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Abstract

Concentration inequalities have been the subject of exciting developments during the last two decades,
and they have been intensively studied and used as a powerful tool in various areas. These include convex
geometry, functional analysis, statistical physics, statistics, pure and applied probability theory (e.g.,
concentration of measure phenomena in random graphs, random matrices and percolation), information
theory, learning theory, dynamical systems and randomized algorithms.

This tutorial article is focused on some of the key modern mathematical tools that are used for
the derivation of concentration inequalities, on their links to information theory, and on their various
applications to communications and coding.

The first part of this article introduces some classical concentration inequalities for martingales, and
it also derives some recent refinements of these inequalities. The power and versatility of the martingale
approach is exemplified in the context of binary hypothesis testing, codes defined on graphs and iterative
decoding algorithms, and some other aspects that are related to wireless communications and coding.

The second part of this article introduces the entropy method for deriving concentration inequalities
for functions of many independent random variables, and it also exhibits its multiple connections to
information theory. The basic ingredients of the entropy method are discussed first in conjunction with
the closely related topic of logarithmic Sobolev inequalities, which are typical of the so-called functional
approach to studying concentration of measure phenomena. The discussion on logarithmic Sobolev
inequalities is complemented by a related viewpoint based on probability in metric spaces. This viewpoint
centers around the so-called transportation-cost inequalities, whose roots are in information theory. Some
representative results on concentration for dependent random variables are briefly summarized, with
emphasis on their connections to the entropy method. Finally, the tutorial addresses several applications
of the entropy method and related information-theoretic tools to problems in communications and coding.
These include strong converses for several source and channel coding problems, empirical distributions
of good channel codes with non-vanishing error probability, and an information-theoretic converse for
concentration of measure.



Contents

1 Introduction 5
1.1 Areader’sguide . . . . . . . .. 8

2 Concentration Inequalities via the Martingale Approach and their Applications in

Information Theory, Communications and Coding 9

2.1 Discrete-time martingales . . . . . . .. L 9

2.1.1 Martingales . . . . . . . . L e 9

2.1.2  Sub/ super martingales . . . . . .. ... 11

2.2 Basic concentration inequalities via the martingale approach . . . . . . .. . ... .. ... 11

2.2.1 The Azuma-Hoeffding inequality . . . . . . . . .. .. ... ... .. .. ...... 11

2.2.2  McDiarmid’s inequality . . . . . . . ... 14

2.2.3 Hoeffding’s inequality, and its improved version (the Kearns-Saul inequality) . . . 17

2.3 Refined versions of the Azuma-Hoeffding inequality . . . . . . . .. .. .. ... ... ... 19
2.3.1 A refinement of the Azuma-Hoeffding inequality for discrete-time martingales with

bounded jumps . . . ... L 19

2.3.2 Geometric interpretation . . . . . .. ..o oL 24
2.3.3 Improving the refined version of the Azuma-Hoeffding inequality for subclasses of

discrete-time martingales . . . . . . .. L L 25

2.3.4 Concentration inequalities for small deviations . . . . . .. ... .. ... ..... 30

2.3.5 Inequalities for sub and super martingales . . . . . . .. .. ... 31

2.4 Freedman’s inequality and a refined version . . . . .. .. .. ... .. ... .. .. ..., 31

2.5 Relations of the refined inequalities to some classical results in probability theory . . . . . 36

2.5.1 Link between the martingale central limit theorem (CLT) and Proposition 1. . . . 36

2.5.2 Relation between the law of the iterated logarithm (LIL) and Theorem 5 . . . . . 38

2.5.3 Relation of Theorem 5 with the moderate deviations principle . . . . . . . .. . .. 40
2.5.4 Relation of the concentration inequalities for martingales to discrete-time Markov

chains . . . . . . . e e 41

2.6 Applications in information theory and related topics . . . . . . . . .. ... ... ..... 41

2.6.1 Binary hypothesis testing . . . . . . . . ... L 41

2.6.2 Minimum distance of binary linear block codes . . . . . . ... .. .. ... .. 49
2.6.3 Concentration of the cardinality of the fundamental system of cycles for LDPC

code ensembles . . . . . .. L e 50

2.6.4 Concentration Theorems for LDPC Code Ensembles over ISI channels . . . . . . . 52

2.6.5 On the concentration of the conditional entropy for LDPC code ensembles . . . . . 57

2.6.6 Expansion of random regular bipartite graphs . . . . . . . . .. ... ... .. .. 62

2.6.7 Concentration of the crest-factor for OFDM signals . . . . . . . .. ... ... ... 63

2.6.8 Random coding theorems via martingale inequalities . . . . . . .. ... ... ... 67

2.7 SUMMATY . . . ottt e e e 7

2.A Proof of Proposition 1 . . . . . . . . .. e 77



2.B
2.C
2.D
2.E

CONTENTS

Analysis related to the moderate deviations principle in Section 2.5.3 . . . . . . . ... .. 78
Proof of Proposition 2 . . . . . . .. L 79
Proof of Lemma 8 . . . . . . . . . e 81
Proof of the properties in (2.198) for OFDM signals . . . . . . ... . ... ... ..... 82

The Entropy Method, Log-Sobolev and Transportation-Cost Inequalities: Links and

Applications in Information Theory 84
3.1 The main ingredients of the entropy method . . . . . . . . ... ... ... ... 84
3.1.1 The Chernoff bounding trick . . . . . . . . .. .. .. ... .. .. .. 86
3.1.2 The Herbst argument . . . . . . . . .. .. L 87
3.1.3  Tensorization of the (relative) entropy . . . . . . . ... ... ... ... . ... 88
3.1.4 Preview: logarithmic Sobolev inequalities . . . . . . . ... .. ... ... ..... 90
3.2 The Gaussian logarithmic Sobolev inequality (LSI) . . . . .. ... ... ... ... .... 91
3.2.1 An information-theoretic proof of Gross’s log-Sobolev inequality . . . ... .. .. 93
3.2.2 From Gaussian log-Sobolev inequality to Gaussian concentration inequalities . . . 97
3.2.3 Hypercontractivity, Gaussian log-Sobolev inequality, and Rényi divergence . . . . . 99
3.3 Logarithmic Sobolev inequalities: the general scheme . . . . . . . ... ... ... ..... 104
3.3.1 Tensorization of the logarithmic Sobolev inequality . . . . . . ... ... ... ... 106
3.3.2 Maurer’s thermodynamic method . . . . . . . . .. ... ... L. 108
3.3.3 Discrete logarithmic Sobolev inequalities on the Hamming cube . . . . . . . . . .. 111
3.3.4 The method of bounded differences revisited . . . . . . . . ... ... ... .... 114
3.3.5 Log-Sobolev inequalities for Poission and compound Poisson measures . . . . . . . 118
3.3.6 Bounds on the variance: Efron—Stein—Steele and Poincaré inequalities . . . . . . . 120
3.4 Transportation-cost inequalities . . . . . . . . . ... L 122
3.4.1 Concentration and isoperimetry . . . . . . . . . . . ... 123
3.4.2 Marton’s argument: from transportation to concentration . . . . . . ... ... .. 127
3.4.3 Gaussian concentration and 77 inequalities . . . . . . . ... ... ... ... ... 135
3.4.4 Dimension-free Gaussian concentration and 75 inequalities . . . . . . . . . ... .. 138
3.4.5 A grand unification: the HWI inequality . . . . . . . . ... ... ... ... .... 141
3.5 Extension to non-product distributions . . . . . . ... ... oL L L 144
3.5.1 Samson’s transporation cost inequalities for weakly dependent random variables . 145
3.5.2  Marton’s transportation cost inequalities for L? Wasserstein distance . . . . . . . . 146
3.6 Applications in information theory and related topics . . . . . . . . . . ... ... ... .. 148
3.6.1 The “blowing up” lemma and strong converses . . . . . .. . ... ... ...... 148
3.6.2 Empirical distributions of good channel codes with nonvanishing error probability 156
3.6.3 An information-theoretic converse for concentration of measure . . . . . . ... .. 165
3.A Van Trees inequality . . . . . . . . . .. 169
3.B Details on the Ornstein—Uhlenbeck semigroup . . . . . . . . .. .. .. ... ... ..... 171
3.C Fano’s inequality for list decoding . . . . . . . . . . . . . . ... ... 173
3.D Details for the derivation of (3.290) . . . . . . . . . . ... 174



Chapter 1

Introduction

Inequalities providing upper bounds on probabilities of the type P(|X —Z| > ¢) (or P(X — T > t) for a
random variable (RV) X, where T denotes the expectation or median of X, have been among the main
tools of probability theory. These inequalities are known as concentration inequalities, and they have
been the subject of interesting developments during the last two decades. Very roughly speaking, the
concentration of measure phenomenon can be stated in the following simple way: “A random variable
that depends in a smooth way on many independent random variables (but not too much on any of
them) is essentially constant” [1]. The exact meaning of such a statement clearly needs to be clarified
rigorously, but it will often mean that such a random variable X concentrates around Z in a way that
the probability of the event {|X — Z| > t} decays exponentially in ¢ (for ¢ > 0). Detailed treatments of
concentration of measure, including historical accounts, can be found, e.g., in [2], [3], [4], [5] and [6].

In recent years, concentration inequalities have been intensively studied and used as a powerful tool
in various areas such as convex geometry, functional analysis, statistical physics, dynamical systems, pure
and applied probability (random matrices, Markov processes, random graphs, percolation), information
theory and statistics, learning theory and randomized algorithms. Several techniques have been developed
so far to prove concentration of measure phenomena. These include:

The martingale approach (see, e.g., [5], [7], [8], [9, Chapter 7], [10] and [11]) with its various information-
theoretic aspects (see, e.g., [12]). This methodology is covered in Chapter 2, which focuses on concen-
tration inequalities for discrete-time martingales with bounded jumps, and on some of their potential
applications in information theory, coding and communications.

The entropy method and logarithmic Sobolev inequalities (see, e.g., [2, Chapter 5], [3] and references
therein), and their information-theoretic aspects. This methodology and its remarkable information-
theoretic links will be considered in Chapter 3.

Transportation-cost inequalities that originated from information theory (see, e.g., [2, Chapter 6], [13],
and references therein). This methodology and its information-theoretic aspects will be considered in
Chapter 3, with a discussion of the relation between transportation-cost inequalities to the entropy
method and logarithmic Sobolev inequalities.

Talagrand’s inequalities for product measures (see, e.g., [1], [5, Chapter 4], [6] and [14, Chapter 6])
and their information-theoretic applications (see, e.g., [15] and [16]). We do not discuss Talagrand’s
inequalities in detail.

Stein’s method is used to prove concentration inequalities, a.k.a. concentration inequalities with ex-
changeable pairs (see, e.g., [17], [18], [19] and [20]). This relatively recent framework is not addressed in
this work.

Concentration inequalities that follow from rigorous methods in statistical physics (see, e.g., [21, 22, 23,
24]). These methods are not addresses either in this work.

5
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We now give a synopsis of some of the main ideas underlying the martingale approach (Chapter 2)
and the entropy method (Chapter 3). Let f : R™ — R be a function that is characterized by bounded
differences whenever the n-dimensional vectors differ in only one coordinate. A common method for
proving concentration of such a function of n independent RVs, around the expected value E[f], is called
McDiarmid’s inequality or the ’independent bounded-differences inequality’ (see [5, Theorem 3.1]). This
inequality was proved (with some possible extensions) via the martingale approach (see [5, Section 3.5]).
Although the proof of this inequality has some similarity to the proof of the Azuma-Hoeffding inequality,
the former inequality is stated under a condition which provides an improvement by a factor of 4 in the
exponent. Some of its nice applications to algorithmic discrete mathematics were exemplified in, e.g., [5,
Section 3].

The Azuma-Hoeffding inequality is by now a well-known methodology that has been often used to
prove concentration phenomena for discrete-time martingales whose jumps are bounded almost surely.
It is due to Hoeffding [8] who proved this inequality for a sum of independent and bounded random
variables, and Azuma [7] later extended it to bounded-difference martingales. It is noted that the Azuma-
Hoeffding inequality for a bounded martingale-difference sequence was extended to centering sequences
with bounded differences [25]; this extension provides sharper concentration results for, e.g., sequences
that are related to sampling without replacement.

The use of the Azuma-Hoeffding inequality was introduced to the computer science literature in [26]
in order to prove concentration, around the expected value, of the chromatic number for random graphs.
The chromatic number of a graph is defined to be the minimal number of colors that is required to color all
the vertices of this graph so that no two vertices which are connected by an edge have the same color, and
the ensemble for which concentration was demonstrated in [26] was the ensemble of random graphs with n
vertices such that any ordered pair of vertices in the graph is connected by an edge with a fixed probability
p for some p € (0,1). It is noted that the concentration result in [26] was established without knowing
the expected value over this ensemble. The migration of this bounding inequality into coding theory,
especially for exploring some concentration phenomena that are related to the analysis of codes defined
on graphs and iterative message-passing decoding algorithms, was initiated in [27], [28] and [29]. During
the last decade, the Azuma-Hoeffding inequality has been extensively used for proving concentration of
measures in coding theory (see, e.g., [12] and references therein). In general, all these concentration
inequalities serve to justify theoretically the ensemble approach of codes defined on graphs. However,
much stronger concentration phenomena are observed in practice. The Azuma-Hoeffding inequality was
also recently used in [30] for the analysis of probability estimation in the rare-events regime where it was
assumed that an observed string is drawn i.i.d. from an unknown distribution, but the alphabet size and
the source distribution both scale with the block length (so the empirical distribution does not converge to
the true distribution as the block length tends to infinity). In [31], [32] and [33], the martingale approach
was used to derive achievable rates and random coding error exponents for linear and non-linear additive
white Gaussian noise channels (with or without memory).

However, as pointed out by Talagrand [1], “for all its qualities, the martingale method has a great
drawback: it does not seem to yield results of optimal order in several key situations. In particular, it
seems unable to obtain even a weak version of concentration of measure phenomenon in Gaussian space.”
In Chapter 3 of this tutorial, we focus on another set of techniques, fundamentally rooted in information
theory, that provide very strong concentration inequalities. These techniques, commonly referred to as
the entropy method, have originated in the work of Michel Ledoux [34], who found an alternative route
to a class of concentration inequalities for product measures originally derived by Talagrand [6] using
an ingenious inductive technique. Specifically, Ledoux noticed that the well-known Chernoff bounding
trick, which is discussed in detail in Section 3.1 and which expresses the deviation probability of the form
P(|X — z| > t) (for an arbitrary ¢ > 0) in terms of the moment-generating function (MGF) E[exp(AX)],
can be combined with the so-called logarithmic Sobolev inequalities, which can be used to control the
MGF in terms of the relative entropy.

Perhaps the best-known log-Sobolev inequality, first explicitly referred to as such by Leonard Gross



[35], pertains to the standard Gaussian distribution in Euclidean space R"™, and bounds the relative
entropy D(P||G,,) between an arbitrary probability distribution P on R™ and the standard Gaussian
measure G, by an “energy-like” quantity related to the squared norm of the gradient of the density of P
w.r.t. G, (here, it can be assumed without loss of generality that P is absolutely continuous w.r.t. Gy,
for otherwise both sides of the log-Sobolev inequality are equal to +00). Using a clever analytic argument
which he attributed to an unpublished note by Ira Herbst, Gross has used his log-Sobolev inequality to
show that the logarithmic MGF A(X) = InE[exp(AU)] of U = f(X™), where X" ~ Gy, and f: R" — R is
any sufficiently smooth function with ||V f|| < 1, can be bounded as A(\) < A?/2. This bound then yields
the optimal Gaussian concentration inequality P (|f(X™) — E[f(X™)]| > t) < 2exp (—t?/2) for X" ~ Gy.
(It should be pointed out that the Gaussian log-Sobolev inequality has a curious history, and seems to
have been discovered independently in various equivalent forms by several people, e.g., by Stam [36] in
the context of information theory, and by Federbush [37] in the context of mathematical quantum field
theory. Through the work of Stam [36], the Gaussian log-Sobolev inequality has been linked to several
other information-theoretic notions, such as concavity of entropy power [38, 39, 40].)

In a nutshell, the entropy method takes this idea and applies it beyond the Gaussian case. In abstract
terms, log-Sobolev inequalities are functional inequalities that relate the relative entropy between an
arbitrary distribution ) w.r.t. the distribution P of interest to some “energy functional” of the density
f =dQ/dP. If one is interested in studying concentration properties of some function U = f(Z) with
Z ~ P, the core of the entropy method consists in applying an appropriate log-Sobolev inequality to the
tilted distributions PN with AP /dP oc exp(Af). Provided the function f is well-behaved in the sense
of having bounded “energy,” one uses the “Herbst argument” to pass from the log-Sobolev inequality to
the bound In E[exp(AU)] < ¢A?/(2C), where ¢ > 0 depends only on the distribution P, while C' > 0 is
determined by the energy content of f. While there is no universal technique for deriving log-Sobolev
inequalities, there are nevertheless some underlying principles that can be exploited for that purpose. We
discuss some of these principles in Chapter 3. More information on log-Sobolev inequalities can be found
in several excellent monographs and lecture notes [2, 4, 41, 42, 43|, as well as in [44, 45, 46, 47, 48] and
references therein.

Around the same time as Ledoux first introduced the entropy method in [34], Katalin Marton has
shown in a breakthrough paper [49] that to prove concentration bounds one can bypass functional in-
equalities and work directly on the level of probability measures. More specifically, Marton has shown
that Gaussian concentration bounds can be deduced from so-called transportation-cost inequalities. These
inequalities, discussed in detail in Section 3.4, relate information-theoretic quantities, such as the rela-
tive entropy, to a certain class of distances between probability measures on the metric space where the
random variables of interest are defined. These so-called Wasserstein distances have been the subject
of intense research activity that touches upon probability theory, functional analysis, dynamical systems
and partial differential equations, statistical physics, and differential geometry. A great deal of informa-
tion on this field of optimal transportation can be found in two books by Cédric Villani — [50] offers a
concise and fairly elementary introduction, while a more recent monograph [51] is a lot more detailed and
encyclopedic. Multiple connections between optimal transportation, concentration of measure, and infor-
mation theory are also explored in [13, 52, 53, 54, 55, 56, 57]. (We also note that Wasserstein distances
have been used in information theory in the context of lossy source coding [58, 59].)

The first explicit invocation of concentration inequalities in an information-theoretic context appears
in the work of Ahlswede et al. [60, 61]. These authors have shown that a certain delicate probabilistic
inequality, which they have referred to as the “blowing up lemma,” and which we now (thanks to the
contributions by Marton [49, 62]) recognize as a Gaussian concentration bound in Hamming space, can
be used to derive strong converses for a wide variety of information-theoretic problems, including some
multiterminal scenarios. The importance of sharp concentration inequalities for characterizing funda-
mental limits of coding schemes in information theory is evident from the recent flurry of activity on
finite-blocklength analysis of source and channel codes [63, 64]. Thus, it is timely to revisit the use of
concentration-of-measure ideas in information theory from a more modern perspective. We hope that
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our treatment, which above all aims to distill the core information-theoretic ideas underlying the study
of concentration of measure, will be helpful to information theorists and researchers in related fields.

1.1 A reader’s guide

Chapter 2 on the martingale approach is structured as follows: Section 2.1 presents briefly discrete-time
(sub/ super) martingales, Section 2.2 presents some basic inequalities that are widely used for proving
concentration inequalities via the martingale approach. Section 2.3 derives some refined versions of the
Azuma-Hoeffding inequality, and it considers interconnections between these concentration inequalities.
Section 2.4 introduces Freedman’s inequality with a refined version of this inequality, and these inequalities
are specialized to get concentration inequalities for sums of independent and bounded random variables.
Section 2.5 considers some connections between the concentration inequalities that are introduced in
Section 2.3 to the method of types, a central limit theorem for martingales, the law of iterated logarithm,
the moderate deviations principle for i.i.d. real-valued random variables, and some previously-reported
concentration inequalities for discrete-parameter martingales with bounded jumps. Section 2.6 forms the
second part of this work, applying the concentration inequalities from Section 2.3 to information theory
and some related topics. Chapter 2 is summarized briefly in Section 2.7.

There have been so far very nice surveys on concentration inequalities via the martingale approach
that include [5], [9, Chapter 11], [10, Chapter 2] and [11]. The main focus of Chapter 2 is on the
presentation of some old and new concentration inequalities that are based on the martingale approach,
with an emphasis on some of their potential applications in information and communication-theoretic
aspects. This makes the presentation in this chapter different from these aforementioned surveys.

