR, which is in agreement with the regimes
observed in Subsection 5.4.3.1, corresponding to the one in which the signal is neither Gaussian nor
distinguishable GMM components. Other than that, the number of iterations are lower at low SNR
values, as it just needs to choose a sufficiently high value of kernel variance. The case of QPSK
is particularly interesting, given that it requires, in average, more iterations than the multi-level
constellations. This is mainly due to the fact that the variance of the estimator decreases slower
than with other constellations, which can actually be seen at Figure 5.15. Since the moments-based
estimators are optimal for this constellation and regime (QPSK and low SNR) in the sense of the
minimum variance estimator, the entropy-based estimator tries to behave as the moments-based
estimator by increasing the kernel variance indefinitely, which is only stopped when it fulfills the
stopping rule. Nonetheless, generally speaking, Algorithm 2 does not require many iterations,
being 6 the maximum number observed in average.
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Figure 5.20: NMSE of different estimators as a function of the true SNR value for three constel-
lations. The parameters are L = 500, Ay = 104, K = L, and ¢ is selected randomly between

10~% and 10~ 1.
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Figure 5.21: Average number of iterations for each measurement of the kernel variances in Algo-
rithm 2 as a function of the true value of SNR for each evaluated constellation.

In conclusion, we have shown that the classical SNR estimation problem can be conducted by an
information-theoretic approach. The resulting estimator is neither an EVB nor a coherent method,
but a hybrid between them. At low SNR, it behaves exactly as an EVB method by increasing the
kernel variance, while at high SNR it has the potential to achieve the performance of coherent
methods. On the one hand, thanks to utilizing an entropy measure as a basis for the problem, the
estimator is invariant in front of carrier phase errors. On the other hand, the entropy estimator itself
can be modified in order to gain robustness in front of carrier frequency errors thanks to its structure
based on pairwise differences. The results shown in this subsection support these statements by
showing that the performance is only slightly worsened by considering the incomplete U-statistics
approach, constituting an attractive option under synchronization errors. However, the method still
deteriorates for very high SNR values, either by a bad initialization or because the effect of the
carrier frequency error becomes severe. All these ideas and relations are portrayed in Figure 5.22.

Coherent

Entropy-based
incomplete

Robust to
frequency
offset

Invariant to
phase offset

Entropy-based
v? — 00

Figure 5.22: Complete Venn diagram of the entropy-based approach in relation to EVB and coher-
ent methods.
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5.5 Concluding remarks

This chapter has provided a unified rationale for solving three different problems: the estimation of
the variance, the MSC, and the SNR of a digital communications channel. The motif of this joint
rationale has been to substitute classical second-order signal processing techniques with a measure
of entropy. This exchange has allowed us to benefit from the properties given by information-
theoretic tools.

The second-order Rényi entropy has been considered for all the aforementioned estimators in
order to guarantee a set of desired properties. Not only it is a quadratic measure of uncertainty,
which may become simpler to estimate (Chapter 3), but the estimator used in this chapter has the
particular expression of a U-statistic. This allows us to intertwine the expected value with the pa-
rameters to be estimated in a straightforward fashion. Since the U-statistic employed in each section
becomes an unbiased estimate of a contaminated version of the second-order Rényi entropy, the
usually restrictive bias-variance trade-off provided by the kernel estimator is relaxed, and only the
variance becomes relevant. From an information-theoretic point of view, a measure of entropy
becomes only sensitive to the probabilities of events, rather than to their values. Consequently,
the estimators gain robustness in front of various typical adversarial effects. The sample pairwise
differences of the entropy estimator reinforce this vision by dropping the dependence on the mean
value of a given distribution, or by becoming invariant to fixed rotations. As a result, all the esti-
mators derived in this chapter are particularly useful not only under standard conditions but also
for scenarios where a robust estimate is required.

Furthermore, we have also shown that the entropy estimator is intrinsically related to second-
order statistics. In all three problems, the estimate resembles a second-order moment estimator by
just tweaking a shared parameter, the kernel bandwidth. The more the kernel bandwidth increases,
the more narrow-viewed the estimators become in the sense of statistical moments. On the contrary,
lower values of kernel bandwidth make the estimators more responsive to the particularities of
the data, gaining awareness of the intricacies of the underlying distribution. The problem is then
translated to finding the lowest possible kernel bandwidth such that the estimate becomes wary of
complex data descriptors without increasing the variance of the estimator too much.

With this chapter, the core contents of the thesis have been concluded. We then proceed to
finalize with the joint vision of all chapters, to analyze the contributions, and to determine possible
future research lines.
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This dissertation has addressed the engagement between information measures and second-order
statistics. The purpose has been to substitute variance and covariance with measures of information.
However, it is undeniable that the knowledge and tools developed for the former have a much more
solid trajectory. Therefore, classical second-order statistics tools have been leveraged to benefit
the measurement of information, with the objective of a posterior substitution of the second-order
approach itself. In the sequel, a short summary of each chapter is provided, focusing on the added
value to the rationale mentioned above.

First, Chapter 1 has provided an introduction to the research topic of estimating and employing
information measures, focusing on the most relevant aspects of it. Generally speaking, these are:
scalability, interpretability, learning rate, and universality. These key aspects are reviewed from
the perspective of the objective of the thesis.

Secondly, after some summary of required tools and known measures of linear information in
Sections 2.1 and 2.2, Chapter 2 has explored the surrogates of Shannon’s entropy, KL divergence,
and MI that are conducive to second-order moments in Section 2.3. In this regard, the second-order
Rényi entropy, the 2-divergence, and the SMI (or mean square contingency) have shown to be the
desired surrogates for the purpose of estimation. All of these surrogates are either an upper-bound
or a lower-bound of the original measures, a useful property if minimizing/maximizing these mea-
sures is required in a given application, and besides, the SMI behaves as a local approximation
of the MI for close distributions. Subsection 2.3.4 explores other dependence measures or surro-
gates of the MI, but none of them are related to their original counterparts, nor define a proper
information measure beyond the concrete case of independent random variables.

Chapter 3 studies the applicability of kernel methods for the estimation of information mea-
sures. The identified surrogates may be expressed as the La-norm of some functional, but are
nonlinear in nature, given that they are defined from probability distributions and not variances
and covariances. In view of this, nonlinear processing is required, but one that specifically allows
to translate nonlinear problems to linear ones. Kernels arise as a sought-after tool due to their
capability of solving problems on a higher-dimensional feature space, where the problem may lin-
earize itself. As a matter of fact, the unified rationale provided in Section 3.2 points out that the
kernel methods for measuring information promote the estimation of surrogates of information
measures that are related to second-order statistics. From the HGR coefficient, a dependence mea-
sure comprised of covariance and variances, to the SMI itself. This idea is summarized in Figure
3.1, demonstrating that the choice of surrogates from the previous chapter is aligned with the tool
presented in this one. The most prominent example of this relation is then given in Section 3.3,
where kernel methods are derived naturally from, and not for, an estimate of the second-order Rényi
entropy. Although this estimator is not particularly novel, we have bestowed the estimate with a
U-statistics point of view, which shows that the estimator is, indeed, measuring variance in the
high-dimensional feature space.

In Chapter 4, a framework for estimating measures of information is developed. The objective
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is to oppose the kernel method standpoint through two different notions. On one side, the feature
map is fully characterized, providing an explicit expression of the mapping function. Thanks to
this, the feature map can be managed, and the space can be regularized with physical meaning,
rather than blindly. On the other side, the dimension of the feature space itself is limited, not only
to improve the computational complexity of the estimate but also to address the question of whether
an infinite-dimensional space is truly required. Chapter 4 is then divided into three parts. First, in
Section 4.1, the analysis is provided for discrete sources. The implications of reducing the feature
space dimension are addressed here, resulting in an upper/lower-bound (entropy/dependence) of
the true information measure, jointly with the direct relationship of the information measures with
CCA, and partially to PCA. A key aspect of the mapping is encountered in the fact that both mapped
autocorrelation and autocovariance matrices are valid for estimating information, given that these
matrices are indirectly related to the probability simplex. Next, Section 4.2 provides an interlude
between discrete and analog sources, determining the necessary steps, requirements, and limita-
tions. The result is that, given that analog sources require a function space, any limitation of the
dimension of the space (sampling) ensues the bound examined in the previous section. As a matter
of fact, this is the price to pay for avoiding the kernel methodology, capable of spanning infinite-
dimensional feature spaces. Nevertheless, the kernel approach is turned around by considering
outer products instead of inner products, and the limitation of the space yields covariance and cor-
relation matrices, whose sample estimates are known to be consistent if the data size is higher than
the dimension of the feature space. Section 4.3 wraps up the previous sections by expressing the
desired estimators of information from the mapped matrices. The results show that the developed
estimators can compete with existing estimators while providing a low computational complexity.
Furthermore, the proposed uniform sampling, which is inspired by the Gaussian-Hermite quadra-
ture, entails a Toeplitz structure to the involved matrices, allowing both to analyze the asymptotic
behaviour of the estimators and to provide an even further reduction in the overall complexity.

Lastly, Chapter 5 tackles the last facet of the dissertation, which is to substitute second-order
statistics with information measures to perform a variety of tasks. Once the methodology for esti-
mating information with a covariance measure is displayed, the objective is steered in the opposite
direction. This chapter questions the advantage of considering an entropy measure for estimating
the determinant of the covariance matrix in Section 5.2 (particularized to univariate random vari-
ables), the coherence in Section 5.3 (particularized to bivariate random variables), and the SNR of a
digital communications channel in Section 5.4 (also particularized to univariate random variables).
The first two sections have dealt with the sensibility in front of outliers of the sample covariance
matrix, and the entropy-based counterpart has arisen as a robust approach to the respective prob-
lems. Entropy provides two advantages in front of second-order statistics. On the one hand, it does
depend on the probability of events, and not on their value. This translates to better handling of
outliers, since these are, by definition, events with low probability but with large magnitude. On the
other hand, entropy also captures higher-order moments, rendering this approach a better solution
for distributions that are far from the Gaussian shape. Nonetheless, the employed estimator still has
an asymptotic relation with second-order statistics, enforcing the idea that entropy is more general
in the sense of statistical moments. The entropy-based estimate is shown to be more effective not
only than the sample estimate case, but it also performs generally better than methods specifically
derived to gain robustness, such as Tyler’s method. Finally, Section 5.4 provides an entropy-based
SNR estimator that has desirable properties for this concrete problem. To this aim, the behaviour
of the second-order Rényi entropy estimator in front of a GMM with equal variance from com-
ponent to component is analyzed and subsequently employed to determine the best strategy for
the purpose of determining the signal power (intervariance) and the noise power (intravariance)
relationship. The resulting estimator gains invariance in front of constant rotations of the GMM,
which are translated as carrier phase errors in this case, and is capable of deriving a methodol-
ogy to gain robustness in front of varying rotations of the GMM, which are translated as carrier
frequency errors. This is due to the pairwise processing induced by the entropy estimator, which
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ends up allocating the entropy-based SNR estimator as a hybrid between moment-based (gener-
ally speaking) methods and other, more complex, approaches. Moreover, the intrinsic relationship
with second-order statistics is still relevant to this problem, showing that the estimate is, again, an
asymptotic estimate of just the intravariance, thus equivalent to the sample variance.