Chapter 3 on the entropy method is structured as follows: Section 3.1 introduces the main ingredients
of the entropy method and sets up the major themes that reappears throughout the chapter. Section 3.2
focuses on the logarithmic Sobolev inequality for Gaussian measures, as well as on its numerous links
to information-theoretic ideas. The general scheme of logarithmic Sobolev inequalities is introduced in
Section 3.3, and then applied to a variety of continuous and discrete examples, including an alternative
derivation of McDiarmid’s inequality that does not rely on martingale methods and recovers the correct
constant in the exponent. Thus, Sections 3.2 and 3.3 present an approach to deriving concentration
bounds based on functional inequalities. In Section 3.4, concentration is examined through the lens of
geometry in probability spaces equipped with a metric. This viewpoint centers around intrinsic properties
of probability measures, and has received a great deal of attention since the pioneering work of Marton
[62, 49] on transportation-cost inequalities. Although the focus in Chapter 3 is mainly on concentration
for product measures, Section 3.5 contains a brief summary of a few results on concentration for functions
of dependent random variables, and discusses the connection between these results and the information-
theoretic machinery that has been the subject of the chapter. Several applications of concentration to
problems in information theory are surveyed in Section 3.6.



Chapter 2

Concentration Inequalities via the
Martingale Approach and their
Applications in Information Theory,
Communications and Coding

This chapter introduces some concentration inequalities for discrete-time martingales with bounded in-
crements, and it exemplifies some of their potential applications in information theory and related topics.
The first part of this chapter introduces some concentration inequalities for martingales that include the
Azuma-Hoeffding, Bennett, Freedman and McDiarmid inequalities. These inequalities are also special-
ized for sums of independent and bounded random variables that include the inequalities by Bernstein,
Bennett, Hoeffding, and Kearns & Saul. An improvement of the martingale inequalities for some sub-
classes of martingales (e.g., the conditionally symmetric martingales) is discussed in detail, and some new
refined inequalities are derived. The first part of this chapter also considers a geometric interpretation
of some of these inequalities, providing an insight on the inter-connections between them. The second
part of this chapter exemplifies the potential applications of the considered martingale inequalities in the
context of information theory and related topics. The considered applications include binary hypothesis
testing, concentration for codes defined on graphs, concentration for OFDM signals, and a use of some
martingale inequalities for the derivation of achievable rates under ML decoding and lower bounds on
the error exponents for random coding over some linear or non-linear communication channels.

2.1 Discrete-time martingales

2.1.1 Martingales

This subsection provides a brief review of martingales to set definitions and notation. We will not need for
this chapter any result about martingales beyond the definition and the few basic properties mentioned
in the following.

Definition 1. [Discrete-time martingales| Let (2, F,P) be a probability space, and let n € N. A sequence
{Xi, Fi}l-y, where the X;’s are random variables and the F;’s are c-algebras, is a martingale if the
following conditions are satisfied:

. Fo CF C ... C F, is a sequence of sub o-algebras of F (the sequence {F;}}  is called a filtration);
usually, o = {0,Q} and F,, = F.
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. X; € LYQ, F;,P) for every i € {0,...,n}; this means that each X; is defined on the same sample space
Q, it is F-measurable, and E[| X;]] = [, | X;(w)|P(dw) < oc.

. For all i € {1,...,n}, the equality X;_; = E[X;|F;_1] holds almost surely (a.s.).

Remark 1. Since {F;}]", forms a filtration, then it follows from the tower principle for conditional
expectations that (a.s.)
X; =E[X;|F], Vi>j.

Also for every i € N, E[X;] = E[E[X;|F;—1]] = E[X,_1], so the expectation of a martingale sequence is
fixed.

Remark 2. One can generate martingale sequences by the following procedure: Given a RV X €
LY(Q,F,P) and an arbitrary filtration of sub o-algebras {F;}1, let

X; =E[X|F], Vie{0,1,...n}.
Then, the sequence Xy, X1, ..., X, forms a martingale (w.r.t. the above filtration) since
. The RV X; = E[X|F;] is Fi-measurable, and also E[|X;|] < E[|X]] < oc.
. By construction {F;}? is a filtration.
. For every i € {1,...,n}
E[Xi|i 1] = E[E[X|F]|1Fi]
= E[X|F;—1] (since Fi—1 C F;)

= A;—1 a.s.

Remark 3. In continuation to Remark 2, the setting where Fy = {0,Q} and F, = F gives that
Xo,X1,..., X, is a martingale sequence with

Xo =E[X|F] =E[X], X,=E[X|F,]=X as..

In this case, one gets a martingale sequence where the first element is the expected value of X, and
the last element is X itself (a.s.). This has the following interpretation: at the beginning, one doesn’t
know anything about X, so it is initially estimated by its expected value. At each step, more and more
information about the random variable X is revealed until its value is known almost surely.

Example 1. Let {U;}}_, be independent random variables on a joint probability space (£, F,P), and
assume that E[Ug] = 0 and E[|Ug|] < oo for every k. Let us define

k
Xp=>» Uj;, Vke{l,...,n}

j=1
with Xy = 0. Define the natural filtration where Fy = {0, Q}, and

.7'—]@ :O'(Xl,...,Xk)
=o(U,...,Ux), Vke{l,...,n}.

Note that F, = o(Xy,...,X) denotes the minimal o-algebra that includes all the sets of the form
{w €0 (X1(w) <ag,..., Xgp(w) < ozk)} where a; € RU {—o00, 400} for j € {1,...,k}. It is easy to
verify that { X}, Fi }}_, is a martingale sequence; this simply implies that all the concentration inequalities
that apply to discrete-time martingales (like those introduced in this chapter) can be particularized to
concentration inequalities for sums of independent random variables.
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2.1.2 Sub/ super martingales

Sub and super martingales require the first two conditions in Definition 1, and the equality in the third
condition of Definition 1 is relaxed to one of the following inequalities:

E[X;|Fi—1] > X;—1 holds a.s. for sub-martingales.
E[X;|Fi—1] < X;—1 holds a.s. for super-martingales.

Clearly, every random process that is both a sub and super-martingale is a martingale, and vise versa.
Furthermore, {X;, F;} is a sub-martingale if and only if {—X;, F;} is a super-martingale. The following
properties are direct consequences of Jensen’s inequality for conditional expectations:

If {X;,F;} is a martingale, h is a convex (concave) function and E[|h(X;)|] < oo, then {h(X;), F;} is a
sub (super) martingale.

If {X;,F;} is a super-martingale, h is monotonic increasing and concave, and E[|h(XZ)|] < 00, then
{h(X;), Fi} is a super-martingale. Similarly, if {X;, F;} is a sub-martingale, h is monotonic increasing
and convex, and E[|h(X;)|] < oo, then {h(X;), F;} is a sub-martingale.

Example 2. if {X;, F;} is a martingale, then {|X;|, F;} is a sub-martingale. Furthermore, if X; €
L2(Q, F;,P) then also {X?2,F;} is a sub-martingale. Finally, if {X;, 7;} is a non-negative sub-martingale
and X; € L*(Q, F;,P) then also {X?2, F;} is a sub-martingale.

2.2 Basic concentration inequalities via the martingale approach

In the following section, some basic inequalities that are widely used for proving concentration inequalities
are presented, whose derivation relies on the martingale approach. Their proofs convey the main concepts
of the martingale approach for proving concentration. Their presentation also motivates some further
refinements that are considered in the continuation of this chapter.

2.2.1 The Azuma-Hoeffding inequality

The Azuma-Hoeffding inequality! is a useful concentration inequality for bounded-difference martingales.
It was proved in [8] for independent bounded random variables, followed by a discussion on sums of
dependent random variables; this inequality was later derived in [7] for the more general setting of
bounded-difference martingales. In the following, this inequality is introduced.

Theorem 1. [Azuma-Hoeffding inequality] Let {Xj,F;}}_, be a discrete-parameter real-valued
martingale sequence. Suppose that, for every k € {1,...,n}, the condition | X — Xj_1| < dj holds a.s.
for a real-valued sequence {dj}}_, of non-negative numbers. Then, for every a > 0,

a2
P(|X, — Xo| > a) < 2exp <—n7> (2.1)
2Zk:1 dz

The proof of the Azuma-Hoeffding inequality serves also to present the basic principles on which the
martingale approach for proving concentration results is based. Therefore, we present in the following
the proof of this inequality.

The Azuma-Hoeffding inequality is also known as Azuma’s inequality. Since it is referred numerous times in this chapter,
it will be named Azuma’s inequality for the sake of brevity.
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Proof. For an arbitrary a > 0,
P(|X, — Xo| > a) =P(X,, — Xo > a) + P(X,, — Xo < —a). (2.2)

Let & 2 X; — X;_; for i = 1,...,n designate the jumps of the martingale sequence. Then, it follows by
assumption that || < dp and E[¢k | Fr—1] = 0 a.s. for every k € {1,...,n}.
From Chernoff’s inequality,

P(X, — Xo > )

=P (f: §i > a)
i=1
exp (tf:{,)] , Vt>0. (2.3)
i=1

Furthermore,
0o
k=1
= E[exp<t25k> |.7-"n_1H

k=1
n—1

exp <t 2 §k> E[exp(tén) |.7:n_1]] (2.4)

E

=E

where the last equality holds since Y £ exp (t ZZ;% fk) is Fp—1-measurable; this holds due to fact that
& 2 X, — Xj_1 is Fy-measurable for every k € N, and Fj, C F,,_; for 0 < k < n — 1 since {Fi}i_ois a
filtration. Hence, the RV Zz;% & and Y are both F,,_1-measurable, and E[XY | F,_1] = Y E[X|F,,—1].

Due to the convexity of the exponential function, and since || < dj, then the straight line connecting
the end points of the exponential function is below this function over the interval [—dj, dx]. Hence, for
every k (note that E[¢y | Fr—1] = 0),

E [et&“ ‘ fk—l]

(dk + fk)etdk + (dk — fk)e_tdk
2dy,

< E[ | Fr-1

= cosh(tdy). (2.5)
Since, for every integer m > 0,
2m)! > (2m)(2m —2)...2=2""m!

then, due to the power series expansions of the hyperbolic cosine and exponential functions,

0 2m i~ 2m
cosh(tdy) = Z (1(5(21];71)' < Z (i) ©= e T

which therefore implies that
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Consequently, by repeatedly using the recursion in (2.4), it follows that
E|exp thk SHexp — = exp §de
k=1 k=1 k=1
which then gives (see (2.3)) that

2 &
P(X, — Xo > a) < exp (—at+ 5 Zdi) , Yi>0.
k=1

An optimization over the free parameter ¢ > 0 gives that t = a (3, di)_l, and

2

a
P(X, — Xo > a) <exp <—n7> . (2.6)
23 - 4}

Since, by assumption, {Xj, Fr} is a martingale with bounded jumps, so is {— X}, Fr} (with the same

bounds on its jumps). This implies that the same bound is also valid for the probability P(X,, — Xy < —a)
and together with (2.2) it completes the proof of Theorem 1. O

The proof of this inequality will be revisited later in this chapter for the derivation of some refined
versions, whose use and advantage will be also exemplified.

Remark 4. In [5, Theorem 3.13], Azuma’s inequality is stated as follows: Let {Y}, Fj}}_, be a martingale-
difference sequence with Yy = 0 (i.e., Yy is Fp-measurable, E[|Yy|] < oo and E[Yy|Fir_1] = 0 a.s. for
every k € {1,...,n}). Assume that, for every k, there exist some numbers ax,b; € R such that a.s.
ap <Yy < bg. Then, for every r > 0,

- 272
P < ZYk > 7‘) < 2exp <_Zzzl(bk — ak)2> . (2.7)

k=1
As a consequence of this inequality, consider a discrete-parameter real-valued martingale sequence { Xy, F. }7_,
where ap < Xj, — Xjp_1 < by, a.s. for every k. Let Y, £ X — X for every k € {1,...,n}, so since
{Yy, Fr}p_ is a martingale-difference sequence and »;_; Y3 = X, — Xo, then

2r?
> k=1 (b — a)?
Example 3. Let {Y;}3, be i.i.d. binary random variables which get the values +d, for some constant

d > 0, with equal probability. Let X; = Zf:oyi for k € {0,1,...,}, and define the natural filtration
Fo CF1 C Fy... where

P (| X, — Xo| 27’)§2exp< >, Vr>0. (2.8)

Fe=0Yy,....Ys), Vke{0,1,...,}

is the o-algebra that is generated by the random variables Yj, ..., Y. Note that { X, fk}zozo is a martin-
gale sequence, and (a.s.) | Xy — Xg—1| = [Yi| = d, Vk € N. It therefore follows from Azuma’s inequality
that )

B(1X, — Xo| > ay/) < 2exp (—2‘“7) | (2.9)
for every @ > 0 and n € N. From the central limit theorem (CLT), since the RVs {Y;}3°, are i.i.d.
with zero mean and variance d?, then ﬁ(Xn - Xp) = Ln > r_1 Yy converges in distribution to N(0,d?).
Therefore, for every a > 0,

lim P(X, — Xo| > avn) =2Q(5) (2.10)
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where

Q(z) = \/2_/ exp >dt VzeR (2.11)
™

is the probability that a zero-mean and unit-variance Gaussian RV is larger than z. Since the following
exponential upper and lower bounds on the Q-function hold

»

1 x _zZ 1 _a?
Em'e 2 Q(m)<\/ﬂxe 2, Ve >0 (212)

then it follows from (2.10) that the exponent on the right-hand side of (2.9) is the exact exponent in this
example.

Example 4. In continuation to Example 3, let v € (0, 1], and let us generalize this example by considering
the case where the i.i.d. binary RVs {Y;}°, have the probability law
ol 1
PY,=+d) = ——, PY;,=-—vd)=—.
Hence, it follows that the i.i.d. RVs {Y;} have zero mean and variance 02 = vd? as in Example 3. Let
{Xk,]-"k}k o be defined similarly to Example 3, so that it forms a martingale sequence. Based on the
CLT, \/_ (X, — Xo) = % > r_, Yy converges weakly to N(0,vd?), so for every o > 0

lim P(|X,, — Xo| > avn) = 2Q<\/’d> (2.13)

n—oo
From the exponential upper and lower bounds of the Q-function in (2.12), the right-hand side of (2.13)
a2
scales exponentially like e 20>, Hence, the exponent in this example is improved by a factor L as
compared Azuma’s inequality (that is the same as in Example 3 since | X} — X;_1| < d for every k € N).
This indicates on the possible refinement of Azuma’s inequality by introducing an additional constraint
on the second moment. This route was studied extensively in the probability literature, and it is the
focus of Section 2.3.

2.2.2 McDiarmid’s inequality

The following useful inequality is due to McDiarmid ([25, Theorem 3.1] or [65]), and its original derivation
uses the martingale approach for its derivation. We will relate, in the following, the derivation of this
inequality to the derivation of the Azuma-Hoeffding inequality (see the preceding subsection).

Theorem 2. [McDiarmid’s inequality| Let {X;} be independent real-valued random variables (not
necessarily i.i.d.), and assume that X; : ; — R for every i. Let {X;}!'; be independent copies of
{Xi}, respectively, and suppose that, for every k € {1,...,n},

‘g(le s an—lek7Xk+l7' . >Xn) - Q(Xl,- . an—17Xk7Xk+17 s aXn)‘ < dg (214)

holds a.s. (note that a stronger condition would be to require that the variation of g w.r.t. the k-th
coordinate of x € R” is upper bounded by dg, i.e.,

sup |g(z) — g(z')| < dy

for every x, 2’ € R™ that differ only in their k-th coordinate.) Then, for every a > 0,

202
P(lg(X1,...,Xn) —E[g(X1,..., Xn)]| = ) < 2exp (—m> . (2.15)
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Remark 5. One can use the Azuma-Hoeffding inequality for a derivation of a concentration inequality in
the considered setting. However, the following proof provides in this setting an improvement by a factor
of 4 in the exponent of the bound.

Proof. For k € {1,...,n}, let Fr, = 0(Xq,...,X) be the o-algebra that is generated by Xi,..., X} with
Fo = {0,9Q}. Define

fkéE[g(Xl,...,Xn)‘fk] —E[g(Xl,...,Xn)‘fk_l], VkE{l,...,n}. (2.16)
Note that Fy C Fy ... C F, is a filtration, and

E[g(Xl,. .. ,Xn) ’fo] = E[g(Xl,. .. ,Xn)]
Elg(X1,..., X)) | Fo] = 9(X1,..., Xp). (2.17)

Hence, it follows from the last three equalities that
g(X17 N ,Xn) - E[Q(Xl, e ,Xn)] = Zék
k=1

In the following, we need a lemma:

Lemma 1. For every k € {1,...,n}, the following properties hold a.s.:

. Elék | Fr—1] =0, so {&, Fi} is a martingale-difference and & is Fi-measurable.

] < dge
. & € lag, ar + di| where ay is some non-positive Fj_j-measurable random variable.

Proof. The random variable & is Fji-measurable since Fj,_1 C Fy, and & is a difference of two functions
where one is Fi-measurable and the other is Fj_i-measurable. Furthermore, it is easy to verify that
E[{ | Fr—1] = 0. This verifies the first item. the second item follows from the first and third items. To
prove the third item, let
& =Elg(X1,- - Xpo1s Xbs Xig1, - X)) | F] —E[g(X1, -, Xim1, Xio Xig1, -5 X)) | Froer]
& =E[g(X1, o, Xiot, Xiy X 1s -+ Xn) | Fa) — E[9(X1, -y Xomt, Xiy Xit -5 X)) | Fio]
where {XZ}?zl is an independent copy of {X;}",, and we define
Fre=0(X1,..., Xp_1,Xp).
Due to the independence of X} and X &, and since they are also independent of the other RVs then a.s.
1 — &l
= |E[9(X17 s an—lyleXk-i-l) I >Xn) | fk] - E[Q(Xla cee 7Xk—17Xk7Xk+l7 I >Xn) | j:k”
= ‘E[g(Xla e JXk—17Xk7Xk+17 LR 7Xn) - Q(Xh L) 7Xk—17Xk7Xk+17 L 7Xn) ‘ U(X17 L) ,Xk_l,Xk,Xk)”
< E“Q(Xla s 7Xk—17Xk7Xk+l7 I >Xn) - g(Xh I an—lkavXk-l—lv cee 7XTL)| | U(Xla cee 7Xk—17Xk7Xk)]
< dp. (2.18)
Therefore, |£; — ék\ < di, holds a.s. for every pair of independent copies X}, and Xk, which are also inde-
pendent of the other random variables. This implies that & is a.s. supported on an interval [ay, ax+dj| for

some function ay = ax(Xy,...,Xk_1) that is Fx_1-measurable (since X and X . are independent copies,
and & — & is a difference of g(X1,..., Xp_1, Xg, Xgt1,--.,Xpn) and g(X1, ..., Xp—1, Xi, Xpa1,- -5 Xn)s
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then this is in essence saying that if a set S C R has the property that the distance between any of its
two points is not larger than some d > 0, then the set should be included in an interval whose length is
d). Since also E[¢y | Fx—1] = 0 then a.s. the Fj_j-measurable function ay is non-positive. It is noted that
the third item of the lemma is what makes it different from the proof in the Azuma-Hoeffding inequality
(which, in that case, it implies that & € [—d,dx] where the length of the interval is twice larger (i.e.,
2dy,).) O

Let by 2 ay, + dp. Since E[& | Fr_1] = 0 and &, € [ag, by] with ap < 0 and by are Fj_j-measurable,
then

Var(fk ‘ fk—l) < —akbk = O']%.
Applying the convexity of the exponential function gives (similarly to the derivation of the Azuma-

Hoeffding inequality, but this time w.r.t. the interval [ak, bx] whose length is dj) implies that for every
ke{l,...,n}

E[e" | Fj1]
<E (& — ar)e™ + (& + by)e!™ z
< a0 k-1
B bketak _ aketbk
B —
Let p £ —‘Zl—: € [0,1], then
E[e" | Fj1]
< pre™ + (1 — py)e'*
= "% (1 = pj, + pre™)
= efr® (2.19)
where
fr(t) 2 tag +In(1 — py, + pre'™), VteR. (2.20)

Since fi(0) = f,(0) = 0 and the geometric mean is less than or equal to the arithmetic mean then, for
every t,
dipk(l — pk)etdk di

4
t) = —k

which implies by Taylor’s theorem that
t2d
8

TN

fr(t) < (2.21)

so, from (2.19),
242

Ele! | Fy_q] <e s

Similarly to the proof of the Azuma-Hoeffding inequality, by repeatedly using the recursion in (2.4), the
last inequality implies that

E[exp <tkzn::1§k>] < exp <§ édi) (2.22)



2.2. BASIC CONCENTRATION INEQUALITIES VIA THE MARTINGALE APPROACH 17

which then gives from (2.3) that, for every ¢ > 0,
P(Q(le s aXn) - E[g(Xh s aXn)] > OZ)

2 &
< exp <—at +5 Zdi) : (2.23)
k=1

An optimization over the free parameter ¢ > 0 gives that t = 4« (Zzzl di)_l, SO

202
P(g(X1,...,Xn) —E[g(Xy,...,Xpn)] > a) <exp <—m> . (2.24)

By replacing g with —g, it follows that this bound is also valid for the probability
which therefore gives the bound in (2.15). This completes the proof of Theorem 2. O

2.2.3 Hoeffding’s inequality, and its improved version (the Kearns-Saul inequality)

In the following, we derive a concentration inequality for sums of independent and bounded random
variables as a consequence of McDiarmid’s inequality. This inequality is due to Hoeffding (see [8, Theo-
rem 2|). An improved version of Hoeffding’s inequality, due to Kearns and Saul [66], is also introduced
in the following.

Theorem 3 (Hoeffding). Let {Uy}}_, be a sequence of independent and bounded random variables such
that, for every k € {1,...,n}, Uy € [ak, bx] holds a.s. for some constants ax, by, € R. Let u, £ >3, E[U].

Then,
P ( > Ui =it
k=1

Proof. Let g(z) = >.p_, x) for every z € R". Furthermore, let Xy, X7,...,X,, X, be independent
random variables such that Xj and X, are independent copies of Uy for every k € {1,...,n}. By
assumption, it follows that for every k

9(X1, - X1 Xy Xior1s - X)) — 9(Xns oo X1, X, Xig1s -, X)) | = [ X — X < b —

_ 202 n
ZZ=1(bk - ak)2

> m/ﬁ) < 2exp ( > , Ya>0. (2.25)

holds a.s., where the last inequality is due to the fact that Xj and X are both distributed like Uy, so
they are a.s. in the interval ay, by]. It therefore follows from McDiarmid’s inequality that

202n

- Zzzl(bk — ay,)?

P(lg(X1,...,Xn) —E[g(X1,..., Xp)]| = a/n) < 2exp< ) , Ya>0.

Since

Elg(X1,..., Xn)] = > E[Xi] = > E[Uk] = pin
k=1 k=1
and also (X7, ..., X,) have the same distribution as of (Uy,...,U,) (note that the entries of each of these
vectors are independent, and X}, is distributed like Uy), then

2a°n
=1 (b — ax)?
which is equivalent to (2.25). O

PV, Un) ~ ol = a/) < 200 ). vazo
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An improved version of Hoeffding’s inequality, due to Kearns and Saul [66] is introduced in the
following. It is noted that a certain gap in the original proof of the improved inequality in [66] was recently
solved in [67] by some tedious calculus. A shorter information-theoretic proof of the same basic inequality
that is required for the derivation of the improved concentration result follows from transportation-cost
inequalities, as will be shown in the next chapter (see Section V-C of the next chapter). So, we only state
the basic inequality, and use it to derive the improved version of Hoeffding’s inequality.

To this end, let & = Uy — E[Uy] for every k € {1,...,n}, 50 >0 Up — pn = > p_q & with E[¢,] = 0
and & € [ax — E[Ux],bx — E[Ug]]. Following the argument that is used to derive inequality (2.19) gives

E[exp(t&)] < (1 — pr) exp(t(ar, — E[Uy])) + pr exp(t(by — E[Uk]))
= exp(fi(t)) (2:26)

where py, € [0, 1] is defined by
A E[Us] — ak

vk 1,... . 2.2
et ke (L) (227)

Pk

The derivation of McDiarmid’s inequality (see (2.21)) gives that for all ¢ € R

t2(by — ay,)?
ity < o) (2.28)
The improvement of this bound (see [67, Theorem 4]) gives that for all ¢ € R
b a 242 .
= fﬁfl)((l’“pkj“) = ifp £
fr(t) < Pk (2.29)
—a 242 .
M if p = 1.
Note that since
1— 2p 1

so the upper bound in (2.29) is continuous in pg, and it also improves the bound on f(¢) in (2.28)
unless pp = 5 (Where both bounds coincide in this case). From (2.29), we have fi(t) < cxt?, for every
kEed{l,. n} and t € R, where

_ —az)? .
A - 421?()&)” if pr, # %
(be—ay)? : 1 ( )
s =g

Hence, Chernoft’s inequality and the similarity of the two one-sided tail bounds give

(ZUk_Nn

k=1
Finally, an optimization over the non-negative free parameter ¢ leads to the following improved version
of Hoeffding’s inequality in [66] (with the recent follow-up in [67]).

n

>a\/_> < 2exp(—ay/nt) H [exp(t&)]

< 2exp(—aty/n) - exp (Z ckt2> , Vt>0. (2.31)

k=1
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Theorem 4 (Kearns-Saul inequality). Let {U;}}_; be a sequence of independent and bounded random
variables such that, for every k € {1,...,n}, U € |ag,b] holds a.s. for some constants ag, b € R. Let
pn = > p_; E[Ux]. Then,

P(ZUk—un
k=1

where {c,}}_, is introduced in (2.30) with the p;’s that are given in (2.27). Moreover, the exponential
bound (2.32) improves Hoeffding’s inequality, unless py = % for every k € {1,...,n}.

Oé2TL

4 22:1 Ck

> m/ﬁ) < 2exp ( > , Ya>0. (2.32)

The reader is referred to another recent refinement of Hoeffding’s inequality in [68], followed by some
numerical comparisons.

2.3 Refined versions of the Azuma-Hoeffding inequality

Example 4 in the preceding section serves to motivate a derivation of an improved concentration inequality
with an additional constraint on the conditional variance of a martingale sequence. In the following,
assume that | X — X;_1] < d holds a.s. for every k (note that d does not depend on k, so it is a
global bound on the jumps of the martingale). A new condition is added for the derivation of the next
concentration inequality, where it is assumed that

Var(Xy | Fy-1) = E[(Xg — Xp—1)? | Fr1] < yd?

for some constant v € (0, 1].

2.3.1 A refinement of the Azuma-Hoeffding inequality for discrete-time martingales
with bounded jumps

The following theorem appears in [65] (see also [69, Corollary 2.4.7]).

Theorem 5. Let {X}, Fi.}}'_, be a discrete-parameter real-valued martingale. Assume that, for some
constants d, o > 0, the following two requirements are satisfied a.s.

| X — Xp1] < d,
Var(Xp|Fi—1) = E[(Xy — Xg—1)? | Fr—1] < 0°

for every k € {1,...,n}. Then, for every a > 0,

i)
P(|X,, — Xo| > an) < 2exp [ —n D —H— 2.33
(1%, = ol 2 am) < 2exp (-0 D (12|11 (289

where

[[>
o

9

(2.34)

e

and

D(plla) = pln(g) +(1-p) 111(1 :5), Vp,q €[0,1] (2.35)

is the divergence between the two probability distributions (p,1 — p) and (¢,1 — ¢). If 6 > 1, then the
probability on the left-hand side of (2.33) is equal to zero.
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Proof. The proof of this bound starts similarly to the proof of the Azuma-Hoeffding inequality, up to (2.4).
The new ingredient in this proof is Bennett’s inequality which replaces the argument of the convexity of
the exponential function in the proof of the Azuma-Hoeffding inequality. We introduce in the following
a lemma (see, e.g., [69, Lemma 2.4.1]) that is required for the proof of Theorem 5.

Lemma 2 (Bennett). Let X be a real-valued random variable with = E(X) and E[(X — 7)?] < o2 for
some o > 0. Furthermore, suppose that X < b a.s. for some b € R. Then, for every A > 0,

2
M (b — 5)26_% + g2eMb-T)

E[eM] < (2.36)

(b—7)2 + o2

Proof. The lemma is trivial if A = 0, so it is proved in the following for A > 0. Let Y & \(X — ) for
A > 0. Then, by assumption, Y < A\(b —Z) £ by a.s. and Var(Y) < A% £ 2. It is therefore required
to show that if E[Y] =0, Y < by, and Var(Y) < 0%, then

Ele¥] < <i> o <i> ey . (2.37)

b3 + oy by + 0%
Let Yy be a random variable that gets the two possible values —% and by, where
o2 b2 o2
PlYo=-2Y)= Y~ P(Yy =by) = 51— 2.38
<° by) by + o3 (Yo =bv) b2+ o2 (2.38)
so inequality (2.37) is equivalent to showing that
E[e¥] < E[e¥0]. (2.39)

To that end, let ¢ be the unique parabola where the function
fly) £ oly) —¢’, VYyeR

is zero at y = by, and f(y) = f'(y) =0 at y = —%. Since ¢” is constant then f”(y) = 0 at exactly one
value of y, call it yg. Furthermore, since f (—%) = f(by) (both are equal to zero) then f'(y) = 0 for

some y; € (—%, by). By the same argument, applied to f’ on [—Zi,yl], it follows that yo € (—%,yl).
The function f is convex on (—oo,yp] (since, on this interval, f"(y) = ¢"(y) —e¥ > ¢"(y) — e¥0 =
¢"(yo) — €% = f"(yo) = 0), and its minimal value on this interval is at y = —% (since at this point, f’
is zero). Furthermore, f is concave on [yp, c0) and it gets its maximal value on this interval at y = y;. It
implies that f > 0 on the interval (—oo, by |, so E[f(Y)] > 0 for any random variable Y such that Y < by
a.s., which therefore gives that

with equality if P(Y € {—%,by}) = 1. Since f"(y) > 0 for y < yo then ¢"(y) —e¥ = f"(y) > 0, so
" (0) = ¢"(y) > 0 (recall that ¢” is constant since ¢ is a parabola). Hence, for any random variable YV
of zero mean, E[f(Y)] which only depends on E[Y?] is a non-decreasing function of E[Y?]. The random

variable Y{ that takes values in {—Z—;’, by } and whose distribution is given in (2.38) is of zero mean and
variance E[Y§] = 02, so
E[¢(Y)] < E[¢(Yo)].
Note also that
E[¢(Y0)] = E[e"]
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2
since f(y) =0 (i.e., ¢p(y) =¢€¥) if y = —% or by, and Y only takes these two values. Combining the last
two inequalities with the last equality gives inequality (2.39), which therefore completes the proof of the
lemma. O

Applying Bennett’s inequality in Lemma 2 for the conditional law of &, given the o-algebra Fj_1,
since E[¢x|Fr_1] = 0, Var[¢,]| Fr_1] < 0% and &, < d a.s. for k € N, then a.s.

o2 exp(td) + d? exp (—%)

e (2.40)

E [exp(t&) | Fr-1] <

Hence, it follows from (2.4) and (2.40) that, for every t > 0,

o2 exp(td) + d? exp (—%)

o)) (“ L ) ()

and, by induction, it follows that for every ¢t > 0

n

0.2
o? exp(td) + d? exp (—%)

n
E[GXPGZ&H < 21 o2
k=1
From the definition of v in (2.34), this inequality is rewritten as

RO R R an

Let z £ td (so * > 0). Combining Chernoff’s inequality with (2.41) gives that, for every a > 0 (where
from the definition of § in (2.34), at = dz),

P(X, — Xo > an)
< exp(—ant)E [eXp <t g:l ék>]

< (7 eXp((l — 5):E)1 ——:: :IXP(_(V + 5)$)> . Yz >0. (2.42)

Consider first the case where § =1 (i.e., « = d), then (2.42) is particularized to

_ 1 "
P(X, — Xo > dn) < <’Y+exp1(+(::+ )95)) . Yz>0

and the tightest bound within this form is obtained in the limit where x — oo. This provides the
inequality

P(X, — Xo > dn) < (%)n (2.43)

Otherwise, if § € [0,1), the minimization of the base of the exponent on the right-hand side of (2.42)
w.r.t. the free non-negative parameter x yields that the optimized value is

() )
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and its substitution into the right-hand side of (2.42) gives that, for every a > 0,

P(X,, — Xo > an)

y+o -1 _1-5
<—> (1_5) .
Y

oG (2]
— exp <—nD <ﬁ—z“%>> (2.45)

and the exponent is equal to +oo if § > 1 (i.e, if @ > d). Applying inequality (2.45) to the martingale
{—Xuk, Fi}72, gives the same upper bound to the other tail-probability P(X,, — Xo < —an). The
probability of the union of the two disjoint events {X,, — Xy > an} and {X,, — Xy < —an}, that is
equal to the sum of their probabilities, therefore satisfies the upper bound in (2.33). This completes the
proof of Theorem 5. U

n

<

_l’_

Example 5. Let d > 0 and ¢ € (0, %] be some constants. Consider a discrete-time real-valued martingale
{ Xk, Fr}32, where a.s. Xog =0, and for every m € N

P(Xp — X1 = d| Fuoy) =&,

ed ‘fm_;l) =1—c¢.
—¢

]P’(Xm—Xm_l =1
This indeed implies that a.s. for every m € N

ed

E[X,, — m_1|]-'m_1]:z—:d+<—1 >(1—5):0

and since X,,,_1 is F,,_1-measurable then a.s.
E[Xm ‘ fm—l] = Xm—l-

Since € € (0, 3] then a.s.

d
X, — m_lygmax{d, c }:d.
1—¢

From Azuma’s inequality, for every x > 0,

ka?
P(X) > kx) < exp <_ﬁ> (2.46)

independently of the value of ¢ (note that Xy = 0 a.s.). The concentration inequality in Theorem 5
enables one to get a better bound: Since a.s., for every m € N,

d?e

1—-¢

ed
—€

E[(Xm = Xn-1)? | Fn1] = d% + (—1 )2 (1—¢)=

then from (2.34)

and from (2.45), for every x > 0,

P(X), > kz) < exp (—kD(x(ld_ &) e a)) . (2.47)
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Consider the case where ¢ — 0. Then, for arbitrary > 0 and k& € N, Azuma’s inequality in (2.46)
provides an upper bound that is strictly positive independently of €, whereas the one-sided concentration
inequality of Theorem 5 implies a bound in (2.47) that tends to zero. This exemplifies the improvement
that is obtained by Theorem 5 in comparison to Azuma’s inequality.

Remark 6. As was noted, e.g., in [5, Section 2], all the concentration inequalities for martingales whose
derivation is based on Chernoff’s bound can be strengthened to refer to maxima. The reason is that
{Xk — Xo, Fir}72, is a martingale, and h(x) = exp(tx) is a convex function on R for every ¢ > 0. Recall
that a composition of a convex function with a martingale gives a sub-martingale w.r.t. the same filtration
(see Section 2.1.2), so it implies that {exp(t(Xx—Xo)), fk}zio is a sub-martingale for every ¢ > 0. Hence,
by applying Doob’s maximal inequality for sub-martingales, it follows that for every a > 0

]P’( max X — Xg > om)

1<k<n

= P(lgkaé( exp (t( Xy — Xo)) > exp(omt)) Vt>0

< exp(—ant) E {eXp(t(X" B XO))]
= exp(—ant) E [exp <t;§k>]

which coincides with the proof of Theorem 5 with the starting point in (2.3). This concept applies to all
the concentration inequalities derived in this chapter.

Corollary 1. Let {X}, Fi}}_, be a discrete-parameter real-valued martingale, and assume that | X} —

Xk—1| < d holds a.s. for some constant d > 0 and for every k € {1,...,n}. Then, for every a > 0,
P(|Xn — Xo| = an) < 2exp (—nf(5)) (2.48)
where
‘o :{ mE)[1-h (58], 0<s<1 (2.49)
~+00, 0>1

A

and ha(x) = —xlogy(x) — (1 —2)logy (1l —x) for 0 < = < 1 denotes the binary entropy function on base 2.

Proof. By substituting v = 1 in Theorem 5 (i.e., since there is no constraint on the conditional variance,
then one can take 0 = d?), the corresponding exponent in (2.33) is equal to

1441
b <TH§> = /0)
since D(p||3) = In2[1 — ho(p)] for every p € [0,1]. O

Remark 7. Corollary 1, which is a special case of Theorem 5 when v = 1, forms a tightened version of the
Azuma-Hoeffding inequality when dj, = d. This can be verified by showing that f(d) > % for every § > 0,
which is a direct consequence of Pinsker’s inequality. Figure 2.1 compares these two exponents, which
nearly coincide for § < 0.4. Furthermore, the improvement in the exponent of the bound in Theorem 5 is
shown in this figure as the value of v € (0,1) is reduced; this makes sense, since the additional constraint
on the conditional variance in this theorem has a growing effect when the value of = is decreased.
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Figure 2.1: Plot of the lower bounds on the exponents from Azuma’s inequality and the improved bounds
in Theorem 5 and Corollary 1 (where f is defined in (2.49)). The pointed line refers to the exponent in
Corollary 1, and the three solid lines for v = %, i and % refer to the exponents in Theorem 5.

2.3.2 Geometric interpretation

A common ingredient in proving Azuma’s inequality, and Theorem 5 is a derivation of an upper bound
on the conditional expectation E[etﬁk |.7-"k_1] for ¢ > 0 where E[ék | ~7'—k—1] =0, Var [£k|fk_1] < 0%, and
|€k| < d a.s. for some o,d > 0 and for every k € N. The derivation of Azuma’s inequality and Corollary 1
is based on the line segment that connects the curve of the exponent y(z) = e!* at the endpoints of the
interval [—d, d]; due to the convexity of y, this chord is above the curve of the exponential function y over
the interval [—d,d]. The derivation of Theorem 5 is based on Bennett’s inequality which is applied to
the conditional expectation above. The proof of Bennett’s inequality (see Lemma 2) is shortly reviewed,
while adopting the notation for the continuation of this discussion. Let X be a random variable with zero
mean and variance F[X?] = 02, and assume that X < d a.s. for some d > 0. Let v = g—i. The geometric
viewpoint of Bennett’s inequality is based on the derivation of an upper bound on the exponential function
y over the interval (—oo,d]; this upper bound on y is a parabola that intersects y at the right endpoint
(d,et?) and is tangent to the curve of y at the point (—vd,e™*?). As is verified in the proof of Lemma 2,
it leads to the inequality y(z) < ¢(x) for every z € (—oo,d] where ¢ is the parabola that satisfies the
conditions

o(d) =y(d) =€, ¢(—yd) =y(—yd) =, ¢(—yd) =y (—d) = te”",
Calculation shows that this parabola admits the form

(z +~yd)e! + (d—2)e ™ a[yd® + (1 —v)d z — 2?]
(1+7)d (14 7)%d?

where v £ [(1 +7)td + 1]e "¢ — €', Since E[X] = 0, E[X?] = vd? and X < d (a.s.), then

¢(x) =

E[e'*] < E[¢(X)]
yetd + e—’ytd
-
E[X?]etd - d%‘mjﬂ]
d?> + E[X?]
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which provides a geometric viewpoint to Bennett’s inequality. Note that under the above assumption, the
bound is achieved with equality when X is a RV that gets the two values +d and —~vd with probabilities
% and ﬁ, respectively. This bound also holds when E[X?] < o2 since the right-hand side of the
inequality is a monotonic non-decreasing function of E[X?] (as it was verified in the proof Lemma 2).
Applying Bennett’s inequality to the conditional law of & given Fj_1 gives (2.40) (with v in (2.34)).

2.3.3 Improving the refined version of the Azuma-Hoeffding inequality for subclasses
of discrete-time martingales

This following subsection derives an exponential deviation inequality that improves the bound in Theo-
rem 5 for conditionally-symmetric discrete-time martingales with bounded increments. This subsection
further assumes conditional symmetry of these martingales, as it is defined in the following:

Definition 2. Let { X}, Fi }ren,, where Ng £ NU{0}, be a discrete-time and real-valued martingale, and
let & 2 X}, — X, for every k € N designate the jumps of the martingale. Then { X}, Fj }ren, is called
a conditionally symmetric martingale if, conditioned on Fj_1, the random variable & is symmetrically
distributed around zero.

Our goal in this subsection is to demonstrate how the assumption of the conditional symmetry im-
proves the existing the deviation inequality in Section 2.3.1 for discrete-time real-valued martingales with
bounded increments. The exponent of the new bound is also compared to the exponent of the bound in
Theorem 5 without the conditional symmetry assumption. Earlier results, serving as motivation to the
discussion in this subsection, appear in [70, Section 4] and [71, Section 6]. The new exponential bounds
can be also extended to conditionally symmetric sub or supermartingales, where the construction of these
objects is exemplified later in this subsection. Additional results addressing weak-type inequalities, max-
imal inequalities and ratio inequalities for conditionally symmetric martingales were derived in [72], [73]
and [74].

Before we present the new deviation inequality for conditionally symmetric martingales, this discussion
is motivated by introducing some constructions of such martingales.

Construction of Discrete-Time, Real-Valued and Conditionally Symmetric Sub/ Super-
martingales

Before proving the tightened inequalities for discrete-time conditionally symmetric sub/ supermartingales,
it is in place to exemplify the construction of these objects.