In summary, the key points are as follow:

Proposal of a finite-dimensional feature space based on the CF and outer products instead of
inner products.

Leveraging well-known signal processing techniques for improving the interpretability of
the feature space.

Estimation of the second-order Rényi entropy and the squared-loss mutual information with
the previous tool.

Interchange the Gaussian assumption to a later stage, after an entropic measure, to gain ro-
bustness.

Take advantage of the entropy estimate based on pairwise differences of data to gain invari-
ance, and robustness, in the problem of estimating SNR.

6.1 Future research

In view of the conclusions of this dissertation, we next proceed to identify potential topics for
research and prospective extensions of the frameworks and topics developed. First, let us look to
Chapter 4:
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Regarding Section 4.2, the strategy for sampling the CF is inspired by the univariate Gaussian-
Hermite quadrature. Nonetheless, the required sampling is inherently bivariate (see (4.81)).
Under this setting, the quadrature rule is not necessarily approximately uniform. This effect
can be observed in [JdcO5]. To focus the sampling where the Gaussian distribution is con-
centrated can open the possibility of considering different contamination processes for each
source, or to consider an “importance” sampling, where it focuses on the relevant shapes of
the underlying CF. However, it should be noted that a nonuniform approach to the sampling
implies the loss of the Toeplitz structure, with all that this entails.

Again in Section 4.2, the regularization technique is inspired by the Blackman-Tukey spectral
estimation and its strategy of tapering the spectral estimate, which reduces the variance of
the estimator at the expense of an increased bias. From here, two potential improvements are
formulated. On the one hand, a Gaussian window has used for its relation with the Gaussian
convolution side, but other windows can be considered with a potential improvement on the
overall estimation process. On the other hand, as rich as it is the topic of spectral estimation,
other spectral estimation strategies can also be considered. For the time being, the Blackman-
Tukey is rather observational than practical, being a result of the proposed regularization
technique. However, the approach can be inverted, and other techniques to improve the bias-
variance trade-off can be implemented. For example, Burg’s or Capon’s nonparametric high
resolution methods [Kay88] can be studied for the encountered problem in this thesis.

In Section 4.3, a rationale for grouping the hyper-parameters introduced by the Gaussian
smoothing has been provided. However, the only parameter left p is still decoupled from
the problem of estimating information. While it provides more robustness than the required
choice of kernel bandwidth, the latter has a long history of rule of thumb goodness thanks
to Silverman’s rule. If a true data-driven model is required, a mechanism for choosing p
from the data itself is required. This could be done by following similar strategies than those
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in Algorithms 1 and 2, where an approximate correct value is chosen from prior estimates
based on the variance of the data.

* The choice of the feature space dimension is a particularly relevant issue for the framework
developed here. It does not only determine the computational complexity, but also the ac-
curacy of the estimate. In this regard, it is of utmost interest to develop strategies for its ap-
propriate choice. A first attempt was performed in [LCR20], with the objective of equating
the problem of estimating information as a CCA problem to the determination of “active”
canonical correlates. While only performed for Gaussian channels, it is an initiation to a
data-driven choice of the required intrinsic dimension of the problem.

* Regarding Chapter 4 as a whole, this dissertation has addressed only the univariate case.
The reason is that, by mapping from the data space to the feature space, the increase of di-
mensionality itself conduces to matrices. Therefore, if the input data is multivariate, the
mapping does not lead up to matrices, but to multidimensional arrays. However, the poste-
rior processing with these arrays is not trivial, more so if we take the dependence between
components into consideration. The same can be said about nonindependent data, where it is
not so clear how to map these dependencies into the feature space. Therefore, relevant future
research is encountered in the examination of strategies for addressing both cases, either by
detaching the multivariate case or data with memory so that it can be considered as virtual
univariate/independent data or by performing a conjoint study of the mapping process.

Next, we focus on research lines that follow from Chapter 5:

 Similarly to the previous final point, the most straightforward extension of most of this chap-
ter is to consider multivariate random variables. As a matter of fact, Section 2.1 is prepared
for such considerations. Both determinants of the covariance matrix and generalized co-
herence can be developed by considering the more general, albeit intricate, case. The SNR
estimator is also developed for single-input single-output channels, but most modern com-
munications processes consider multiple-input multiple-output schemes. The extension from
one to another is not trivial, since it must consider many more parameters to be estimated
(the power of each link and their respective noise level). The algorithm for determining the
kernel variance must compute much more values, and its scalability suffers in result. How
to address these changes is certainly the next step for the SNR estimator.

* The principle of interchanging the Gaussian assumption with the entropy-based processing
(Figure 5.1) is more general than the applications shown in this dissertation. The same frame-
work can be applied to different problems that require robust signal processing. A potential
research line is to explore other applications where this rationale can be useful, either in the
sense of robustness or as an estimator in general.

* The extension of the SNR estimate to a wider concept of statistical channel information is
also of great interest. Generally speaking, noncoherent communications can benefit from
the extraction of information at the receiver side. Blind approaches to this task, such as the
entropic measure, may help on the reduction of pilot contamination.

* Going into details, and considering the SNR estimator, the robustness in front of carrier
frequency errors is achieved, but the rule for deciding the internal parameter K is not deter-
mined. Similar to the choice of p for the estimation of information in the previous chapter, the
objective is to determine the required penalization introduced by the incomplete U-statistics
estimator to achieve robustness without compromising the performance. A potential topic
of research is how to optimally determine K, either directly from data observations, or by
comparing with the expected model, whose number of clusters and probabilities are known
under the context of the entropy-based estimator.
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* Lastly, while the choice of kernel variance for the estimation of SNR provides good results,
its implementation can be sometimes rather computationally heavy. Particularly, at high SNR
values, if the initial estimate is not as accurate as it is in low SNR values, then the proposed
algorithm tends to require more iterations, hindering the overall complexity of the estimate.
A further analysis of the algorithm are in order, which would increase the general appeal of
the entropy-based estimator.
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Appendices

7.1 Appendices of Chapter 2

7.1.1 Proof of (2.10)

First, we need to express the CF as

ak1+k2+“'+k1\’<px (w) ak1+k2+-..+k1\f ) )
awk’lawkz awkN = awklawlm awkN /Xe(JWIxIer+JwNmN)fX (X) dx (713-)
1 o 0wy w=0 1 RN w=0
ak1+k2+--.+k1\f ) )
= eI | IUNEN £y (x)dx (7.1b)
8wlf18w§2...8wfVN /X ) w0

We begin by first expressing the integral by means of the Maclaurin series of the exponential for
n = {1,..., N}. The decomposition is as follows:

ejwnxn — Z (]wnxn) , (72)

k=0

which results in the integral

/ jwlxl i (jWN$N)kfX (X) dx — / ﬂ i Mf)( (X) dx. (7.3)
¥ k! X

k=0 k=0 ’ n=1 k=0

At this point, we can split the summation between the terms whose £ = k,, and the ones that
k # ky. The reason behind is to separate those terms that will prevail after the k,,-th derivative of
the k-th random variable at the origin, and those that will become zero. Let us express it as follows:

]wnxn ]wnxn o
x)dx = d (0] . 7.4
/HZ X/H <>x+< m) (7.4)
Then, the integral can be solved as follows:

n=1 k=0
k7£k'n

( [ )
X

k#n) (7.5)

k ks&kn) . (7.5b)
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Note that the equality is maintained for k,, € Ny. If k,, = 0, then the expectation over the n-th is
not computed. Finally, we can compute the derivative by integrating the previous expression into

(7.1), which results in
< k¢kn> ‘
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where from (7.6b) to (7.6d) one has to solve the partial derivatives in succession until it becomes
1. The terms that correspond to k = k,, are can be either directly zero or have a proper derivative,
although in the latter case they become zero for w = 0.

7.1.2 Derivation of (2.67)

In order to properly move from (2.66) to (2.67), we need to make use of the constant —1 to complete
the square in the numerator. Then, we can manipulate the expression as follows:

2
Do (x| )= [ as = (1.72)
f)2< (x)

dx —2+1 (7.7b)

/ (x)
/ (j)dx—2 / foYfY()d + /X ;i Ei;dx (7.7¢)
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J% () = [x (x) fy (x) + [ (2)
X fr (z)

/ (x))2 da, (7.7¢)
X

dz (7.7d)

as it appears in (2.67).

7.1.3 Derivation of (2.69)

Consider that fx (z) and fy (y) = fx (z) + €A (x) for some small e. The function A (z) is
also defined on the set X’ and has null area. Using the Maclaurin series of In (1 4 a) up to the
second-order such thatIn (1 +a) & —a +a%/2+ O (a3), we can write the KL divergence (2.60)
as follows:

D (fx || fx +eA) =E; {1 <fx(";X+(?A (:v)>} (7.8a)
(2]

&=
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Given that the first term becomes zero due to the null area of A (z), then we have

fx (z)

Let us now proceed with the same approach but with the x?-divergence. Consider now the
Maclaurin series expansion of (1 — a)fl up to the second order, i.e. 1 4+ a + O (aQ) . Then, we
can write (2.67) as

2
Dfx | fx +28) = S8, {( =) } +O (). 7.9
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By joining the results of (7.9) and (7.10), we can state the following result:

D (fxllfx +€A) = 5Dye (ixllfx +ed) +O() a1

as it is expressed in (2.69).

7.2 Appendices of Chapter 3

7.2.1 Integral of the product of two Gaussian functions

Let us define the general Gaussian functions

1 (x + ,U1)2

gor (T — 1) = N exp (—2 ; (7.12)
2mo? 207
1 (x + M2)2

Joo (T — p2) = \/iexp (—2 . (7.13)
2%0% 205

We want to solve
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1 o] 2 2 2 2
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Let us take the denominator of the argument of the exponential and complete the square:
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We then have
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The remaining Gaussian integral is now solvable with [* exp (—a (x — b)2) dx = /7/a,
which results in

2
[ ~ (p2 =) 20f05 (#2-#1)
=3 exp 5 (52 3 T— 3 exp
TO102 (01 + 02) o1+ 02 /9 0_% + 0,2 01 + 02)

(7.18a)
= go (2 — p11) , (7.18b)
with o = y/ (0} + ¢2). In order to obtain (3.73), we juts need to fix o1 = 09 = h, u; = ; and
U2 = Zj.
7.3 Appendices of Chapter 4
7.3.1 Proof of Proposition 4.1
From (4.10) we have:
lXXH2:tr L xxtxxH) = tr (L FHFDDTFHFDD? (7.19a)
L . L2 L2 ‘
1 . .
:tr<L2FHFPFHFP>, (7.19b)

where P = DD /L from (4.6). We define the projection matrix A = FFF ¢ CV*V, which is
an idempotent matrix whose singular values o, (A) are composed by rank (A) = N’ ones, and
N — N’ zeros. Then we have

—XXxXH

1
L

2

1
—u(LzADDTADDT>—quPAP)—u(BBL (7.20)
F

where B = AP is a square, but not necessarily Hermitian, matrix.
From the Cauchy-Schwarz inequality we can gather that

tr(BB) < | BY||. Bz = | B[ = tr (B”B), (7.21)
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where the equality is held for Hermitian matrices. Therefore, from (7.20) we have