Example 6. Let (Q,F,P) be a probability space, and let {Up}ren € L'(Q, F,P) be a sequence of
independent random variables with zero mean. Let {F}x>0 be the natural filtration of sub o-algebras of
F, where Fy = {0,Q} and Fy, = o(Un,...,Uy) for k > 1. Furthermore, for k € N, let A, € L>®(Q, Fr_1,P)
be an Fj_i-measurable random variable with a finite essential supremum. Define a new sequence of
random variables in L!(€2, F,P) where

X, = ZAkUlm VneN
k=1

and Xo = 0. Then, {X,,, Fn}nen, is a martingale. Lets assume that the random variables {Uj }ren are
symmetrically distributed around zero. Note that X,, = X,,_1 + A,U,, where A, is F,,_1-measurable and
U, is independent of the o-algebra F,,_1 (due to the independence of the random variables Uy, ..., U,). It
therefore follows that for every n € N, given F,,_1, the random variable X, is symmetrically distributed
around its conditional expectation X,,_1. Hence, the martingale {X,,, F;, }nen, is conditionally symmetric.
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Example 7. In continuation to Example 6, let {X,,, F, }nen, be a martingale, and define Yy = 0 and

Yo=Y Ap(Xp—Xp1), VneN
k=1

The sequence {Y,,, Fp}nen, is a martingale. If {X,,, F, }nen, is a conditionally symmetric martingale
then also the martingale {Y,,, F,, tnen, is conditionally symmetric (since Y,, = Y,,—1 + A, (X, — Xp—1),
and by assumption 4, is F,_i-measurable).

Example 8. In continuation to Example 6, let {Uy}ren be independent random variables with a sym-
metric distribution around their expected value, and also assume that E(Uy) < 0 for every k£ € N.
Furthermore, let Ay € L>®(Q2, Fx—1,P), and assume that a.s. A; > 0 for every k € N. Let {X,,, F, }nen,
be a martingale as defined in Example 6. Note that X,, = X,,_1 + A,U,, where A,, is non-negative and
Fn_1-measurable, and U, is independent of F,,_1 and symmetrically distributed around its average. This
implies that {X,,, F, }nen, is a conditionally symmetric supermartingale.

Example 9. In continuation to Examples 7 and 8, let {X,,,F,}nen, be a conditionally symmetric
supermartingale. Define {Y}, }nen, as in Example 7 where Aj, is non-negative a.s. and Fj_j-measurable
for every k € N. Then {Y,,, F,, }nen, is a conditionally symmetric supermartingale.

Example 10. Consider a standard Brownian motion (W;);>o. Define, for some 7" > 0, the discrete-time
process
Xn = WnTa ~7:n = J({Wt}OgtSnT)a Vn e N0-

The increments of (Wy);>o over time intervals [t;_1,tx] are statistically independent if these intervals do
not overlap (except of their endpoints), and they are Gaussian distributed with a zero mean and variance
ty — tx_1. The random variable &, 2 X, — X,_; is therefore statistically independent of F,_1, and it
is Gaussian distributed with a zero mean and variance 7. The martingale {X,, F, nen, is therefore
conditionally symmetric.

After motivating this discussion with some explicit constructions of discrete-time conditionally sym-
metric martingales, we introduce a new deviation inequality for this sub-class of martingales, and then
show how its derivation follows from the martingale approach that was used earlier for the derivation of
Theorem 5. The new deviation inequality for the considered sub-class of discrete-time martingales with
bounded increments gets the following form:

Theorem 6. Let { X}, Fi }ren, be a discrete-time real-valued and conditionally symmetric martingale.
Assume that, for some fixed numbers d, o > 0, the following two requirements are satisfied a.s.

1 Xp — Xp—1] <d, Var(Xg|Fr—1) = E[(Xy — Xp1)? | Fr—1] < 02 (2.50)
for every k € N. Then, for every « > 0 and n € N,
_ > < _
P <1211?§Xn’Xk Xo| > om) < 2exp(—nE(y,0)) (2.51)
where v and d are introduced in (2.34), and for v € (0,1] and 0 € [0,1)
E(v,6) = 6z — ln<1 + [cosh(z) — 1]) (2.52)

LAl <5(1—’v)+\/52(1—’Y)2+’Y2(1—52))‘ (253)

(1 =9)
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If § > 1, then the probability on the left-hand side of (2.51) is zero (so E(7,8) £ +00), and E(v,1) =
1n(%). Furthermore, the exponent FE(y,d) is asymptotically optimal in the sense that there exists a
conditionally symmetric martingale, satisfying the conditions in (2.50) a.s., that attains this exponent in
the limit where n — oo.

Remark 8. From the above conditions, without any loss of generality, 0> < d? and therefore v € (0, 1].
This implies that Theorem 6 characterizes the exponent E(vy,0) for all values of v and 4.

Corollary 2. Let {Up}3, € L*(Q,F,P) be iid. and bounded random variables with a symmetric
distribution around their mean value. Assume that |U; — E[U;]| < d a.s. for some d > 0, and Var(U;) <
vd? for some v € [0,1]. Let {S,} designate the sequence of partial sums, i.e., S, = > 7_, Ui for every
n € N. Then, for every a > 0,

P (121/?§n‘5k — kE(Uh)| > om) < 2exp(—nE(v,6)), VneN (2.54)

where § £ 2, and E(y,4) is introduced in (2.52) and (2.53).

Remark 9. Theorem 6 should be compared to Theorem 5 (see [65, Theorem 6.1] or [69, Corollary 2.4.7]),
which does not require the conditional symmetry property. The two exponents in Theorems 6 and 5 are
both discontinuous at 6 = 1. This is consistent with the assumption of the bounded jumps that implies
that P(|X,, — Xo| > ndd) is equal to zero if § > 1.

If 6 — 17 then, from (2.52) and (2.53), for every ~ € (0, 1],

. . 2
61_1)111[17 E(v,9) = wlin;o [ —In(1 4 y(cosh(z) — 1))] =In <;> . (2.55)

On the other hand, the right limit at 6 = 1 is infinity since F(v,d) = +oo for every § > 1. The same
discontinuity also exists for the exponent in Theorem 5 where the right limit at § = 1 is infinity, and the

left limit is equal to
lim D<—5+7H—’Y >:1n <1+1> (2.56)
5—1- T+~ +7y v

where the last equality follows from (2.35). A comparison of the limits in (2.55) and (2.56) is consistent
with the improvement that is obtained in Theorem 6 as compared to Theorem 5 due to the additional
assumption of the conditional symmetry that is relevant if v € (0,1). It can be verified that the two
exponents coincide if vy = 1 (which is equivalent to removing the constraint on the conditional variance),
and their common value is equal to f(0) as is defined in (2.49).

We prove in the following the new deviation inequality in Theorem 6. In order to prove Theorem 6
for a discrete-time, real-valued and conditionally symmetric martingale with bounded jumps, we deviate
from the proof of Theorem 5. This is done by a replacement of Bennett’s inequality for the conditional
expectation in (2.40) with a tightened bound under the conditional symmetry assumption. To this end,
we need a lemma to proceed.

Lemma 3. Let X be a real-valued RV with a symmetric distribution around zero, a support [—d,d],
and assume that E[X?] = Var(X) < ~d? for some d > 0 and v € [0,1]. Let h be a real-valued convex
function, and assume that h(d?) > h(0). Then

E[A(X?)] < (1 =7)h(0) +vh(d?) (2.57)
where equality holds for the symmetric distribution

P(X =d) =P(X = —d) = % P(X =0)=1—1. (2.58)
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Proof. Since h is convex and supp(X) = [—d,d], then a.s. h(X?) < h(0) + (%)2 (h(d?) — h(0)). Taking
expectations on both sides gives (2.57), which holds with equality for the symmetric distribution in
(2.58). O

Corollary 3. If X is a random variable that satisfies the three requirements in Lemma 3 then, for every
A €R,
E[exp(AX)] <1+ y[cosh(Ad) — 1] (2.59)

and (2.59) holds with equality for the symmetric distribution in Lemma 3, independently of the value of
A

Proof. For every A € R, due to the symmetric distribution of X, E[exp(AX)] = E[cosh(AX)]. The claim

now follows from Lemma 3 since, for every x € R, cosh(Az) = h(z?) where h(z) £ Y00, % is a

convex function (h is convex since it is a linear combination, with non-negative coefficients, of convex
functions), and h(d?) = cosh(Ad) > 1 = h(0). O

We continue with the proof of Theorem 6. Under the assumption of this theorem, for every k € N,
the random variable & = Xj — Xj_; satisfies a.s. E[¢ | Fr_1] = 0 and E[(&)? | Fu—1] < o?. Applying
Corollary 3 for the conditional law of & given Fj_1, it follows that for every k € N and ¢t € R

E [exp(t&) | Fr—1] < 1+ v[cosh(td) — 1] (2.60)

holds a.s., and therefore it follows from (2.4) and (2.60) that for every t € R

E [eXp <t§ gk>] < (1 +[cosh(td) — 1] )" (2.61)

By applying the maximal inequality for submartingales, then for every « > 0 and n € N
]P’( max (X — Xo) > an)
1<k<n
= IP’( max exp (t(Xy — Xo)) > exp(omt)) Vt>0
1<k<n

< exp(—ant) E [eXP(t(X" B XO))]

= exp(—ant) E [exp <t Zn: gk>] (2.62)
k=1

Therefore, from (2.62), for every t > 0,

P<1§1}?§{n(X’“ - Xo) > om) < exp(—ant) <1 + 7[cosh(td) — 1]) . (2.63)
From (2.34) and a replacement of ¢d with x, then for an arbitrary « > 0 and n € N

P(l?l?%{n(Xk - Xo) > om) < ig% {exp (—n [5m — In(1 4 v [cosh(z) — 1])} )} . (2.64)

Applying (2.64) to the martingale {—Xj, F, }ren, gives the same bound on P(min; <<, (X —Xo) < —an)
for an arbitrary a > 0. The union bound implies that

P < max | X — Xo| > an> <P < max (X — Xo) > om) +P < min (X — Xp) < —om) . (2.65)
1<k<n 1<k<n 1<k<n
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This doubles the bound on the right-hand side of (2.64), thus proving the exponential bound in Theorem 6.

Proof for the asymptotic optimality of the exponents in Theorems 6 and 5: In the following, we show
that under the conditions of Theorem 6, the exponent E(v,d) in (2.52) and (2.53) is asymptotically
optimal. To show this, let d > 0 and v € (0,1], and let Uy, Uy, ... be i.i.d. random variables whose
probability distribution is given by

P(U; = d) = P(U; = —d) = % P(U;=0)=1—~, VieN. (2.66)
Consider the particular case of the conditionally symmetric martingale {X,,, F,, }nen, in Example 6 (see

Section 2.3.3) where X, £ Yo Ui for n € N, and X £ 0. It follows that |X,, — X,_1| < d and
Var(X,|F,_1) = vd? a.s. for every n € N. From Cramér’s theorem in R, for every o > E[U;] = 0,

1
lim — InP(X,, — Xo > an)

n—oo n
1 1<
= lim — InP| — ;>
ningon n <n;U _a>
= —1(a) (2.67)
where the rate function is given by
I(a) = sup {ta — InE[exp(tU1)]} (2.68)
>0

(see, e.g., [69, Theorem 2.2.3] and [69, Lemma 2.2.5(b)] for the restriction of the supermum to the interval
[0,00)). From (2.66) and (2.68), for every a > 0,

I(a) = Sup {ta —In(1 + y[cosh(td) — 1]) }

but it is equivalent to the optimized exponent on the right-hand side of (2.63), giving the exponent of
the bound in Theorem 6. Hence, I(«) = E(v,0) in (2.52) and (2.53). This proves that the exponent of
the bound in Theorem 6 is indeed asymptotically optimal in the sense that there exists a discrete-time,
real-valued and conditionally symmetric martingale, satisfying the conditions in (2.50) a.s., that attains
this exponent in the limit where n — oco. The proof for the asymptotic optimality of the exponent in
Theorem 5 (see the right-hand side of (2.33)) is similar to the proof for Theorem 6, except that the i.i.d.

random variables Uy, Us, ... are now distributed as follows:
PU; =d) = ——, P(U; = —7d) = ——, VieN
T - 1 + ’77 (2 fy - 1 + /77

and, as before, the martingale {X,, F,}nen, is defined by X, = >, U; and F,, = o(Uy,...,U,) for
every n € N with Xo = 0 and Fy = {0,Q} (in this case, it is not a conditionally symmetric martingale
unless v = 1).

Theorem 6 provides an improvement over the bound in Theorem 5 for conditionally symmetric mar-
tingales with bounded jumps. The bounds in Theorems 5 and 6 depend on the conditional variance of the
martingale, but they do not take into consideration conditional moments of higher orders. The following
bound generalizes the bound in Theorem 6, but it does not admit in general a closed-form expression.

Theorem 7. Let { X}, Fi }ren, be a discrete-time and real-valued conditionally symmetric martingale.
Let m € N be an even number, and assume that the following conditions hold a.s. for every k € N

|Xk - Xk—l| <d, E[(Xk - Xk—l)l |~7:k—1] < p, vie {2747' . am}
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for some d > 0 and non-negative numbers {pg, fi4, . . ., ftm }. Then, for every a > 0 and n € N,
__1 n

P <1g1]?<x | X% — Xo| > om) <2 mln e~ 72[ +7m (cosh(z) — )) (2.69)

where o o
A A
5237 /72l:d217 \V/ZG{L

S
5/—’

(2.70)

Proof. The starting point of the proof of Theorem 7 relies on (2.62) and (2.4). For every k € Nand t € R,
since E [521 ! ]fk_l] = 0 for every [ € N (due to the conditionally symmetry property of the martingale),

E [exp(t&5)| Fr—1]

T1 o mrea 00 L9l [¢2
:1+Zt E[gk’fk—l] Zt E[Sk‘fk—l]

— (20)! & 20)!

m_y 2 2
— E[(5)" [ Fir] | o ()P E[CH” [ Fi]
l; (2dz)! +l; (2dl)!

2

27 o 21
(td)™ yar (td)™ ym
<1+ Y ey
- | |
— (20)! P (20)!
ERRRY)
td — Tm
=1+ = 8?;1 ) + Ym (cosh(td) — 1) (2.71)
=1 ’
where the inequality above holds since |%"| <1as., SO that 0 < ... <y <. <94 <9 <1, and the

last equality in (2.71) holds since cosh(z) = > "7, (2n) for every x € R. Therefore from (2.4),

m n

E[exp <tk§;§kﬂ < |1+ Zl ’m om) + Ym [cosh(td) — 1] (2.72)

for an arbitrary ¢ € R. The inequality then follows from (2.62). This completes the proof of Theorem 7.
O

2.3.4 Concentration inequalities for small deviations

In the following, we consider the probability of the events {|X, — Xo| > ay/n} for an arbitrary a > 0.
These events correspond to small deviations. This is in contrast to events of the form {|X,, — Xo| > an},
whose probabilities were analyzed earlier in this section, referring to large deviations.

Proposition 1. Let { X}, F} be a discrete-parameter real-valued martingale. Then, Theorem 5 implies

that for every @ > 0
2

P(|X,, — Xo| > avn) < 2exp (—%) (1 + O(n—%)). (2.73)

Proof. See Appendix 2.A. O

Remark 10. From Proposition 1, the upper bound on P(|X,, — Xo| > ay/n) (for an arbitrary o > 0)
improves the exponent of Azuma’s inequality by a factor of %
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2.3.5 Inequalities for sub and super martingales

Upper bounds on the probability P(X,, — Xy > r) for r > 0, earlier derived in this section for martingales,
can be adapted to super-martingales (similarly to, e.g., [10, Chapter 2] or [11, Section 2.7]). Alternatively,
replacing { X, Fi}}_, with {—X}, Fi.}}_, provides upper bounds on the probability P(X,, — Xo < —r)
for sub-martingales. For example, the adaptation of Theorem 5 to sub and super martingales gives the
following inequality:

Corollary 4. Let {Xj, Fr}32, be a discrete-parameter real-valued super-martingale. Assume that, for
some constants d, o > 0, the following two requirements are satisfied a.s.

X — E[Xy | Fr—1] < d,
Var(Xp|F—1) = E[(Xk ~E[X, | Fra])? |~7:k—1] <o?

for every k € {1,...,n}. Then, for every a > 0,

i)
P(X, — Xo > an) <exp [ —nD —H— 2.74
( o_om)_exp< n <1_|_7 = ( )
where v and § are defined as in (2.34), and the divergence D(p||q) is introduced in (2.35). Alternatively,
if { Xy, Fr}32, is a sub-martingale, the same upper bound in (2.74) holds for the probability P(X,, — X, <
—an). If 6 > 1, then these two probabilities are equal to zero.

Proof. The proof of this corollary is similar to the proof of Theorem 5. The only difference is that for a
super-martingale, due to its basic property in Section 2.1.2,

Xp—Xo=> (Xp—Xp1) <Y &

k=1 k=1

a.s., where & = X3, — E[Xy | Fr_1] is Fp-measurable. Hence P((X,, — Xo > an) < P(ZZ:1 & > om)
where a.s. & < d, E[¢, | Fe_1] = 0, and Var(& | Fr—1) < 0. The continuation of the proof coincides
with the proof of Theorem 5 (starting from (2.3)). The other inequality for sub-martingales holds due to
the fact that if { X}, Fi} is a sub-martingale then {—Xj, Fi} is a super-martingale. O

2.4 Freedman’s inequality and a refined version

We consider in the following a different type of exponential inequalities for discrete-time martingales
with bounded jumps, which is a classical inequality that dates back to Freedman [75]. Freedman’s
inequality is refined in the following to conditionally symmetric martingales with bounded jumps (see
[76]). Furthermore, these two inequalities are specialized to two concentration inequalities for sums of
independent and bounded random variables.

Theorem 8. Let {X,,, F,, }nen, be a discrete-time real-valued and conditionally symmetric martingale.
Assume that there exists a fixed number d > 0 such that &, £ X;, — X1 < d a.s. for every k € N. Let

Qn 2> E[G| Fii] (2.75)

k=1
with Qg = 0, be the predictable quadratic variation of the martingale up to time n. Then, for every

z,r > 0,
22 zd
P( max (X — Xo) > 2z, Qn <r for somen € N| <exp —2—-0 — (2.76)

1<k<n r r
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where
2[usinh ™! (u) — V1 + u2 + 1]

Clu) & —

. Yu>0. (2.77)

Theorem 8 should be compared to Freedman’s inequality in [75, Theorem 1.6] (see also [69, Exer-
cise 2.4.21(b)]) that was stated without the requirement for the conditional symmetry of the martingale.
It provides the following result:

Theorem 9. Let {X,,, F, }nen, be a discrete-time real-valued martingale. Assume that there exists a
fixed number d > 0 such that & £ X}, — X1 < d a.s. for every k € N. Then, for every z,7 > 0,

22 zd
— > < < . — .
P <11%1%Xn(Xk Xo) > 2z, Qn <r for some n € N> <exp < o B < . >> (2.78)

where
2[(1 + w) In(1 + u) — u]

u

B(u) 2 , Yu>0. (2.79)

The proof of [75, Theorem 1.6] is modified in the following by using Bennett’s inequality for the
derivation of the original bound in Theorem 9 (without the conditional symmetry requirement). Fur-
thermore, this modified proof serves to derive the improved bound in Theorem 8 under the conditional
symmetry assumption of the martingale sequence.

We provide in the following a combined proof of Theorems 8 and 9.

Proof. The proof of Theorem 8 relies on the proof of Freedman’s inequality in Theorem 9, where the
latter dates back to Freedman’s paper (see [75, Theorem 1.6], and also [69, Exercise 2.4.21(b)]). The
original proof of Theorem 9 (see [75, Section 3]) is modified in a way that facilitates to realize how the
bound can be improved for conditionally symmetric martingales with bounded jumps. This improvement
is obtained via the refinement in (2.60) of Bennett’s inequality for conditionally symmetric distributions.
Furthermore, the following revisited proof of Theorem 9 simplifies the derivation of the new and improved
bound in Theorem 8 for the considered subclass of martingales.

Without any loss of generality, lets assume that d = 1 (otherwise, { X%} and z are divided by d, and
{Q1} and r are divided by d?; this normalization extends the bound to the case of an arbitrary d > 0).
Let S, £ X,, — Xq for every n € Ny, then {S,,, Fn}nen, is a martingale with Sy = 0. The proof starts by
introducing two lemmas.

Lemma 4. Under the assumptions of Theorem 9, let
U, = exp(AS, — 0Q,), VYne{0,1,...} (2.80)
where A > 0 and 6 > e* — X\ — 1 are arbitrary constants. Then, {U,, F,, }nen, is a supermartingale.

Proof. U, in (2.80) is F,,-measurable (since @, in (2.75) is F,,_1-measurable, where F,,_1 C F,, and S,
is F,,-measurable), @, and U, are non-negative random variables, and S, = 22:1 & < n as. (since
& < 1and Sy = 0). Tt therefore follows that 0 < U,, < e’ a.s. for A\,0 > 0, so U,, € L' (Q, F,,,P). Tt is
required to show that E[U,|F,—1] < U,—1 holds a.s. for every n € N, under the above assumptions on
the parameters A and 6 in (2.80).