2
<tr (B”B) = tr (PAYAP) = tr (PPA) = tr (P?A), (7.22)
F

1
—XXH

where P? = PP denotes a diagonal matrix whose elements are squared. The Von Neumann trace
inequality, provided that the involved matrices are positive semi-definite, states the following:

N N N
PA) <D 00 (PP on(A) =D phon(A) <D 12, (7.23)
n=1 n=1 n=1
given that 0, (A) < 1. By gathering all the previous inequalities we can finally express
1 N
HLXXH ) <tr (P?FF) < Z on (P?) 0, (A) < Z:pi. (7.24)

Clearly, for N’ = N, then F is a unitary matrix with FfF = A = Iy, and all the equalities are
met. Otherwise, for N’ < N, the inequalities are strict. In the case of the collision entropy

1 2

— XX
L

the logarithm is a monotonic function that preserves the inequalities, while the reverse sign turns
around the inequalities, finally proving (4.11) with

Hy(X)=—In (7.25)

F

N A
X)>-In) p2=H(X). (7.26)
7.3.2 Proof of Lemma 4.2
From (4.32) we have
IC|2 = tr (R;l/Qnyf{;”?f{;’mégf{;ff/?) =t (wa{;léfyﬁgl) : (7.27)
The correlation and covariance matrices are as follows:
R 1
R, = EXXH =F[p|FY, (7.28a)
N 1
R, = EYYH =Glgq GH, (7.28b)
N 1
Cuy = T XPLY = F(J-pa") G, (7.28¢)

Then, we have
ICIl = tr <F (J 5 AT> G" (GlgGch)'a <J 5 AT> FH (F [p] FH)_l) (729
Given that the mapping matrices F' and G are nonsingular, we can directly express

€1 = (F (3 - pa) la™* (3 pa”) oI F ). (1.30)

which, from the circularity of the trace, it directly follows that

€1 = (¥ (3 - pa”) ) (3 - pa”) (6l). (7310

((J pa”) la”" (J - pa )T[ﬁ]‘1>- (7.31b)

Therefore, it is the same estimator as in (4.30), as we wanted to show.
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7.3.3 Proof of Theorem 4.1

Consider the following properties, which will be used along the proof:
T4 T . R A . .
P ly=qly=1, Pl1n =P, [4l1yn = q, (7.32)

J1, = p, 15J =4". (7.33)

Since 1,y and 1, are the left and right singular vectors of matrix J— pa’ associated to its null
singular value, then

(j _ qu) 1 = Oy, (7.34a)
17 (j _ qu) — o7, (7.34b)

Consequently, from (7.31), we can write

|Gl = tr ((J -pd") ([éﬂ‘l + 51M1ﬂ> (3 -pa”) ([f)]_l + lelﬁ))

1-3 s
VB eR. (7.35)
From the Woodbury matrix identity, we have
-1 ~ T 1
a1 B T A [P 1n1y [P - T
p]  +-——;1n1 ) =pl -5 =Pl - 5pp’, (7.36a)
(B + Z5mak) =ol- Sy~
—1 ~ T ~
-1 g T N [a] 113, (4] . AT
q  +—=1ul ) =ld -~ =14 -paq . (7.36b)
(” e B F ACTE I
In the asymptotic case these matrices become
lim ([b] - 8PP") 1y = O, (7.37a)
lim (la) - 34d") 1y = O (7.37b)

As aresult, both matrices in (7.36) share with matrix J— pa’ the same singular vectors associated
to the null singular value. For 5 — 1 these matrices also become sample covariance matrices, such
that

lim [p] — Bpp’ =P — pp’, (7.382)
B—1
lim [q] — Baa” = Q —a4”, (7.38b)
Bg—1

which yield

. . . -1 /. T /. -1

lim (|G = u ( (3-pa") (P-pp") (I-pa") (Q-aa”) ) L (139
%

Therefore, the equality with the SMI in (4.38) can be achieved by computing autocovariance ma-

trices instead of autocorrelation matrices, and using N’ = N —1 and M’ = M — 1 for the limiting

case of § = 1. Regarding the mapping matrices F and G, one can follow a similar procedure to

Appendix 7.3.2.
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7.3.4 Taylor expansion of the cross-covariance in the feature space

Consider

Cov {Zp (w1) , 2y (w2)} = G (w1) G (—w2) (pxy (w1, —w2) — @x (W1) py (—wa)).  (7.40)

Consider the window functions G (w;) and G (—w2) to have a bandwidth v that define a finite
support of the CFs. For v close to 0, we can consider delta-like CF, which yields the following
second-order Taylor expansion of the CFs around the origin:

Cov {Zp (w1), 2y (—w2)} = @xy (0,0) — ¢x (0) gy (0)

1

+[w1 —WQ]VQOJF*[wl —WQ]H¢|: w1

2

] (7.41)