E[U,|Fn-1]

@ exp(—0Qn) exp(ASu_1) E[exp(A&n) | Foi]

© xp(ASn_1) exp(—0(Qui + E[E2|Fo1])) Efexp(Aen) | Fai]

© E[exp()\fn) ].7:”_1]
= Un <exp<9E[@%|fn_11> ) (281)
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where (a) follows from (2.80) and because @,, and S,_1 are F,,_j-measurable and S, = S,—1 + &,, (b)
follows from (2.75), and (c) follows from (2.80).

A modification of the original proof of Lemma 4 (see [75, Section 3]) is suggested in the following, which
then enables to improve the bound in Theorem 9 for real-valued, discrete-time, conditionally symmetric
martingales with bounded jumps. This leads to the improved bound in Theorem 8 for the considered
subclass of martingales.

Since by assumption &, < 1 and E[¢,, | F,,—1] = 0 a.s., then applying Bennett’s inequality in (2.40) to
the conditional expectation of e*n given F,,_1 (recall that A > 0) gives

exp(=AE[E} | Fro1]) + B[ | Fuoa] exp(N)
1+ E[@% | .7'—,1_1]

Elexp(A&,) | Fro1] <

which therefore implies from (2.81) and the last inequality that

B[O Fo ] < Uy <eXP (~(A+O)E[ER | Fai]) | B | Fua] exp(A = B[ | Fri]) ) s

TTE[ ] Fui) I B Foa]

In order to prove that E[U,|F,—1] < U,—1 a.s., it is sufficient to prove that the second term on the
right-hand side of (2.82) is a.s. less than or equal to 1. To this end, lets find the condition on A, > 0
such that for every a > 0

<1+La> exp(—a(A +0)) + <1iLa> exp(A — af) < 1 (2.83)

which then assures that the second term on the right-hand side of (2.82) is less than or equal to 1 a.s. as
required.

Lemma 5. If A > 0 and 6 > exp(A) — A — 1 then the condition in (2.83) is satisfied for every a > 0.
Proof. This claim follows by calculus, showing that the function

gla) = (14 a)exp(af) — aexp(A) —exp(—alr), Va>0
is non-negative on Ry if A > 0 and 6 > exp(A\) — A — 1.

From (2.82) and Lemma 5, it follows that {U,,F,}nen, is a supermartingale if A\ > 0 and 6
exp(A) — A — 1. This completes the proof of Lemma 4.

o O

At this point, we start to discuss in parallel the derivation of the tightened bound in Theorem 8 for
conditionally symmetric martingales. As before, it is assumed without any loss of generality that d = 1.

Lemma 6. Under the additional assumption of the conditional symmetry in Theorem 8, then {U,,, F;, }nen,
in (2.80) is a supermartingale if A > 0 and 6 > cosh(\) — 1 are arbitrary constants.

Proof. By assumption &, = S5, — S,—1 < 1 a.s., and &, is conditionally symmetric around zero, given
Fn-1, for every n € N. By applying Corollary 3 to the conditional expectation of exp(A&,) given Fy,_1,
for every A > 0,

Elexp(Ap) | Fo1] <1+ E[E2] Fi] (cosh(N) — 1). (2.84)

Hence, combining (2.81) and (2.84) gives

(2.85)

E[U|Fo 1] < Un_1 (1 +E[€2 | Fr1] (cosh(\) — 1)) |

exp (OE[E2| Fr—1])
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Let A > 0. Since E[¢2 | F,,_1] > 0 a.s. then in order to ensure that {U,,, F, }nen, forms a supermartingale,
it is sufficient (based on (2.85)) that the following condition holds:

14 a(cosh()) — 1)

— <1, Va>0. (2.86)

Calculus shows that, for A > 0, the condition in (2.86) is satisfied if and only if
0 > cosh(A\) — 1 2 O (N). (2.87)
From (2.85), {Up, Fn }nen, is a supermartingale if A > 0 and 6 > 6nin(A\). This proves Lemma 6. O

Hence, due to the assumption of the conditional symmetry of the martingale in Theorem 8, the set
of parameters for which {U,, F,} is a supermartingale was extended. This follows from a comparison of
Lemma 4 and 6 where indeed exp(A) — 1 — X > Opin(A) > 0 for every A > 0.

Let z,7 > 0, A > 0 and either § > cosh(\) — 1 or § > exp(\) — A — 1 with or without assuming the
conditional symmetry property, respectively (see Lemma 4 and 6). In the following, we rely on Doob’s
sampling theorem. To this end, let M € N, and define two stopping times adapted to {F,}. The first
stopping time is @ = 0, and the second stopping time [ is the minimal value of n € {0,..., M} (if any)
such that S,, > z and @,, < r (note that S, is F,,-measurable and @,, is F,,—1-measurable, so the event
{B < n} is F,-measurable); if such a value of n does not exist, let 3 = M. Hence o < 3 are two bounded
stopping times. From Lemma 4 or 6, {U,, F,}nen, is a supermartingale for the corresponding set of
parameters A and 6, and from Doob’s sampling theorem

E[Us] < E[Up] = 1 (259)
(So = Qo =0, so from (2.80), Uy =1 a.s.). Hence, it implies the following chain of inequalities:
PEn<M:S,>zQ,<r)

)

—

a

=P(Sg>2Q3<r)

(b
< ]P)()\Sﬁ — HQﬁ > Az — 97‘)

Elexp(ASg — 0Q3)]

=

el
~

= exp(Az — 6r)
@ _ E[Ug]
exp(Az — Or)
(%) exp(—(Az — 0r)) (2.89)

where equality (a) follows from the definition of the stopping time 3 € {0,..., M}, (b) holds since A\, 6 > 0,
(c) follows from Chernoft’s bound, (d) follows from the definition in (2.80), and finally (e) follows from

(2.88). Since (2.89) holds for every M € N, then from the continuity theorem for non-decreasing events
and (2.89)

PEneN: S, >2Q,<r)
= lim P(3n<M:S,>2Q,<r)

M—co

< exp(—(Az — 0r)). (2.90)

The choice of the non-negative parameter 6 as the minimal value for which (2.90) is valid provides the
tightest bound within this form. Hence, without assuming the conditional symmetry property for the
martingale {X,,, F,,}, let (see Lemma 4) 6 = exp(\) — A — 1. This gives that for every z,r > 0,

PEneN: S, >20Q,<r) Sexp(—[)\z— (exp()\) — A= 1)7’]), YA>0.
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The minimization w.r.t. A gives that A = In (1 + %), and its substitution in the bound yields that

r

52
P(3neN: S, >2,Q, <r)<exp <—2—'B<—)> (2.91)

where the function B is introduced in (2.79).

Furthermore, under the assumption that the martingale {X,,, F, }nen, is conditionally symmetric, let
0 = Onin(N\) (see Lemma 6) for obtaining the tightest bound in (2.90) for a fixed A > 0. This gives the
inequality

P(AneN: S, >2Q, <7) < exp(—[)\z—TQmin()\)D, YA >0,
2

The optimized X is equal to A = sinh™* (f) Its substitution in (2.87) gives that Opin(A) = \/1+ &% — 1,
and

T

P(3neN: S, >2Q, <r)<exp <—;—i-C(E)> (2.92)

where the function C' is introduced in (2.77).
Finally, the proof of Theorems 8 and 9 is completed by showing that the following equality holds:

A2 {3neN: S, >20Q,<r}
={3dneN: 1@?@‘9"3 >2,Q,<r} 2 B. (2.93)

Clearly A C B, so one needs to show that B C A. To this end, assume that event B is satisfied.
Then, there exists some n € N and k € {1,...,n} such that S > z and Q,, < r. Since the predictable
quadratic variation process {@Qp }nen, in (2.75) is monotonic non-decreasing, then it implies that Si > z
and Qi < r; therefore, event A is also satisfied and B C A. The combination of (2.92) and (2.93)
completes the proof of Theorem 8, and respectively the combination of (2.91) and (2.93) completes the
proof of Theorem 9. U

Freedman’s inequality can be easily specialized to a concentration inequality for a sum of centered
(zero-mean) independent and bounded random variables (see Example 1). This specialization reduces
to a concentration inequality of Bennett (see [77]), which can be loosened to get Bernstein’s inequality
(as is explained below). Furthermore, the refined inequality in Theorem 8 for conditionally symmetric
martingales with bounded jumps can be specialized (again, via Example 1) to an improved concentration
inequality for a sum of i.i.d. and bounded random variables that are symmetrically distributed around
zero. This leads to the following result:

Corollary 5. Let {U;}; be i.i.d. and bounded random variables such that E[U] = 0, E[U?] = o2, and
|Uy| < d a.s. for some constant d > 0. Then, the following inequality holds:

2
IP’( 204) < 2exp <—ndi2-¢1 (:—i)), Va>0 (2.94)

n
>0
1=1
where ¢1(z) = (1 + x)In(1 + ) —  for every x > 0. Furthermore, if the i.i.d. and bounded random
variables {U;}!_; have a symmetric distribution around zero, then the bound in (2.94) can be improved

to
no? ad

DU
1=1
where ¢o(z) £ zsinh ™ (z) — V14 22 4 1 for every z > 0.
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Proof. Inequality (2.94) follows from Freedman’s inequality in Theorem 9, and inequality (2.95) follows
from the refinement of Freedman’s inequality for conditionally symmetric martingales in Theorem 8.
These two theorems are applied here to the martingale sequence { Xy, Fj}}_, where X = >, U; and
Fr =o(Uy,...,Uy) for every k € {1,...,n}, and Xy = 0, Fy = {0,Q}. The corresponding predictable
quadratic variation of the martingale up to time n for this special case of a sum of i.i.d. random variables
is Q, = Y. E[U? = no?. The result now follows by taking z = no? in inequalities (2.76) and (2.78)
(with the related functions that are introduced in (2.79) and (2.77), respectively). Note that the same
bound holds for the two one-sided tail inequalities, giving the factor 2 on the right-hand sides of (2.94)
and (2.95). O

Remark 11. Bennett’s concentration inequality in (2.94) can be loosened to obtain Bernstein’s inequality.
To this end, the following lower bound on ¢; is used:

This gives the inequality

n

N

i=1

a?
P >a| <2exp|l—"———=], Ya>0.
([0]2e) <2e0 (g

2.5 Relations of the refined inequalities to some classical results in
probability theory

2.5.1 Link between the martingale central limit theorem (CLT) and Proposition 1

In this subsection, we discuss the relation between the martingale CLT and the concentration inequalities
for discrete-parameter martingales in Proposition 1.

Let (Q,F,P) be a probability space. Given a filtration {Fj}, then {Yj, Fi}32, is said to be a
martingale-difference sequence if, for every k,

. Y} is Fp-measurable,

- E[[Yk]] < o0,
. E[Yk ]fk_l] =0.
Let

Sn=Y Yy VYneN
k=1

and Sy = 0, then {Sy, Fi}72, is a martingale. Assume that the sequence of RVs {Y}} is bounded, i.e.,
there exists a constant d such that |Yx| < d a.s., and furthermore, assume that the limit

0?2 Tim - B[V | Fi]
k=1

exists in probability and is positive. The martingale CLT asserts that, under the above conditions, %

converges in distribution (i.e., weakly converges) to the Gaussian distribution N'(0,0?). It is denoted
by % = N(0,0%). We note that there exist more general versions of this statement (see, e.g., [78,

pp. 475-478]).
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Let { X}, Fi}32, be a discrete-parameter real-valued martingale with bounded jumps, and assume
that there exists a constant d so that a.s. for every k € N

|Xk—Xk_1|§d, VkeN.

Define, for every k € N,
Vi £ X — Xgpq

and Yy £ 0, so {V, Fx}22, is a martingale-difference sequence, and |Yj| < d a.s. for every k € NU {0}.
Furthermore, for every n € N,

n
Sn 2D Y =X, — Xo.
k=1

Under the assumptions in Theorem 5 and its subsequences, for every k € N, one gets a.s. that
E[Y{ | Fre1] = E[(Xg — Xp—1)? | Fra] < o2
Lets assume that this inequality holds a.s. with equality. It follows from the martingale CLT that

Xn_XO 2
TiN(0,0—)

and therefore, for every o > 0,

lim P(| X, — Xo| > ayn) = 2@(3)
n—o0 (2
where the @) function is introduced in (2.11).

Based on the notation in (2.34), the equality & = % holds, and

i P, %o] > avi) =20( 2% ) (2.90)

Since, for every xz > 0,

then it follows that for every o > 0

2
lim P(|X,, — Xo| > ayv/n) < exp <—%> :

n—oo

This inequality coincides with the asymptotic result of the inequalities in Proposition 1 (see (2.73) in the
limit where n — o0), except for the additional factor of 2. Note also that the proof of the concentration
inequalities in Proposition 1 (see Appendix 2.A) provides inequalities that are informative for finite n,
and not only in the asymptotic case where n tends to infinity. Furthermore, due to the exponential
upper and lower bounds of the Q-function in (2.12), then it follows from (2.96) that the exponent in the
concentration inequality (2.73) (i.e., %) cannot be improved under the above assumptions (unless some
more information is available).
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2.5.2 Relation between the law of the iterated logarithm (LIL) and Theorem 5

In this subsection, we discuss the relation between the law of the iterated logarithm (LIL) and Theorem 5.
According to the law of the iterated logarithm (see, e.g., [78, Theorem 9.5]) if {X}}32, are ii.d.
real-valued RVs with zero mean and unit variance, and S,, = iy X, for every n € N, then

limsup ———— =1 aus. 2.97
n—>oop V2ninlnn ( )

and
lim inf __ S =—1 as. (2.98)

n—oo /2nlnlnn

Eqgs. (2.97) and (2.98) assert, respectively, that for every £ > 0, along almost any realization,
Sp>(1—¢)V2nlnlnn

and

Sp < —(1—¢)V2nlnlnn

are satisfied infinitely often (i.0.). On the other hand, Egs. (2.97) and (2.98) imply that along almost any
realization, each of the two inequalities

Sp>(1+¢)V2nlnlnn

and

Sp < —(1+¢)V2ninlnn

is satisfied for a finite number of values of n.

Let {X;}72, be iid. real-valued RVs, defined over the probability space (2, F,PP), with E[X;] = 0
and E[X?] = 1.

Let us define the natural filtration where Fy = {0, Q}, and F, = o(X1, ..., Xj) is the o-algebra that
is generated by the RVs Xi,..., X} for every k£ € N. Let Sy = 0 and S,, be defined as above for every
n € N. It is straightforward to verify by Definition 1 that {S,, F,}5°, is a martingale.

In order to apply Theorem 5 to the considered case, let us assume that the RVs { X}, }72 , are uniformly
bounded, i.e., it is assumed that there exists a constant ¢ such that | Xx| < ¢ a.s. for every k € N. Since
E[X?] = 1 then ¢ > 1. This assumption implies that the martingale {S,, 5, }°2, has bounded jumps,
and for every n € N

|Sn — Sn—1| <c¢ as.

Moreover, due to the independence of the RVs {X},}7°,, then
Var(Sy, | Fro1) = E(X2 | Fr1) =E(X3) =1 as..

From Theorem 5, it follows that for every o > 0

P <Sn > ax/W) < exp <—nD<51"jf;YH$>> (2.99)

where

5. &

R (2.100)

a [2Inlnn a1l
c n 2
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Straightforward calculation shows that

(G

= 17177 [(1 + %”) ln<1 - %”) + % (1 —6n)In(1 —M}
a B y
(:)17?7 [%<%+%>+%<%_v_13) }
né,  nd(l—7) N
2y 62 '

2 _
® 2 [1 _oe =l flalon o ] (2.101)
6¢ n

where equality (a) follows from the power series expansion

(1+u)ln(l+4u) = u+§: (—u)*
k

— -1 <1
(k‘—l)’ <u<
k=2

and equality (b) follows from (2.100). A substitution of (2.101) into (2.99) gives that, for every a > 0,

P <Sn > am) < (ln) ™" [HO(\/@)} (2.102)

and the same bound also applies to ]P’(Sn < —av2nlnln n) for a > 0. This provides complementary
information to the limits in (2.97) and (2.98) that are provided by the LIL. From Remark 6, which follows
from Doob’s maximal inequality for sub-martingales, the inequality in (2.102) can be strengthened to

—a2 Inlnn
P (1121]?} Sk > av2n lnlnn> < (Inn) [HO(\/ " )} (2.103)

It is shown in the following that (2.103) and the first Borel-Cantelli lemma can serve to prove one part
of (2.97). Using this approach, it is shown that if & > 1, then the probability that S,, > av2nlnlnn i.o.
is zero. To this end, let § > 1 be set arbitrarily, and define

A= U {Sk > a\/2k‘lnlnk‘}
k:on—1<k<om
for every n € N. Hence, the union of these sets is
a2 A= {8 = avornink}
neN keN

The following inequalities hold (since § > 1):

P(A,) <P > 20m—11nIn(gn—1
(A,) < <0nrpga]§<§€n Si > /26 nln(f )>

[0
P S > —
<9n1in<a]§(<9n k= \/g

<P < max Sy > NG lnln(@”—1)>

26" In 1n(6"‘1)>

1<k<on Vo
a2
< (ning)~ 7 (1+5) (2.104)
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where the last inequality follows from (2.103) with 8, — 0 as n — oo. Since

o a2
Zn‘T <oo, Va> N

n=1

then it follows from the first Borel-Cantelli lemma that P(A i.0.) = 0 for all & > v/f. But the event A
does not depend on #, and > 1 can be made arbitrarily close to 1. This asserts that P(A i.0.) = 0 for
every a > 1, or equivalently

S,
limsup ———— <1 as.

n—oo V2nlnlnn

Similarly, by replacing {X;} with {—X;}, it follows that

lim inf Sn

n—oo \/2nlnlnn

Theorem 5 therefore gives inequality (2.103), and it implies one side in each of the two equalities for the
LIL in (2.97) and (2.98).

>—1 a.s.

2.5.3 Relation of Theorem 5 with the moderate deviations principle

According to the moderate deviations theorem (see, e.g., [69, Theorem 3.7.1]) in R, let {X;}, be a
sequence of real-valued i.i.d. RVs such that Ax()\) = E[e**/] < oo in some neighborhood of zero, and
also assume that E[X;] = 0 and 0% = Var(X;) > 0. Let {a,}>; be a non-negative sequence such that
a, — 0 and na, — oo as n — oo, and let

Zn 2 ,/%"ZXZ-, VneN. (2.105)
=1

Then, for every measurable set I' C R,

. 2
307
<liminfa, InP(Z, €T)
n—oo

<limsupa,InP(Z, €T)

n—oo

1
< ——_inf 22 2.106
= T -

where I'’ and T designate, respectively, the interior and closure sets of I'.
Let n € (3,1) be an arbitrary fixed number, and let {a,}22; be the non-negative sequence

an=n"?" ¥YneN

so that a, — 0 and na, — o0 as n — oo. Let a € RY, and I' £ (—o0, —a] U [, 00). Note that, from

(2.105),
P (( 3 x;
=1

so from the moderate deviations principle (MDP), for every a > 0,

n
; 1-29 .
nlingon InP <‘ E 1 X;
1=

> om”) =P(Z,el)

2
>an | = -2 (2.107)
- 202
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It is demonstrated in Appendix 2.B that, in contrast to Azuma’s inequality, Theorem 5 provides an upper
bound on the probability
n
(|3
i=1

which coincides with the asymptotic limit in (2.107). The analysis in Appendix 2.B provides another
interesting link between Theorem 5 and a classical result in probability theory, which also emphasizes
the significance of the refinements of Azuma’s inequality.

2an’7>, VneN, a>0

2.5.4 Relation of the concentration inequalities for martingales to discrete-time
Markov chains

A striking well-known relation between discrete-time Markov chains and martingales is the following
(see, e.g., [79, p. 473]): Let {X,}nen, (No = NU{0}) be a discrete-time Markov chain taking values in
a countable state space S with transition matrix P, and let the function ¢ : § — S be harmonic (i.e.,
> jesPig(j) = ¥(i), Vi€ S), and assume that E[[¢(X,)|] < oo for every n. Then, {Yy, Fy }tnen, is a
martingale where Y;, = 1(X,,) and {F}, }nen, is the natural filtration. This relation, which follows directly
from the Markov property, enables to apply the concentration inequalities in Section 2.3 for harmonic
functions of Markov chains when the function 1 is bounded (so that the jumps of the martingale sequence
are uniformly bounded).

Exponential deviation bounds for an important class of Markov chains, called Doeblin chains (they are
characterized by an exponentially fast convergence to the equilibrium, uniformly in the initial condition)
were derived in [80]. These bounds were also shown to be essentially identical to the Hoeffding inequality
in the special case of i.i.d. RVs (see [80, Remark 1]).

2.6 Applications in information theory and related topics

2.6.1 Binary hypothesis testing

Binary hypothesis testing for finite alphabet models was analyzed via the method of types, e.g., in [81,
Chapter 11] and [82]. It is assumed that the data sequence is of a fixed length (n), and one wishes to
make the optimal decision based on the received sequence and the Neyman-Pearson ratio test.