The gradient V¢ corresponds to

v 72 (pxy (w1, —wa) — px (w1) Py (—wa)) st .
SO = wW2= 9 .
72 (oxy (Wi, —wa) — ox (1) Py (—w2))

w1,wa=0

which, following (2.13), we have

JEs AX} = oy (—w2) jEg { X}, ] [ 0 }
Vp = . ) w2 = . (7.43)
P ERAYY —ex @) JEs (Y, 0
Similarly, the elements of the Hessian matrix correspond to
62
Hyl, 5 = 5 (x,y (W1, —w2) = x (w1) py (—w2)) (44a)
’ w13 w1 ,w2=0
= —Epy { XY} = (—JEp {X}Ep {Y}) (44b)
= _Efx,y {XY} - Efy {X} Ef, {v} (44c)
82
[H<p]2,1 = Do (px,y (W1, —w2) — px (w1) py (—w2)) o = [Hw]1,2 (45a)
62
Hel, = 55 (oxy (w1, —w2) — ¢x (W1) ¢y (—w2)) (46a)
’ awl w1,ws=0
= —E; {X?} = (-Ef {X?} oy (—w2)) \WFO =0 (46b)
82
Hely o = 55 (xy (w1, —w2) — ¢x (1) py (—w2)) (47a)
’ aw? w1,w2=0
= -Ep {Y?} — (-Ep {Y?} ox (wl))\wlzo =0. (47b)
By gathering the previous expressions with (7.41), we then have
Cov {Zp (w1), 2y (w2)} mwiws (Bfy, { XY} +Ep {X}Ey, {V}), (7.48)
as it is written in (4.71).
7.3.5 Second-order Rényi entropy of a GMM
Consider the PDF
= p (& = pim)”
T) = " exp | ——— 5T | 7.49
fx (2) mZ:jO a7 P 202 (7.49)
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The IP is then expressed as

[ee] 0 M-1 (.’IJ _ )2 2
V(X)= f% (z)dx = / ( \/5:7 exp (—20/;7”>> dz (7.50a)
—00 —0o0 0 m m

0o M—1M-1 . 2 . , 2
:/ Pm/Dm exp (_ (x ,U/m) . (x :U’m) > dz. (7.50b)

Due to the separability of the integrals, we just need to compute

Oo (z — Nm)Q (z — ,um’)2
Ao = /OO exp <— 202 — 207, dz (7.51a)
_ /oo exp —x? (O’?n, + O',,Qn) + 2z (,umofn, + /‘Lm/o-%m) - u?ﬂo‘?ﬂ, — lu’%n’o-?n da
—00 20’3,1,0'72)1
(7.51b)
-1
_ > - (Uzn/ + U’?ﬂ) (x - a’>2 - 07271’01271 (Mm - Mm’)Q (0'7277// + 07271) d
= exp G "
o O/ %m
(7.51¢)
2 %) 2 2 2
— B ! — o, +o T —a
— exp (“’;”‘—“";) / exp (@, 2’”)2( ) de, (7.51d)
2 (O'm, + Jm) —0 207,00,
where the last steps are obtained by completing the square, similar to (7.15), and
0 (mO2,) + o o2,) ‘ 75

2 2
Oy T 05

The remaining integral term can be solved by the Gaussian integral such that

oo 2 2 2 2 2
- ! + - 2 !
/ exp (Om Zm)Q(x v dz = 77;0’” U;” ) (7.53)
o0 207 00, (am, + am)

By gathering (7.51) and (7.53) we have

2102, 02 — (tm — por)?
At = 1 | g7 o ptm = pir)” ) (7.54)
7 (Jm’ + Ugﬂ)

which leads up to

M-1M-1
m'=0 m=0 2T 0'2,0'2
M-1M-1

— Pm/Pm 27T072n’072n _ (Nm - Mm’)Q

— 3 D) eXp 22—2 (755b)
m'=0 m=0 27\/ 02,02, +o7,) (o7, +02)
M-1M-1 , B ( B /)2

= DB exp ( s i > : (7.55¢)
m'=0 m=0 /27 (072”, + O'TZn) 2 (Um’ + Um)

concluding the computation.
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7.3.6 Proof of Lemma 4.3

From Theorem 2.5, the weak condition of Szegd’s theorem establishes that a Hermitian-Toeplitz
matrix behaves asymptotically as a circulant matrix if the Hermitian sequence t,, is square-integrable
for N — oco. Consequently, following (2.22) and the diagonalization in (2.17), T is asymptotically
diagonalizable by WTW¥ | whose diagonal is then composed by the discrete Fourier transform
of t,,. In addition, the discrete Fourier transform of a Hermitian sequence g,, can be written as

N-1 N-1 N-1
Floab= D gne 7" =g+ 2Re { > gne‘jz“f”} = 2Re { > gne‘ﬂ“f"} — 90,
n=—(N-1) n=1 n=>0
(7.56)
where g, = t,, (1 —n/N) and go = 1. We can then write
g—t0o % (1.57)
where [g], = gn. Given that [W], , = \/iﬁe*jz’m”// N and sampling f = »n//N for n/ =
0, ..., N — 1, then the column vector constructed from (7.56) is as follows:
v 2
2R< Nw(t i))f1 — Z Re(W(t 1, 7.58
e (VN ©) i N Vi e(W({toOv,))—1n (7.58)
where v/N is added to compensate the normalization factor from W, as written (4.135).
7.3.7 Proof of Theorem 4.2
Given that the Frobenius norm is invariant in front of unitary transformations, we have
o 5—1/26  B-1/2|2
L(X;Y) = “Rm, Pe, R HF (7.59)
. -1/2 ) —1/2]|2
= H (WR, W) " WC,, W (WR, W) (7.59b)
F
Following Lemma 4.3, we can state that
| NoiN-d 9 2
lim , | — [Wf{ /WH} - [diag{Re(W(f) ORY ))—1NH =0
N—oo \| N nZ::O nZ_:O * n,n’ \/N “ “ n,n/
(7.60a)
| NoIN-1 5 2
lim | — [Wf{ /WH] - {diag {Re (W (qq ©vy)) — 1NH =0,
(7.60b)
given that [q,], = [Pa]y = . Let
. . —1/2 . —-1/2
= (WRI/WH ) E (WRy/WH ) (7.61)
as in (4.139), and
B =P 2EQ /2 (7.62)
as in (4.140), where E = Wéx/y/WH. Given (7.60), we can write
1 . —1/2 . -1/2 . R
lim —— H(WRxle ) E (WRy/WH) _PrIPREQ2| =0, (7.63)
N—o0 \/N F