Let the RVs X1, Xs.... be i.i.d. ~ @, and consider two hypotheses:

Hi:Q="h.
Hy: Q=P

For the simplicity of the analysis, let us assume that the RVs are discrete, and take their values on a
finite alphabet X where P;(z), Po(x) > 0 for every z € X.
In the following, let

n

PMX1,..., Xn) S Pi(X;)

L(X1,....,X,) & n = n
(X3 n) PI(X1, ..., X)) Py(X;)

i=1

designate the log-likelihood ratio. By the strong law of large numbers (SLLN), if hypothesis H; is true,
then a.s.

L(Xq,...,X
fim X0 Xn) D(Py||Py) (2.108)
n—oo n
and otherwise, if hypothesis Hs is true, then a.s.
L(Xq,...,X
fim L0 Xn) —D(P,||Py) (2.109)

n—00 n
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where the above assumptions on the probability mass functions P; and P, imply that the relative en-
tropies, D(Py||P2) and D(P»||P1), are both finite. Consider the case where for some fixed constants
A, ) € R that satisfy

—D(P||P1) <A <A< D(Pi|| )

one decides on hypothesis Hy if
L(X1,...,X,) >n\

and on hypothesis Hs if
L(X1,...,Xpn) <nA

Note that if A\ = A £ X then a decision on the two hypotheses is based on comparing the normalized
log-likelihood ratio (w.r.t. m) to a single threshold (), and deciding on hypothesis Hy or Hy if it is,
respectively, above or below . If A < X then one decides on H; or Hy if the normalized log-likelihood
ratio is, respectively, above the upper threshold A or below the lower threshold A. Otherwise, if the
normalized log-likelihood ratio is between the upper and lower thresholds, then an erasure is declared
and no decision is taken in this case.

Let
all) & pn (L(Xl, LX) < nX) (2.110)
a® 2 pn (L(Xl, LX) < nA) (2.111)
and
(1) & pn (L(Xl, LX) > nA) (2.112)
B2 £ pr (L(Xl, LX) > nX) (2.113)

then 04511) and 6,(11) are the probabilities of either making an error or declaring an erasure under, respec-

tively, hypotheses H; and Hy; similarly, 04512) and 5,(?) are the probabilities of making an error under
hypotheses Hy and Hs, respectively.
Let m,m5 € (0,1) denote the a-priori probabilities of the hypotheses H; and Hj, respectively, so

e,n n

is the probability of having either an error or an erasure, and
P2 = mal)) + mpP (2.115)

is the probability of error.

Exact Exponents

When we let n tend to infinity, the exact exponents of ag ) and ﬂ,(Lj ) (j = 1,2) are derived via Cramér’s
theorem. The resulting exponents form a straightforward generalization of, e.g., [69, Theorem 3.4.3] and
[83, Theorem 6.4] that addresses the case where the decision is made based on a single threshold of the
log-likelihood ratio. In this particular case where A = A £ \, the option of erasures does not exist, and
Pc(}fz = PC(%B £ P, ,, is the error probability.

In the considered general case with erasures, let

MEX Al
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(1)

then Cramér’s theorem on R yields that the exact exponents of ay,”, Oq(@z), ﬁr(Ll) and ﬁy(?) are given by

(1)

In ay
lim ——" = [()\;) (2.116)
n—oo n
Inat)
lim — ni = I()\s) (2.117)
In g
lim — ni =1(\s) — Ao (2.118)
(2)
im — 20 00— o (2.119)
n—oo n
where the rate function I is given by
I(r) £ sup(tr — H(t)) (2.120)
teR

and

ln(Z P (z) "t Py(x ) Yt eR. (2.121)

reX
The rate function I is convex, lower semi-continuous (l.s.c.) and non-negative (see, e.g., [69] and [83]).
Note that
H(t) = (t = 1)Dy(Po|| 1)
where D;(P||Q) designates Réyni’s information divergence of order ¢ [84, Eq. (3.3)], and I in (2.120) is
the Fenchel-Legendre transform of H (see, e.g., [69, Definition 2.2.2]).
From (2.114)— (2.119), the exact exponents of Pe(lrg and Pe(zrz are equal to

I P {I(A ), I(Xa) — A } (2.122)

. o~ mm 1), 4(A2 2 .
and @)

lim —ln];e" min{I(Ag),I(Al) —)\1}. (2.123)

For the case where the decision is based on a single threshold for the log-likelihood ratio (i.e., A\ =
g & A), then Pe(ln) = Pe(%z = P, ,,, and its error exponent is equal to

lim — 2L :min{I(A),I(A)—)\} (2.124)

which coincides with the error exponent in [69, Theorem 3.4.3] (or [83, Theorem 6.4]). The optimal
threshold for obtaining the best error exponent of the error probability P, , is equal to zero (i.e., A = 0);
in this case, the exact error exponent is equal to

i )it
I1(0) = Jnin, 111(2 Py (z) "' Py(x )

zeX
2 0P, P) (2.125)

which is the Chernoff information of the probability measures P, and P, (see [81, Eq. (11.239)]), and
it is symmetric (i.e., C(P;,P2) = C(Py,P1)). Note that, from (2.120), I(0) = sup;ep(—H(t)) =
— infyer (H(t)); the minimization in (2.125) over the interval [0,1] (instead of taking the infimum of
H over R) is due to the fact that H(0) = H(1) = 0 and the function H in (2.121) is convex, so it is
enough to restrict the infimum of H to the closed interval [0, 1] for which it turns to be a minimum.
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Lower Bound on the Exponents via Theorem 5

In the following, the tightness of Theorem 5 is examined by using it for the derivation of lower bounds on
the error exponent and the exponent of the event of having either an error or an erasure. These results
will be compared in the next subsection to the exact exponents from the previous subsection.

We first derive a lower bound on the exponent of ozgl). Under hypothesis Hq, let us construct the
martingale sequence {Uy, Fi.}}_, where Fo C F; C ... F, is the filtration

f():{@,Q}, fk:O'(Xl,...,Xk), VkE{l,...,n}

and
Up =Epp [L(X1,..., X,) | Fil. (2.126)

For every k € {0,...,n}

= )
In particular
UO = ’I’LD(P1||P2), (2127)
L Pi(Xy)
=571 — L(Xy,.... X, 2.12
and, for every k € {1,...,n},
P (Xy)
—Up_1=1 — D(P||Py). 2.12
Uy, — Uk B (%) (P11 %) (2.129)
Let Pi(x)
2 In =2 p(p||P 2.1
dy = max "5 (P1]|P2) (2.130)

so dj < oo since by assumption the alphabet set X is finite, and Pj(x), Py(z) > 0 for every z € X'. From
(2.129) and (2.130)
|Up — Ug—1] < dy

holds a.s. for every k € {1,...,n}, and due to the statistical independence of the RVs in the sequence

{Xi}
Epp (U — Up-1)? | Fr—1]

_ P (Xg) ?
=Ep, <1n P;(XZ) —D(P1||P2)>

_ Pi(z) 2
— m;{ {P1 () (m o) D(P1||P2)> }
A 2

o?. (2.131)
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Let

e11 = D(P||P) —
e12 = D(P||P) —

, €21 =D(R|[P)+ A (2.132)
., €22 =D(P|P)+ X (2.133)

> >

The probability of making an erroneous decision on hypothesis Hs or declaring an erasure under the

hypothesis H; is equal to ag), and from Theorem 5

oV & PP(L(Xy,.... X,) < nX)

(:) Pln(Un - U(] < —61 1 n) (2134)

Y exp (— <5i 1:7?1 H — 71)) (2.135)

where equality (a) follows from (2.127), (2.128) and (2.132), and inequality (b) follows from Theorem 5
with

2
a 071 A €11
011 = —=. 2.136
"= d27 e ( )

Note that if €17 > d; then it follows from (2.129) and (2.130) that 04511) is zero; in this case 611 > 1,
so the divergence in (2.135) is infinity and the upper bound is also equal to zero. Hence, it is assumed
without loss of generality that 6,1 € [0,1].
Similarly to (2.126), under hypothesis Ho, let us define the martingale sequence {Uy, Fj }}_, with the
same filtration and
Up =Epp[L(X1,..., Xn) | Fi], VEke{0,...,n}. (2.137)

For every k € {0,...,n}

k
k=) _In — k)D(Py||Py)
i=1
and in particular
U() = —nD(PgHPl), Un :L(Xl,...,Xn). (2.138)
For every k € {1,...,n},
Py (Xk)
Up — U_ | + D(B||P). 2.139
1 = In Fd + DR (2139)
Let Py()
x
1 — D(B||P 2.14
dy = max 1 5 ) (Po||P1) (2.140)

then, the jumps of the latter martingale sequence are uniformly bounded by ds and, similarly to (2.131),
for every k € {1,...,n}

Epp [(Uk — Up=1)* | Fie—1]

2
-y {pm) (23 - el }

zeX
o3 (2.141)

[I>

Hence, it follows from Theorem 5 that

Y £ PP(L(Xy,..., Xp) > )
= P} Uy, — Uy > 21 7n) (2:142)

< exp (— (% 1:732 H - 72)) (2.143)
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where the equality in (2.142) holds due to (2.138) and (2.132), and (2.143) follows from Theorem 5 with

2
2%  s5aE21
2,1 —

== — 2.144
/72 d% Y 3 d2 ( )

and dg, o9 are introduced, respectively, in (2.140) and (2.141).
From (2.114), (2.135) and (2.143), the exponent of the probability of either having an error or an
erasure is lower bounded by

1 . .
lim _ln Fen > min D(él’l Tt
n—oo n 1=1,2 14

Vi )
. 2.145
14 ( )

Similarly to the above analysis, one gets from (2.115) and (2.133) that the error exponent is lower bounded
by

lim — =% > minD( w2 ¥ i) ) (2.146)
n—o0 n i=1,2 T4y N1+
where . .
S10 2 k2 5y, 8 222 2.147
125 s 022 = ( )

For the case of a single threshold (i.e., A = A 2 )) then (2.145) and (2.146) coincide, and one obtains
that the error exponent satisfies

lim _lnﬂ > m D<5i+%
n—00 n 1=1,2 14

Vi >
2.148
L+ ( )

where §; is the common value of §;1 and d;2 (for ¢ = 1,2). In this special case, the zero threshold is
optimal (see, e.g., [69, p. 93]), which then yields that (2.148) is satisfied with

= DBIPD
1

_ D(~||P)

2.14
- (2.149

with d; and dy from (2.130) and (2.140), respectively. The right-hand side of (2.148) forms a lower bound
on Chernoff information which is the exact error exponent for this special case.

Comparison of the Lower Bounds on the Exponents with those that Follow from Azuma’s
Inequality

The lower bounds on the error exponent and the exponent of the probability of having either errors or
erasures, that were derived in the previous subsection via Theorem 5, are compared in the following to

the loosened lower bounds on these exponents that follow from Azuma’s inequality.

We first obtain upper bounds on ozg), af),ﬁﬁf) and ﬁy(?) via Azuma’s inequality, and then use them

(1)

to derive lower bounds on the exponents of Pe}n and Pe(?).
From (2.129), (2.130), (2.134), (2.136), and Azuma’s inequality

52
al) < exp (- 1;”) (2.150)

and, similarly, from (2.139), (2.140), (2.142), (2.144), and Azuma’s inequality

62
B < exp (—QTln> (2.151)



2.6. APPLICATIONS IN INFORMATION THEORY AND RELATED TOPICS 47

From (2.111), (2.113), (2.133), (2.147) and Azuma’s inequality

6% ,m
a® < exp (—%) (2.152)
62 ,m
B2 < exp (—%) (2.153)
Therefore, it follows from (2.114), (2.115) and (2.150)—(2.153) that the resulting lower bounds on the

exponents of PO(ITZ and PO(%Z are

WP 0

nh_)ngo— L 2 min %, j= 1,2 (2.154)
as compared to (2.145) and (2.146) which give, for j = 1,2,
In PY) Oij +il| i
lim ——=°" > min D( J ) (2.155)
N—00 n 1=1,2 T4+ N1+

For the specific case of a zero threshold, the lower bound on the error exponent which follows from
Azuma’s inequality is given by

(2.156)

with the values of §; and d9 in (2.149).

The lower bounds on the exponents in (2.154) and (2.155) are compared in the following. Note that
the lower bounds in (2.154) are loosened as compared to those in (2.155) since they follow, respectively,
from Azuma’s inequality and its improvement in Theorem 5.

The divergence in the exponent of (2.155) is equal to

D < dij + i

Vi >
T4+ N1+

5z‘j+%> < 5ij> <1—5ij>
(2 Yy (%) 4 (2% ) (1 s,
(1—1—% U Vi " I+ nl 2

_ % |:<1_’_5z_]> ln(lJr@)Jr (1—52'79')111(1—5:',;')].
14+ j

Yi Yi Yi
(2.157)
Lemma 7. )
u+ 5, u € [—1,0]
(1+w)In(l + u) > . (2.158)
U+ “7 — %, u >0
where at u = —1, the left-hand side is defined to be zero (it is the limit of this function when v — —1
from above).
Proof. The proof relies on some elementary calculus. O
Since 6; ; € [0,1], then (2.157) and Lemma 7 imply that
. . . 52 . 83
D(éz,j + v Vi > > i % (2‘159)
Lty Wl4y/ 7 2y 697 (1+ )

Hence, by comparing (2.154) with the combination of (2.155) and (2.159), then it follows that (up to a
second-order approximation) the lower bounds on the exponents that were derived via Theorem 5 are

improved by at least a factor of (maX 72-)_1 as compared to those that follow from Azuma’s inequality.
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Example 11. Consider two probability measures P; and P, where
Pi(0) = P»(1) =04, Pi(1) = P(0) = 0.6,

and the case of a single threshold of the log-likelihood ratio that is set to zero (i.e., A = 0). The exact
error exponent in this case is Chernoff information that is equal to

C(Py, Py) =2.04-1072

The improved lower bound on the error exponent in (2.148) and (2.149) is equal to 1.77 - 1072, whereas
the loosened lower bound in (2.156) is equal to 1.39 - 1072, In this case vy, = % and vy = %, so the

improvement in the lower bound on the error exponent is indeed by a factor of approximately

O
maxw) =-.
i 7

Note that, from (2.135), (2.143) and (2.150)—(2.153), these are lower bounds on the error exponents for
any finite block length n, and not only asymptotically in the limit where n — oco. The operational
meaning of this example is that the improved lower bound on the error exponent assures that a fixed
error probability can be obtained based on a sequence of i.i.d. RVs whose length is reduced by 22.2% as
compared to the loosened bound which follows from Azuma’s inequality.

Comparison of the Exact and Lower Bounds on the Error Exponents, Followed by a Relation
to Fisher Information

In the following, we compare the exact and lower bounds on the error exponents. Consider the case
where there is a single threshold on the log-likelihood ratio (i.e., referring to the case where the erasure
option is not provided) that is set to zero. The exact error exponent in this case is given by the Chernoff
information (see (2.125)), and it will be compared to the two lower bounds on the error exponents that
were derived in the previous two subsections.

Let {Py}oco, denote an indexed family of probability mass functions where © denotes the parameter
set. Assume that Py is differentiable in the parameter 8. Then, the Fisher information is defined as

2
J(0) £ Ey [% In P9($):| (2.160)

where the expectation is w.r.t. the probability mass function Fy. The divergence and Fisher information
are two related information measures, satisfying the equality

. D(Py||Py)  J(O)
o eE T 2

(2.161)

(note that if it was a relative entropy to base 2 then the right-hand side of (2.161) would have been

divided by In2, and be equal to % as in [81, Eq. (12.364))).

Proposition 2. Under the above assumptions,

The Chernoff information and Fisher information are related information measures that satisfy the equal-
ity
C(Pp, Py)  J(0)

01’11—1}6 0-0) =5 (2.162)
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Let

EL(P@,P@/) £ gigD

<5z'+'7i
L4

Vi )
2.163
14+ ( )
be the lower bound on the error exponent in (2.148) which corresponds to P, = Py and Py = Py, then

also
Er(Py, Py) J(0)

01/1210 E =5 (2.164)
Let

~ 62

EL(Py, Py) = n_qg 52 (2.165)

be the loosened lower bound on the error exponent in (2.156) which refers to P, £ Py and P, £ Py.

Then, B
_ EL(Py, Py) _ a(0)J(0)
| = 2.1
=t (0 — )2 8 (2.166)
for some deterministic function a bounded in [0, 1], and there exists an indexed family of probability mass
functions for which a(f) can be made arbitrarily close to zero for any fixed value of § € O.

Proof. See Appendix 2.C. O

Proposition 2 shows that, in the considered setting, the refined lower bound on the error exponent
provides the correct behavior of the error exponent for a binary hypothesis testing when the relative
entropy between the pair of probability mass functions that characterize the two hypotheses tends to
zero. This stays in contrast to the loosened error exponent, which follows from Azuma’s inequality,
whose scaling may differ significantly from the correct exponent (for a concrete example, see the last part
of the proof in Appendix 2.C).

Example 12. Consider the index family of of probability mass functions defined over the binary alphabet
X ={0,1}:
Py(0)=1—-0, Py(1)=86, VOe(0,1).

From (2.160), the Fisher information is equal to

1

J(0) = = + ——

SR

1
and, at the point 6 = 0.5, J(0) = 4. Let ; = 0.51 and 0 = 0.49, so from (2.162) and (2.164)

T(0)(61 — 62)2 )
C(P917P92)7EL(P017P€2) ~ W =2.00-10 4.

Indeed, the exact values of C(Py,, Py,) and Ep(Py,, P,) are 2.000 - 10~% and 1.997 - 10~4, respectively.

2.6.2 Minimum distance of binary linear block codes

Consider the ensemble of binary linear block codes of length n and rate R. The average value of the
normalized minimum distance is equal to

E [dmin (C)]

=hil(1 -
el —h'(1-R)

where hy 1 designates the inverse of the binary entropy function to the base 2, and the expectation is
with respect to the ensemble where the codes are chosen uniformly at random (see [85]).
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Let H designate an n(1 — R) x n parity-check matrix of a linear block code C from this ensemble.
The minimum distance of the code is equal to the minimal number of columns in H that are linearly
dependent. Note that the minimum distance is a property of the code, and it does not depend on the
choice of the particular parity-check matrix which represents the code.

Let us construct a martingale sequence Xy, ..., X,, where X; (fori =0,1,...,n) is a RV that denotes
the minimal number of linearly dependent columns of a parity-check matrix that is chosen uniformly
at random from the ensemble, given that we already revealed its first ¢ columns. Based on Remarks 2
and 3, this sequence forms indeed a martingale sequence where the associated filtration of the o-algebras
Fo CF1 C ... CF, is defined so that F; (for i = 0,1,...,n) is the o-algebra that is generated by all the
sub-sets of n(1 — R) x n binary parity-check matrices whose first i columns are fixed. This martingale
sequence satisfies | X; — X;_1| < 1fori=1,...,n (since if we reveal a new column of H, then the minimal
number of linearly dependent columns can change by at most 1). Note that the RV X is the expected
minimum Hamming distance of the ensemble, and X, is the minimum distance of a particular code from
the ensemble (since once we revealed all the n columns of H, then the code is known exactly). Hence, by
Azuma’s inequality

052
P(|duin(C) — Elduin(C)]] = av/i) < 2exp (—7) Va0,

This leads to the following theorem:

Theorem 10. [The minimum distance of binary linear block codes] Let C be chosen uniformly
at random from the ensemble of binary linear block codes of length n and rate R. Then for every a > 0,

with probability at least 1 — 2exp (—%2>, the minimum distance of C is in the interval

nhy'(1 = R) — ayv/n, nhy'(1 — R) + ay/n]
and it therefore concentrates around its expected value.

Note, however, that some well-known capacity-approaching families of binary linear block codes pos-
sess a minimum Hamming distance which grows sub-linearly with the block length n. For example, the
class of parallel concatenated convolutional (turbo) codes was proved to have a minimum distance which
grows at most like the logarithm of the interleaver length [86].

2.6.3 Concentration of the cardinality of the fundamental system of cycles for LDPC
code ensembles

Low-density parity-check (LDPC) codes are linear block codes that are represented by sparse parity-check
matrices [87]. A sparse parity-check matrix enables to represent the corresponding linear block code by a
sparse bipartite graph, and to use this graphical representation for implementing low-complexity iterative
message-passing decoding. The low-complexity decoding algorithms used for LDPC codes and some of
their variants are remarkable in that they achieve rates close to the Shannon capacity limit for properly
designed code ensembles (see, e.g., [12]). As a result of their remarkable performance under practical
decoding algorithms, these coding techniques have revolutionized the field of channel coding and they
have been incorporated in various digital communication standards during the last decade.