156



CHAPTER 7. APPENDICES

which simplifies to

lim

1 " A
—||A—-B
N—o0 \/NH

=0 (7.64)
F

as written in (4.141).
Finally, (4.142) is a direct consequence of (4.141) and Corollary 2.5.1, which at the same time,
also follow from Theorem 2.5. Specifically, given

N-1 N-1
L) = A=Y 2 (A), L(V)=[BR=>o(B), (69
n=0 n=0

we can write

N-1 N-1 N—-1
e 2 (4 (3) o2 () = i (S 2 (A) - 22 (8) ) =0 00

n=0 n=0 n=0
which yields
lim I (X;Y) = lim I (X;Y). (7.67)
N—o0 N—o0

7.4 Appendices of Chapter 5

7.4.1 Information potential of a multivariate complex GMM

Consider the PDF
M-1 »
fx (x) = Z — e €XP (— (x — )7 21 (x — um)) . (7.68)
m=0 g ’Em|
The IP is then expressed as
M-1 » 2
V(X)= / Z ﬁ exp (— (x — p,,) T 31 (x — um)) dx (7.69a)
X \,=o7 | X
M-1M-1

I
m=0 m’=0 7r2N |2m| |2m/|

/X exp (— (¢ — )™ ) (6 = ) — (% = i) 30 (6~ b)) dx

(7.69b)
M-1 PP
/ H —
= Z 12N ‘;mﬁzm” eXp (_ (um - um’) (Zm + Em/) ! (um - “m’)) Am,m’7
m,m/=0
(7.69¢)
where
H [ _
A = / exp (= (% = @)™ (T + Z0)) (x = @) ) dx (7.70)
X
and
Am,m/ = Em’ (Sm + Em’)_l Mo, + Zm (Em + Sm’)_l Hoyr- (771)
The integral of A,,, ,,, yields the following result for any a,,
H (¢ -
Ay = / exp (— (x— amm) (Z+30) (x— am,m/)) dx (7.72a)
X
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N|(y-1 —1y~1
_ / N |(Z+ 3 —exp (= (5~ ) T (x— ) b (1720

/)
x N |[(Zot+ 2
1

m

N
N -1 —1\ |~ 7
= [(Z) +Z)| = (El+z ) (7.72¢)
m m!
By gathering (7.69) and (7.72) we finally have
M—1 DD N
V(X)= mem -
2 A B (5 )
exp (— (o = )™ (B + o)™ (i, — um,)) (7.73a)
M—1
pmpm/ (_ o , H 2 2 , —1 o , )
m%’::O 7TN|(2m+2m/)| P (“m “m) ( m+ m) (p’m p‘m) .
(7.73b)

7.4.2 Proof of Proposition 5.1

This proof actually follows closely the derivations from Appendix 7.4.1. However, here we par-
ticularize by letting Z to be a distribution that will latter encompass the difference between two

samples.
The distribution of Z is
Q-1
f2(2) = Y e (12— 2)" W, (2~ ay) 7.74
7 (Z —q:OWN’Wq‘pqexp —(z—ay ¢ (z—ag)). (7.74)
We want to compute
R 1
Ef, {9v (2)} = / (7.752)
1z : qzzowN V] 2N [W,|

Dq €XP (— (z — aq)H W;l (z — aq)> exp (—szflz) dz. (7.75b)

Due to the separability of the integrals we just need to solve the following integral:
Ay = / Pq €XP (— (z — aq)H VVq_1 (z—ay) — zHV_1z> dz (7.76a)
Z
= pq/ exp <_ (z—b)" (VI+ W) (z—by) —all (V+W,)! aq) dz  (7.76b)
z

= pq exp (—aé{ (V+W,)! aq> / exp (— (z — by)" (V71 + W;l) (z—by) dz) z,

z
(7.76¢)
where b, = (V (V+ Wq)_1> a,. The integral yields the following result for any by:
B, = / exp (— (z — by)" (V71 + Wq_l) (z — bq)> dz (7.77a)
z

Nivatew T
- 7TN :V—l + Wq—l:_1 /ZeXp <— (2 =b)" (V' + W) (2 - bq)) dz  (7.775)
™ q

N

=N Ve w T = EE (7.77¢)
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By grouping the constants that we left outside the integrals we lastly have

Q-1
1 1
Er, {ov (2)} = (7.78a)
Iz E% V] 7 W,
T 1
H -1
= pgexp (—a;, (V+W,) a,)B (7.78b)
qz%ﬂ'N’Vﬂ'N’Wq’ ! ( a 7 q) 1
T 1 N

(]

H -1
— V+W 7.78
aN ’V‘ N ’VVq’ }Vﬁl + ‘Nrgl}pq exp ( aq ( + q) aq> ( C)

q=0
= 1 H 1
=X e (~aff (v+W,) " ay) (7.784)
as it appears in (5.6).
7.4.3 Proof of Proposition 5.2
The expression to be determined is
COV{le(X)UV2(X)}:— Z Z d(i,i',5,5") —c(i,i',4.5),
( ( /2 0<i<L—-1 i<j<J;
(7.79)
where
d(i,1',5,5") = Epx {gvy (x (1) =x (') gv, (x () =x (7)) } , (7.80)
¢(i7,3,7) = gy {gvy (x(0) = x (V) }Epy {ova (x () —=x (7))} (78D

Under this setting, we can identify three different cases:

1. L(L—1)(L—2)(L—3) /4terms such that i # j and 7’ # j' that do not contribute to the
variance analysis due to the i.i.d. assumption. In these cases, we directly have d (i,4’, j, j') —

c(i,7,4,57) =0.