In the following, we consider ensembles of binary LDPC codes. The codes are represented by bipartite
graphs where the variable nodes are located on the left side of the graph, and the parity-check nodes are
on the right. The parity-check equations that define the linear code are represented by edges connecting
each check node with the variable nodes that are involved in the corresponding parity-check equation.
The bipartite graphs representing these codes are sparse in the sense that the number of edges in the
graph scales linearly with the block length n of the code. Following standard notation, let A; and p;
denote the fraction of edges attached, respectively, to variable and parity-check nodes of degree i. The
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LDPC code ensemble is denoted by LDPC(n, A, p) where n is the block length of the codes, and the pair
Mz) £ 3, Mzt and p(x) £ Y, piz' ! represents, respectively, the left and right degree distributions of
the ensemble from the edge perspective. For a short summary of preliminary material on binary LDPC
code ensembles see, e.g., [88, Section II-A].

It is well known that linear block codes which can be represented by cycle-free bipartite (Tanner)
graphs have poor performance even under ML decoding [89]. The bipartite graphs of capacity-approaching
LDPC codes should therefore have cycles. For analyzing this issue, we focused on the notion of ”the car-
dinality of the fundamental system of cycles of bipartite graphs”. For the required preliminary material,
the reader is referred to [88, Section II-E]. In [88], we address the following question:

Question: Consider an LDPC ensemble whose transmission takes place over a memoryless binary-input
output symmetric channel, and refer to the bipartite graphs which represent codes from this ensemble
where every code is chosen uniformly at random from the ensemble. How does the average cardinality
of the fundamental system of cycles of these bipartite graphs scale as a function of the achievable gap to
capacity ?

In light of this question, an information-theoretic lower bound on the average cardinality of the
fundamental system of cycles was derived in [88, Corollary 1]. This bound was expressed in terms of
the achievable gap to capacity (even under ML decoding) when the communication takes place over a
memoryless binary-input output-symmetric channel. More explicitly, it was shown that if € designates
the gap in rate to capacity, then the number of fundamental cycles should grow at least like log % Hence,
this lower bound remains unbounded as the gap to capacity tends to zero. Consistently with the study
in [89] on cycle-free codes, the lower bound on the cardinality of the fundamental system of cycles in [88,
Corollary 1] shows quantitatively the necessity of cycles in bipartite graphs which represent good LDPC
code ensembles. As a continuation to this work, we present in the following a large-deviations analysis
with respect to the cardinality of the fundamental system of cycles for LDPC code ensembles.

Let the triple (n, A, p) represent an LDPC code ensemble, and let G be a bipartite graph that cor-
responds to a code from this ensemble. Then, the cardinality of the fundamental system of cycles of G,
denoted by 3(G), is equal to

B(G) = |EG)| = [V(9)| + c(9)

where E(G), V(G) and ¢(G) denote the edges, vertices and components of G, respectively, and |A| denotes
the number of elements of a (finite) set A. Note that for such a bipartite graph G, there are n variable
nodes and m = n(1 — Rq) parity-check nodes, so there are in total |V (G)| = n(2 — Rq) nodes. Let ar
designate the average right degree (i.e., the average degree of the parity-check nodes), then the number
of edges in G is given by |E(G)| = magr. Therefore, for a code from the (n, A, p) LDPC code ensemble,
the cardinality of the fundamental system of cycles satisfies the equality

B(G) = n[(l — Rg)ar — (2 — Rd)] +¢(G) (2.167)

where .
:1_f0 p(x) dzx an — 1
fol M) dz’ fol p(z) dx

denote, respectively, the design rate and average right degree of the ensemble.
Let
E £ |B(G)| = n(1 — Ra)ar (2.168)

denote the number of edges of an arbitrary bipartite graph G from the ensemble (where we refer inter-
changeably to codes and to the bipartite graphs that represent these codes from the considered ensemble).
Let us arbitrarily assign numbers 1,..., E to the E edges of G. Based on Remarks 2 and 3, lets construct
a martingale sequence Xj,...,Xp where X; (for i = 0,1,...,E) is a RV that denotes the conditional
expected number of components of a bipartite graph G, chosen uniformly at random from the ensem-
ble, given that the first ¢ edges of the graph G are revealed. Note that the corresponding filtration
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Fo C F1 C ... C Fg in this case is defined so that F; is the o-algebra that is generated by all the sets of
bipartite graphs from the considered ensemble whose first ¢ edges are fixed. For this martingale sequence

Xo = ELppcmapB8(9)], Xg=pB(9)

and (a.s.) |Xp—Xg_1| < 1fork =1,..., E (since by revealing a new edge of G, the number of components
in this graph can change by at most 1). By Corollary 1, it follows that for every o > 0

P (Ic(G) — ELppcmnpgle(@)]|
= P (|6(G) — ELppcnngB(9)]]
where the last transition follows from (2.167), and the function f was defined in (2.49). Hence, for a > 1,

this probability is zero (since f(a) = +oo for a > 1). Note that, from (2.167), Erppcm,a,p)[6(G)] scales
linearly with n. The combination of Egs. (2.49), (2.168), (2.169) gives the following statement:

aE) < 2e f(@E

>
> aE) < 2¢(@F (2.169)

Theorem 11. [Concentration result for the cardinality of the fundamental system of cycles]
Let LDPC(n, A, p) be the LDPC code ensemble that is characterized by a block length n, and a pair of
degree distributions (from the edge perspective) of A and p. Let G be a bipartite graph chosen uniformly
at random from this ensemble. Then, for every a > 0, the cardinality of the fundamental system of cycles
of G, denoted by 3(G), satisfies the following inequality:

P (18(9) — ELppcmapn [B3(9)]] = an) < 2- o= [1=ha(5")]n

where hy designates the binary entropy function to the base 2, n = m, and R4 and ar designate,

respectively, the design rate and average right degree of the ensemble. Consequently, if n > 1, this
probability is zero.

Remark 12. The loosened version of Theorem 11, which follows from Azuma’s inequality, gets the form

7;2n

P (18(G) — ELppcmap [B(9)]] > an) < 2e™ 2

for every a > 0, and 7 as defined in Theorem 11. Note, however, that the exponential decay of the two
bounds is similar for values of « close to zero (see the exponents in Azuma’s inequality and Corollary 1
in Figure 2.1).

Remark 13. For various capacity-achieving sequences of LDPC code ensembles on the binary erasure
channel, the average right degree scales like log% where £ denotes the fractional gap to capacity under
belief-propagation decoding (i.e., Rq = (1 — ¢)C) [27]. Therefore, for small values of «, the exponential
decay rate in the inequality of Theorem 11 scales like (log é) 2. This large-deviations result complements
the result in [88, Corollary 1] which provides a lower bound on the average cardinality of the fundamental
system of cycles that scales like log %

Remark 14. Consider small deviations from the expected value that scale like /n. Note that Corollary 1
is a special case of Theorem 5 when v = 1 (i.e., when only an upper bound on the jumps of the martingale
sequence is available, but there is no non-trivial upper bound on the conditional variance). Hence, it
follows from Proposition 1 that Corollary 1 does not provide in this case any improvement in the exponent
of the concentration inequality (as compared to Azuma’s inequality) when small deviations are considered.

2.6.4 Concentration Theorems for LDPC Code Ensembles over ISI channels

Concentration analysis on the number of erroneous variable-to-check messages for random ensembles of
LDPC codes was introduced in [28] and [90] for memoryless channels. It was shown that the performance
of an individual code from the ensemble concentrates around the expected (average) value over this
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2W+I+1
<+—symbols

Figure 2.2: Message flow neighborhood of depth 1. In this figure (I, W,d, = L,d. = R) = (1,1,2,3)

ensemble when the length of the block length of the code grows and that this average behavior converges to
the behavior of the cycle-free case. These results were later generalized in [91] for the case of intersymbol-
interference (ISI) channels. The proofs of [91, Theorems 1 and 2|, which refer to regular LDPC code
ensembles, are revisited in the following in order to derive an explicit expression for the exponential
rate of the concentration inequality. It is then shown that particularizing the expression for memoryless
channels provides a tightened concentration inequality as compared to [28] and [90]. The presentation in
this subsection is based on a recent work by Ronen Eshel [92].

The ISI Channel and its message-passing decoding

In the following, we briefly describe the ISI channel and the graph used for its message-passing decoding.
For a detailed description, the reader is referred to [91]. Consider a binary discrete-time ISI channel with
a finite memory length, denoted by I . The channel output Y; at time instant j is given by

1
Y; =) hX;i +N;, V€T
1=0

where {X,} is the binary input sequence (X; € {+1,—1}), {h;}._, refers to the input response of the ISI
channel, and {N;} ~ N(0,0?) is a sequence of i.i.d. Gaussian random variables with zero mean. It is
assumed that an information block of length & is encoded by using a regular (n,dy,d.) LDPC code, and
the resulting n coded bits are converted to the channel input sequence before its transmission over the
channel. For decoding, we consider the windowed version of the sum-product algorithm when applied
to ISI channels (for specific details about this decoding algorithm, the reader is referred to [91] and
[93]; in general, it is an iterative message-passing decoding algorithm). The variable-to-check and check-
to-variable messages are computed as in the sum-product algorithm for the memoryless case with the
difference that a variable node’s message from the channel is not only a function of the channel output
that corresponds to the considered symbol but also a function of 2W neighboring channel outputs and
2W neighboring variables nodes as illustrated in Fig. 2.2.

Concentration

It is proved in this sub-section that for a large n, a neighborhood of depth ¢ of a variable-to-check node
message is tree-like with high probability. Using the Azuma-Hoeffding inequality and the later result,
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it is shown that for most graphs and channel realizations, if s is the transmitted codeword, then the
probability of a variable-to-check message being erroneous after ¢ rounds of message-passing decoding is
highly concentrated around its expected value. This expected value is shown to converge to the value of
p (s) which corresponds to the cycle-free case.

In the following theorems, we consider an ISI channel and windowed message-passing decoding al-
gorithm, when the code graph is chosen uniformly at random from the ensemble of the graphs with
variable and check node degree d, and d., respectively. Let V. g) denote the neighborhood of depth £ of
an edge € = (v,c) between a variable-to-check node. Let Nc(é), N‘SZ) and Ng) denote, respectively, the
total number of check nodes, variable nodes and code related edges in this neighborhood. Similarly, let
N}(,é ) denote the number of variable-to-check node messages in the directed neighborhood of depth £ of a
received symbol of the channel.

Theorem 12. [Probability of a neighborhood of depth ¢ of a variable-to-check node message
to be tree-like for channels with ISI] Let PE(Z) = Pr {N g) not a tree} denote the probability that

the sub-graph N, g) is not a tree (i.e., it does not contain cycles). Then, there exists a positive constant
v 2 ~(dy,de, ¢) that does not depend on the block-length n such that Pz(g) < 2. More explicitly, one can
choose y(dy, d.,£) = (Néé))2 n (g_z 'NC(Z))z.

Proof. This proof forms a straightforward generalization of the proof in [28] (for binary-input output-
symmetric memoryless channels) to binary-input ISI channels. A detailed proof is available in [92]. O

The following concentration inequalities follow from Theorem 12 and the Azuma-Hoeffding inequality:

Theorem 13. [Concentration of the number of erroneous variable-to-check messages for
channels with ISI] Let s be the transmitted codeword. Let Z(Y)(s) be the number of erroneous variable-
to-check messages after ¢ rounds of the windowed message-passing decoding algorithm when the code
graph is chosen uniformly at random from the ensemble of the graphs with variable and check node
degrees d, and d., respectively. Let p (s) be the expected fraction of incorrect messages passed through
an edge with a tree-like directed neighborhood of depth ¢. Then, there exist some positive constants
and v that do not depend on the block-length n such that

[Concentration around expectation| For any ¢ > 0

'

[Convergence of expectation to the cycle-free case] For any € > 0 and n > 2%, we have a.s.

Zz%(s) E[Z(s)]

nd, nd,

> e/2> < 2e7 P, (2.170)

EZO(s)]
— <€/2. 2.171
. pr(s)| < ¢/ (2.171)
[Concentration around the cycle-free case| For any ¢ > 0 and n > 2%
O
P ( ZTJ@ —p(s)| > e> < 2e7 P, (2.172)

More explicitly, it holds for
d2

52 B(dy,des) = ,
8 (4 (V)2 + (V)2)
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and p
2 C 2
y = Y(dv,de, £) = (N\SZ)) + (d_ ) thé)) :
Proof. From the triangle inequality, we have
)
]P’( an(v§) ~pO(5)| > 6)
Z2"(s) E[Z2(s)] E[Z")(s)]
< 2) _ 2 S ) SN () ) )
_]P’( . . >e/2 | +P nd. p(s)| > €/2 (2.173)
If inequality (2.171) holds a.s., then P (‘%ﬁg —p (§)‘ > e/2> = 0; therefore, using (2.173), we deduce

that (2.172) follows from (2.170) and (2.171) for any € > 0 and n > 2%’ We start by proving (2.170). For
an arbitrary sequence s, the random variable Z((s) denotes the number of incorrect variable-to-check
node messages among all nd, variable-to-check node messages passed in the fth iteration for a particular
graph G and decoder-input Y. Let us form a martingale by first exposing the nd, edges of the graph
one by one, and then exposing the n received symbols Y; one by one. Let a denote the sequence of
the nd, variable-to-check node edges of the graph, followed by the sequence of the n received symbols
at the channel output. For i = 0,..n(dy + 1), let the RV Z; 2 E[Z®)(s)|as,...a;] be defined as the
conditional expectation of Z()(s) given the first i elements of the sequence a. Note that it forms a
martingale sequence (see Remark 2) where Zo = E[Z®)(s)] and Zn(dv+1) = Z")(s). Hence, getting an
upper bound on the sequence of differences |Z-+1 — Z| enables to apply the Azuma-Hoeffding inequality
to prove concentration around the expected value Zo. To this end, lets consider the effect of exposing
an edge of the graph. Consider two graphs G and G whose edges are identical except for an exchange of
an endpoint of two edges. A variable-to-check message is affected by this change if at least one of these
edges is included in its directed neighborhood of depth .

Consider a neighborhood of depth ¢ of a variable-to-check node message. Since at each level, the
graph expands by a factor a = (dy — 1+ 2Wd,)(d. — 1) then there are, in total

-1
NO =1+de(dy — 142Wdy) ) o
i=0

edges related to the code structure (variable-to-check node edges or vice versa) in the neighborhood /\/f.

By symmetry, the two edges can affect at most 2Ne(£) neighborhoods (alternatively, we could directly
sum the number of variable-to-check node edges in a neighborhood of a variable-to-check node edge and
in a neighborhood of a check-to-variable node edge). The change in the number of incorrect variable-
to-check node messages is bounded by the extreme case where each change in the neighborhood of a
message introduces an error. In a similar manner, when we reveal a received output symbol, the variable-
to-check node messages whose directed neighborhood include that channel input can be affected. We
consider a neighborhood of depth ¢ of a received output symbol. By counting, it can be shown that this
neighborhood includes

/-1
N =@W +1)d, Yo
=0

)

variable-to-check node edges. Therefore, a change of a received output symbol can affect up to Ng
variable-to-check node messages. We conclude that \Z-H — Z[ < 2Ne(é) for the first nd, exposures, and
|Ziv1 — Z;| < N)(,g ) for the last n exposures. By applying the Azuma-Hoeffding inequality, it follows that

g

Z9(s) E[Z29(s)]

2

> ) <2exp | - (ndye/2)
2 (0)\2 (0)\2
2(ndy(2Ne’) +n(Ny’) )

€

ndy ndy




56 CHAPTER 2. THE MARTINGALE APPROACH AND APPLICATIONS

and a comparison of this concentration inequality to (2.170) gives that

8 (4d, (N)2 4 (N2
%: (1 ;2 (Y)>. (2.174)

Next, proving inequality (2.171) relies on concepts from [28] and [91]. Let E[ZZ-(Z) (s)] (1 €{1,...,nd})
be the expected number of incorrect messages passed along edge €; after ¢ rounds, where the average is
w.r.t. all realizations of graphs and all output symbols from the channel. Then, by the symmetry in the
graph construction and by the linearity of the expectation, it follows that

EZO) = Y E[Z{(s)] = nd.E[Z{" (s)]. (2.175)
1€[ndy]

From Bayes rule
E[Zy) (s)] = E[Zy) (s) \Ng) is a tree] Pt(z) + E[Z{Z) (s) \Ng) not a tree] Pz(z)

As shown in Theorem 12, PE(Z) < I where v is a positive constant independent of n. Furthermore, we
have E[Zy) (s) | neighborhood is tree] = p(® (s), so

(
Ez%s) > (1-P

=
N
5
A
[a—
|
s

pO(s) — PY. (2.176)

Using (2.175), (2.176) and P{(Z) < I gives that
(©)
E[Z (§)] _p(é) (§) < P—(Z) < y
ndy n
Hence, if n > 22, then (2.171) holds. O

The concentration result proved above is a generalization of the results given in [28] for a binary-
input output-symmetric memoryless channel. One can degenerate the expression of % in (2.174) to the

memoryless case by setting W = 0 and I = 0. Since we exact expressions for Ne(g) and Ny ) are used
in the above proof, one can expect a tighter bound as compared to the earlier result ﬁ - = 544d2£ 1d2£
given in [28]. For example for (dy,d.,¢) = (3,4,10), one gets an improvement by a factor of about
1 million. However, even with this improved expression, the required size of n according to our proof
can be absurdly large. This is because the proof is very pessimistic in the sense that it assumes that any
change in an edge or the decoder’s input introduces an error in every message it affects. This is especially
pessimistic if a large ¢ is considered, since as £ is increased, each message is a function of many edges and
received output symbols from the channel (since the neighborhood grows with ).

The same phenomena of concentration of measures that are proved above for regular LDPC code
ensembles can be extended to irregular LDPC code ensembles. In the special case of memoryless binary-
input output-symmetric channels, the following theorem was proved by Richardson and Urbanke in [12,
pp. 487-490], based on the Azuma-Hoeffding inequality (we use here the same notation for LDPC code
ensembles as in the preceding subsection).

Theorem 14. [Concentration of the bit error probability around the ensemble average] Let
C, a code chosen uniformly at random from the ensemble LDPC(n, A, p), be used for transmission over
a memoryless binary-input output-symmetric (MBIOS) channel characterized by its L-density anBros.
Assume that the decoder performs [ iterations of message-passing decoding, and let P}, (C, amBios,!)
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denote the resulting bit error probability. Then, for every § > 0, there exists an o > 0 where a =
a(\, p,d,1) (independent of the block length n) such that

P (|P(C, amios, ) — ELppcmap) [Po(C, ampros, 1)]] > 6) < exp(—an).

This theorem asserts that all except an exponentially (in the block length) small fraction of codes
behave within an arbitrary small § from the ensemble average (where 0 is a positive number that can be
chosen arbitrarily small). Therefore, assuming a sufficiently large block length, the ensemble average is
a good indicator for the performance of individual codes, and it is therefore reasonable to focus on the
design and analysis of capacity-approaching ensembles (via the density evolution technique). This forms
a central result in the theory of codes defined on graphs and iterative decoding algorithms.

2.6.5 On the concentration of the conditional entropy for LDPC code ensembles

A large deviations analysis of the conditional entropy for random ensembles of LDPC codes was introduced
in [94, Theorem 4] and [24, Theorem 1]. The following theorem is proved in [94, Appendix I], based on
the Azuma-Hoeffding inequality, and it is rephrased in the following to consider small deviations of order
v/n (instead of large deviations of order n):

Theorem 15. [Concentration of the conditional entropy] Let C be chosen uniformly at random from
the ensemble LDPC(n, A, p). Assume that the transmission of the code C takes place over a memoryless
binary-input output-symmetric (MBIOS) channel. Let H(X]|Y) designate the conditional entropy of the
transmitted codeword X given the received sequence Y from the channel. Then, for any £ > 0,

P(|H(X|Y) = Erppom,g [H(X[Y)]| = € vn) < 2exp(~B¢?)

where B £ = +11)2(1_ R d??* is the maximal check-node degree, and Ry is the design rate of the

ensemble.

The conditional entropy scales linearly with n, and this inequality considers deviations from the
average which also scale linearly with n.

In the following, we revisit the proof of Theorem 15 in [94, Appendix I] in order to derive a tightened
version of this bound. Based on this proof, let G be a bipartite graph which represents a code chosen
uniformly at random from the ensemble LDPC(n, A, p). Define the RV

Z = Hg(X|Y)

which forms the conditional entropy when the transmission takes place over an MBIOS channel whose
transition probability is given by Pyx (y[x) = [[i2; py|x (yilxi) where py|x(y[1) = py|x(—y[0). Fix an
arbitrary order for the m = n(1 — Rq) parity-check nodes where R4 forms the design rate of the LDPC
code ensemble. Let {E}t€{0’17...’m} form a filtration of o-algebras Fy C F; C ... C F,,, where F; (for
t=0,1,...,m) is the o-algebra that is generated by all the sub-sets of m x n parity-check matrices that
are characterized by the pair of degree distributions (A, p) and whose first ¢ parity-check equations are
fixed (for t = 0 nothing is fixed, and therefore Fy = {0), 2} where () denotes the empty set, and Q is the
whole sample space of m X n binary parity-check matrices that are characterized by the pair of degree
distributions (), p)). Accordingly, based on Remarks 2 and 3, let us define the following martingale
sequence
Zy=E[Z|F] te{0,1,...,m}.