2. L(L—1)(L—2)/2terms withi = jand ¢’ # j', and L (L — 1) (L — 2) /2 terms with
i # j and ¢ = j’. Both of these cases yield the same result and we need to solve

d (i, ;1) = a=Ep {gvy (x(0) = x (1) gva (x (7) = x (') } (7.82)

and

c(i,i',4,i) =c=Eyp, {gv, (x(1) —=x ()} Ery {gv, (x(G) —x(¢'))}. (7.83)
Clearly, c is known from Corollary 5.1.1, which results in

:V(X |pma“m72+vl/2)V(X |pmvum72+v2/2):

M-1
PmPm/ H -1
> W m v O (= Gt = 1) 25+ V)™ (i — 1)) (7840)
m/ =
M—1 o
mPm/ H 1
T — (o — )T 22+ V - ) 7.84b
m%/::(] N ‘22 + V2| exp ( (/J’m K ) ( + 2) (p‘m Em ) ( )
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On the other hand, a can be obtained through Lemma 5.1 with v = 0.5, R = R' = M 2
W =23 a, = pu,, — W, = p, — Wb,y and n’ = m’, which resolves into

M-1M-1M-1M-1

awrmé s ER5E

m=0 m’=0 n=0 n/=0
b 23+ 'V,

H —1
Hn — Bpy 3 2¥X+Vy Hn — By

PmPrm/PnPn’ €XP <— [
(7.85)

Since there are M duplicate terms given n’ = m/, a is then simplified as it appears in (5.13).

3. Lastly, we have L (L — 1) /2 terms with¢ = j and ¢’ = 5. For these, we have ¢ (i,4',,1') =

¢, which is the same as in in (7.84), and

1

T N[V, 2m —
i =
25 2N 4V,

H -1
| Hm— My 2% +V,y b Koy — Hopy

m

>

M-1 M-1
‘ m=0 m/=0

which is again obtained through Lemma 5.1 withy = 1, R = R’ = M, W = 23,
ar = W, — Ky and apr = @, — -

Finally, by gathering all previous terms we have

- ~ L(L-1)(L-2)/2 L(L-1)/2
C X X))y =2 — i S e
ov {Ov, () Ov, ()} =27 ™= (am (b =o)
(7.87a)
_4(L-2) 2
RAVESY (a C)+L(L—1) (b—c) (7.87b)
_4(L-2) 2 _4(L—2)—l—2
“IE-0*TIo-n' T L@-1 © (7.87¢)
as it appears in (5.12).
7.4.4 Derivation of (5.49)
For real-valued data, the distribution is the following:
1 (x —p)?
fx (z) = o3 P (—202> : (7.88)
whose MIP estimator becomes
A 2
WX =D > k(@) 2(5)), (7.89)
0<i<j<L—1
where )
ko (2(0), 2(j)) = exp (— L ) ) (7.90)
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By following similar steps to the ones in Corollary 5.1.1, the following expectation can be obtained:

Ep {ro (2(), 2(5))} = \/E (7.91)

By following Proposition 5.2 and (5.22) the variance of this estimator corresponds to

var { W (X) } = 4(L_2)G+E?L__(41§L_2)+2)C, (7.92)

where

v h=—— 2 =Y (7.93)

Vw+ D) (w+3)’ N w2

Consequently, the difference between the complex and the real-valued cases is encountered in the
values of a, b and c.

From (7.91), the variance estimator is now defined as

’U2
52 = ¢, (W (X)) - <W21(X) _ 1) : (7.94)

which yields the following approximate estimator variance by following similar steps than those in
(5.34) and (5.36):

(w+2)°

Var {52} ~ Var {W (X) } (7.95)

Regarding the asymptotic performance, we have from (5.40) that the corresponding large data
size behaviour of the relative variance for the real case is

~ 2) 2
lim LVar{&Z}:4(a—c)M:4(w+2)2 wr 1], (7.96)
L—o0 V(w+1) (w+3)
whose limits are
2 < lim LVar{4?} < 2.4752. (7.97)
L—o0

The inequality that needs to be fulfilled for the asymptotic case to hold is the same, which is
1
(b—c)<—2(L—-2)(a—c). (7.98)
o

By isolating L, the minimum data size now becomes

+2— +2 +3 +1
Lol Vv £2) vt 3w 42, (7.99)
2 \(w+2—-Vw+1IVw+3)Vuw+4y/w
which, by assuming a sufficiently low value of w it yields the following simplification:
o V3
w>— | ——F, (7.100)
> (sa0vs)

as we wanted to show.
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7.4.5 Expectation of the sample variance under the contaminated model

The sample variance estimator, under the U-statistics standpoint in Example 10.2, is written as
follows:

2 1

~2 . N2

08 =777y = lze (4) — 2 (7)) (7.101)
SLL-1) ogz’gg:L—l 2

Given that every term within the summation is i.i.d., the expectation of the estimate is:

1
Ery. {08} = 5Ep. {loe () =2 G)P } (7.102)

From the model in (5.50), and given that the additive outlier process is independent from X, we
then have the following:

Er (63} = 5 (B {lr @) 2 O} + B, {20y~ 2y D)) @103)
= 0” + 5 (B, {120y )P} — 2Real {Byn, {2()2 () () w” (1)}})

(7.103b)

=+ By {ly )P } By, {12 )P } = [Bpy {y D} By, {2 (D} (7.103¢)

=o’4e¢ (05 + “?2;) — 52/13 =0’ 4e¢ (022/ + ,uf/ (1-¢), (7.103d)

as it is written in (5.52).
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