By construction, Zy = E[Hg(X]Y)] is the expected value of the conditional entropy for the LDPC code
ensemble, and Z,, is the RV that is equal (a.s.) to the conditional entropy of the particular code from
the ensemble (see Remark 3). Similarly to [94, Appendix I], we obtain upper bounds on the differences
|Zi11 — Z¢| and then rely on Azuma’s inequality in Theorem 1.
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Without loss of generality, the parity-checks are ordered in [94, Appendix I] by increasing degree. Let
r = (r1,72,...) be the set of parity-check degrees in ascending order, and I'; be the fraction of parity-
check nodes of degree i. Hence, the first m; = n(1 — Rq)T',, parity-check nodes are of degree r1, the
successive mg = n(1 — Rq)I'y, parity-check nodes are of degree ra, and so on. The (¢ + 1)th parity-check
will therefore have a well defined degree, to be denoted by r. From the proof in [94, Appendix I

| Zer1 = Zi| < (r+1) Hg(X[Y) (2.177)

where Hg(X|Y) is a RV which designates the conditional entropy of a parity-bit X = X;, ®...®X;, (ie.,
X is equal to the modulo-2 sum of some 7 bits in the codeword X)) given the received sequence Y at the
channel output. The proof in [94, Appendix I] was then completed by upper bounding the parity-check
degree r by the maximal parity-check degree d2'®*, and also by upper bounding the conditional entropy
of the parity-bit X by 1. This gives

| Zosr — Zy) <d™™> +1 t=0,1,...,m—1. (2.178)

which then proves Theorem 15 from Azuma’s inequality. Note that the d;’s in Theorem 1 are equal to
d?** +1, and n in Theorem 1 is replaced with the length m = n(1 — Rq) of the martingale sequence {Z,}
(that is equal to the number of the parity-check nodes in the graph).

In the continuation, we deviate from the proof in [94, Appendix I| in two respects:

The first difference is related to the upper bound on the conditional entropy Hg(X|Y) in (2.177) where X
is the modulo-2 sum of some r bits of the transmitted codeword X given the channel output Y. Instead
of taking the most trivial upper bound that is equal to 1, as was done in [94, Appendix I], a simple upper
bound on the conditional entropy is derived; this bound depends on the parity-check degree r and the
channel capacity C (see Proposition 3).

The second difference is minor, but it proves to be helpful for tightening the concentration inequality
for LDPC code ensembles that are not right-regular (i.e., the case where the degrees of the parity-check
nodes are not fixed to a certain value). Instead of upper bounding the term r + 1 on the right-hand side
of (2.177) with d®* 41, it is suggested to leave it as is since Azuma’s inequality applies to the case where
the bounded differences of the martingale sequence are not fixed (see Theorem 1), and since the number
of the parity-check nodes of degree r is equal to n(1 — Rq)T',. The effect of this simple modification will
be shown in Example 14.

The following upper bound is related to the first item above:

Proposition 3. Let G be a bipartite graph which corresponds to a binary linear block code whose
transmission takes place over an MBIOS channel. Let X and Y designate the transmitted codeword and
received sequence at the channel output. Let X = Xi, ®...® X;, be a parity-bit of some r code bits of
X. Then, the conditional entropy of X given Y satisfies

Hg(X|Y) < hy <1 _2(72) : (2.179)

Further, for a binary symmetric channel (BSC) or a binary erasure channel (BEC), this bound can be

improved to
1-[1-2nt1-0O)]
ho < [ 2 ) ) (2.180)

2

and
1-C" (2.181)

respectively, where hy Lin (2.180) designates the inverse of the binary entropy function on base 2.
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Note that if the MBIOS channel is perfect (i.e., its capacity is C' = 1 bit per channel use) then (2.179)
holds with equality (where both sides of (2.179) are zero), whereas the trivial upper bound is 1.

Proof. Since conditioning reduces the entropy, we have H(X‘Y) < H()N(‘Yil, ...,Y; ). Notethat V;,,...,Y;,
are the corresponding channel outputs to the channel inputs X;,,... X, , where these r bits are used to
calculate the parity-bit X. Hence, by combining the last inequality with [88, Eq. (17) and Appendix 1],
it follows that

e e}

~ 1 p r
H(X|Y) <1- 57— ; p(;;"; )_ 3 (2.182)
where (see [88, Eq. (19)])
g = /OO a(l)(1 + e7") tanh® (%) dl, VYpeN (2.183)
0

and a(-) denotes the symmetric pdf of the log-likelihood ratio at the output of the MBIOS channel, given
that the channel input is equal to zero. From [88, Lemmas 4 and 5], it follows that

gp>CP, Vpel.

Substituting this inequality in (2.182) gives that

e e}

~ 1 pr
HX[Y) < 1- > ¢

2In2 = p(2p—1)
1-C3

= Iy ( i ) (2.184)

2
where the last equality follows from the power series expansion of the binary entropy function:
1 & (1—2x)%
h =1- 0<z<1. 2.185

This proves the result in (2.179).
The tightened bound on the conditional entropy for the BSC is obtained from (2.182) and the equality
gp = (1—2h,'(1—-C)*, VpeN

which holds for the BSC (see [88, Eq. (97)]). This replaces C' on the right-hand side of (2.184) with

(1—2hy" (1 - C))2, thus leading to the tightened bound in (2.180).
The tightened result for the BEC follows from (2.182) where, from (2.183),

gp=0C, VpeN

(see [88, Appendix II]). Substituting g, into the right-hand side of (2.182) gives (2.180) (note that

Z;il m = 21In2). This completes the proof of Proposition 3. O

From Proposition 3 and (2.177)

1-C2
| Zi41 = Zi] < (r+1) he < 5 ) (2.186)

with the corresponding two improvements for the BSC and BEC (where the second term on the right-
hand side of (2.186) is replaced by (2.180) and (2.181), respectively). This improves the loosened bound
of (d?**41) in [94, Appendix I]. From (2.186) and Theorem 1, we obtain the following tightened version
of the concentration inequality in Theorem 15.
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Theorem 16. [A tightened concentration inequality for the conditional entropy] Let C be
chosen uniformly at random from the ensemble LDPC(n, A, p). Assume that the transmission of the
code C takes place over a memoryless binary-input output-symmetric (MBIOS) channel. Let H(X]|Y)
designate the conditional entropy of the transmitted codeword X given the received sequence Y at the
channel output. Then, for every £ > 0,

B(|H(X]Y) — Eppcman HXIY)]| > &/n) < 2exp(~BE2) (2.187)
where 1
A
B = — T (2.188)
-yt e e o (1)}
and dg*®* is the maximal check-node degree, Ry is the design rate of the ensemble, and C' is the channel

capacity (in bits per channel use). Furthermore, for a binary symmetric channel (BSC) or a binary erasure
channel (BEC), the parameter B on the right-hand side of (2.187) can be improved (i.e., increased),

respectively, to
1

B2
_ ; 2
2(1— Ra) S5 {(z‘ +1)2T [hQ (1—“—%221(1—0)1 )} }

and
1

B2 S— .
2(1 = Rq) > 2:5, {(E+1)2Ty (1 —C%)?}

(2.189)

Remark 15. From (2.188), Theorem 16 indeed yields a stronger concentration inequality than Theo-
rem 15.

Remark 16. In the limit where C' — 1 bit per channel use, it follows from (2.188) that if d** < oo
then B — oo. This is in contrast to the value of B in Theorem 15 which does not depend on the
channel capacity and is finite. Note that B should be indeed infinity for a perfect channel, and therefore
Theorem 16 is tight in this case.

In the case where d2'** is not finite, we prove the following:

= oo and p/(1) < oo then B — oo in the limit where C' — 1.

Lemma 8. If "

Proof. See Appendix 2.D. O

This is in contrast to the value of B in Theorem 15 which vanishes when = 00, and therefore

Theorem 15 is not informative in this case (see Example 14).

max __
dg

Example 13. [Comparison of Theorems 15 and 16 for right-regular LDPC code ensembles] In the fol-
lowing, we exemplify the improvement in the tightness of Theorem 16 for right-regular LDPC code
ensembles. Consider the case where the communications takes place over a binary-input additive white
Gaussian noise channel (BIAWGNC) or a BEC. Let us consider the (2,20) regular LDPC code ensemble
whose design rate is equal to 0.900 bits per channel use. For a BEC, the threshold of the channel bit
erasure probability under belief-propagation (BP) decoding is given by

x

nf = 0.0531
(

bpp = T — 1 -2t

i
S
which corresponds to a channel capacity of C' = 0.9469 bits per channel use. For the BIAWGNC, the
threshold under BP decoding is equal to opp = 0.4156590. From [12, Example 4.38] which expresses the
capacity of the BIAWGNC in terms of the standard deviation o of the Gaussian noise, the minimum
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capacity of a BIAWGNC over which it is possible to communicate with vanishing bit error probability
under BP decoding is C' = 0.9685 bits per channel use. Accordingly, let us assume that for reliable
communications on both channels, the capacity of the BEC and BIAWGNC is set to 0.98 bits per
channel use.

Since the considered code ensembles is right-regular (i.e., the parity-check degree is fixed to d. = 20),
then B in Theorem 16 is improved by a factor of

1

()]

This implies that the inequality in Theorem 16 is satisfied with a block length that is 5.134 times shorter
than the block length which corresponds to Theorem 15. For the BEC, the result is improved by a factor
of

5 = 5.134.

1

due to the tightened value of B in (2.189) as compared to Theorem 15.

Example 14. [Comparison of Theorems 15 and 16 for a heavy-tail Poisson distribution (Tornado codes)]
In the following, we compare Theorems 15 and 16 for Tornado LDPC code ensembles. This capacity-
achieving sequence for the BEC refers to the heavy-tail Poisson distribution, and it was introduced in
[27, Section IV], [95] (see also [12, Problem 3.20]). We rely in the following on the analysis in [88,
Appendix VI].

Suppose that we wish to design Tornado code ensembles that achieve a fraction 1 — e of the capacity
of a BEC under iterative message-passing decoding (where e can be set arbitrarily small). Let p designate
the bit erasure probability of the channel. The parity-check degree is Poisson distributed, and therefore
the maximal degree of the parity-check nodes is infinity. Hence, B = 0 according to Theorem 15, and
this theorem therefore is useless for the considered code ensemble. On the other hand, from Theorem 16

> i+ 1)1y [h2 (1 _205>

)

2

()
<Y (i+1)T;
;i + 2
(b) Zip(H ) 11
Jo plz) dx

(p'(1) +3)d2® +1

<7X(0))\5/(1) + 3> daive +1

1
o +3) a1
<pA2 >
1
@OQ%%Q>

where inequality (a) holds since the binary entropy function on base 2 is bounded between zero and one,
equality (b) holds since

—
g}
~

—~
o,
=

A
INe

2

j=——"—
Jo pz)dz
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where I'; and p; denote the fraction of parity-check nodes and the fraction of edges that are connected
to parity-check nodes of degree i respectively (and also since ), I'; = 1), equality (c) holds since

N
Jo pz)dz

where di"® denotes the average parity-check node degree, equality (d) holds since X' (0) = g, inequality (e)
is due to the stability condition for the BEC (where pA’(0)p/(1) < 1 is a necessary condition for reliable
communication on the BEC under BP decoding), and finally equality (f) follows from the analysis in [88,
Appendix VI] (an upper bound on Ay is derived in [88, Eq. (120)], and the average parity-check node
degree scales like log %) Hence, from the above chain of inequalities and (2.188), it follows that for a
small gap to capacity, the parameter B in Theorem 16 scales (at least) like

o(@).

Theorem 16 is therefore useful for the analysis of this LDPC code ensemble. As is shown above, the
parameter B in (2.188) tends to zero rather slowly as we let the fractional gap € tend to zero (which
therefore demonstrates a rather fast concentration in Theorem 16).

Example 15. This Example forms a direct continuation of Example 13 for the (n, dy, d.) regular LDPC
code ensembles where d, = 2 and d. = 20. With the settings in this example, Theorem 15 gives that

P(|H(X[Y) = ELppcmap [H(X|Y)]| > &v/n) < 2exp(—0.0113€%), V¢ > 0. (2.190)

As was mentioned already in Example 13, the exponential inequalities in Theorem 16 achieve an improve-
ment in the exponent of Theorem 15 by factors 5.134 and 9.051 for the BIAWGNC and BEC, respectively.
One therefore obtains from the concentration inequalities in Theorem 16 that, for every & > 0,

2exp(—0.0580£2),  (BIAWGNC)

P(|H(X]Y) = ELppcmapn HX[Y)]| > &vn) < { Pexp(~01023€2),  (BEC) . (2.191)

2.6.6 Expansion of random regular bipartite graphs

Azuma’s inequality is useful for analyzing the expansion of random bipartite graphs. The following
theorem was introduced in [29, Theorem 25]. It is stated and proved here slightly more precisely, in the
sense of characterizing the relation between the deviation from the expected value and the exponential
convergence rate of the resulting probability.

Theorem 17. [Expansion of random regular bipartite graphs] Let G be chosen uniformly at
random from the regular ensemble LDPC(n, 2!~ 2"1). Let o € (0,1) and § > 0 be fixed. Then, with
probability at least 1 —exp(—dn), all sets of an variables in G have a number of neighbors that is at least

(1-(1—-a)
n [M — /2l (h(a) +6) (2.192)
where h is the binary entropy function to the natural base (i.e., h(z) = —zIn(z) — (1 — z)In(1 — z) for

x € 10,1]).

Proof. The proof starts by looking at the expected number of neighbors, and then exposing one neighbor
at a time to bound the probability that the number of neighbors deviates significantly from this mean.
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Note that the number of expected neighbors of an variable nodes is equal to

nl(l1—(1-a)")

since for each of the "71 check nodes, the probability that it has at least one edge in the subset of na chosen
variable nodes is 1 — (1 — «a)". Let us form a martingale sequence to estimate, via Azuma’s inequality, the
probability that the actual number of neighbors deviates by a certain amount from this expected value.

Let V denote the set of na nodes. This set has nal outgoing edges. Let us reveal the destination of
each of these edges one at a time. More precisely, let .S; be the RV denoting the check-node socket which
the i-th edge is connected to, where i € {1,...,nal}. Let X(G) be a RV which denotes the number of
neighbors of a chosen set of na variable nodes in a bipartite graph G from the ensemble, and define for
i€{0,...,nal}

X; =E[X(9)|51,-..,Si-1].

Note that it is a martingale sequence where Xy = E[X(G)] and X,y = X(G). Also, for every i €
{1,...,nal}, we have |X; — X;_1| < 1 since every time only one check-node socket is revealed, so the
number of neighbors of the chosen set of variable nodes cannot change by more than 1 at every single
time. Thus, by the one-sided Azuma’s inequality in Section 2.2.1,

PEIX(G)] - X(©) > Wian) < exp(-2), YA >0

Since there are (nij) choices for the set V then, from the union bound, the event that there exists a set of
size na whose number of neighbors is less than E[X(G)] — A\V/lan occurs with probability that is at most

(nna) €xXp (_ )\72 ) :
Since (") < ") then we get the loosened bound exp (nh(a)—A;). Finally, choosing A = {/2n(h(a) + 9)
gives the required result. O

2.6.7 Concentration of the crest-factor for OFDM signals

Orthogonal-frequency-division-multiplexing (OFDM) is a modulation that converts a high-rate data
stream into a number of low-rate steams that are transmitted over parallel narrow-band channels. OFDM
is widely used in several international standards for digital audio and video broadcasting, and for wireless
local area networks. For a textbook providing a survey on OFDM, see e.g. [96, Chapter 19]. One of
the problems of OFDM signals is that the peak amplitude of the signal can be significantly higher than
the average amplitude; for a recent comprehensive tutorial that considers the problem of the high peak
to average power ratio (PAPR) of OFDM signals and some related issues, the reader is referred to [97].
The high PAPR of OFDM signals makes their transmission sensitive to non-linear devices in the commu-
nication path such as digital to analog converters, mixers and high-power amplifiers. As a result of this
drawback, it increases the symbol error rate and it also reduces the power efficiency of OFDM signals as
compared to single-carrier systems.
Given an n-length codeword {X,-}?Z_Ol, a single OFDM baseband symbol is described by
n—1 . .
s(t) = %;X,-exp(] 2;”), 0<t<T. (2.193)

Lets assume that X,...,X,_1 are complex RVs, and that a.s. |X;| = 1 (these RVs should not be
necessarily independent). Since the sub-carriers are orthonormal over [0, 7], then the signal power over
the interval [0,7] is 1 a.s., i.e.,

%/OT |s(t)|?dt = 1. (2.194)
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The CF of the signal s, composed of n sub-carriers, is defined as

CF,(s) & Jnax |s(t)]. (2.195)

Commonly, the impact of nonlinearities is described by the distribution of the crest-factor (CF) of the
transmitted signal [98], but its calculation involves time-consuming simulations even for a small number
of sub-carriers. From [99, Section 4] and [100], it follows that the CF scales with high probability like
VInn for large n. In [98, Theorem 3 and Corollary 5], a concentration inequality was derived for the CF
of OFDM signals. It states that for an arbitrary ¢ > 2.5

P<‘CFn(s) - lnn‘ < %) = 1—0(@).

Remark 17. The analysis used to derive this rather strong concentration inequality (see [98, Ap-
pendix C]) requires some assumptions on the distribution of the X;’s (see the two conditions in [98,
Theorem 3] followed by [98, Corollary 5]). These requirements are not needed in the following analysis,
and the derivation of concentration inequalities that are introduced in this subsection are much more
simple and provide some insight to the problem, though they lead to weaker concentration result than in
[98, Theorem 3].

In the following, Azuma’s inequality and a refined version of this inequality are considered under the
assumption that { X };-L:_Ol are independent complex-valued random variables with magnitude 1, attaining
the M points of an M-ary PSK constellation with equal probability.

Establishing concentration of the crest-factor via Azuma’s inequality

In the following, Azuma’s inequality is used to derive a concentration result. Let us define
}/i:E[CFn(SHXOa---aXi—l], i:(),...,n (2196)

Based on a standard construction of martingales, {Y;, F;}7  is a martingale where F; is the o-algebra
that is generated by the first ¢ symbols (Xy,...,X;—1) in (2.193). Hence, 7o C F; C ... C F, is a
filtration. This martingale has also bounded jumps, and

2
|Yz - Yi—1| < %
fori € {1,...,n} since revealing the additional i-th coordinate X; affects the CF, as is defined in (2.195),

by at most % (see the first part of Appendix 2.E). It therefore follows from Azuma’s inequality that,
for every a > 0,

a2
B(CF,(s) — E[CFA(s)]] > a) < 2exp (—g) (2.197)

which demonstrates concentration around the expected value.

Establishing concentration of the crest-factor via the refined version of Azuma’s inequality
in Proposition 1

In the following, we rely on Proposition 1 to derive an improved concentration result. For the martingale
sequence {Y;}7  in (2.196), Appendix 2.E gives that a.s.

2
Y, - Y| < ==, E[(Yi—Yio1)}F] <

N (2.198)

S
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for every i € {1,...,n}. Note that the conditioning on the o-algebra F;_; is equivalent to the conditioning
on the symbols Xj, ..., X;_o, and there is no conditioning for i = 1. Further, let Z; = /nY; for 0 <i < mn.
Proposition 1 therefore implies that for an arbitrary a > 0

B(ICF,(s) — E[CF, (s)]| > a)
—P()Y, - Yo| > )

= P(|Z, — Zo| > av/n)
2

< 2exp <—O‘Z (1 v 0(%)) (2.199)
a 1

(since 6 = § and v = 3 in the setting of Proposition 1). Note that the exponent in the last inequality
is doubled as compared to the bound that was obtained in (2.197) via Azuma’s inequality, and the
term which scales like O<ﬁ> on the right-hand side of (2.199) is expressed explicitly for finite n (see
Appendix 2.A).

A concentration inequality via Talagrand’s method

In his seminal paper [6], Talagrand introduced an approach for proving concentration inequalities in
product spaces. It forms a powerful probabilistic tool for establishing concentration results for coordinate-
wise Lipschitz functions of independent random variables (see, e.g., [69, Section 2.4.2], [5, Section 4] and
[6]). This approach is used in the following to derive a concentration result of the crest factor around
its median, and it also enables to derive an upper bound on the distance between the median and the
expected value. We provide in the following definitions that will be required for introducing a special
form of Talagrand’s inequalities. Afterwards, this inequality will be applied to obtain a concentration
result for the crest factor of OFDM signals.

Definition 3 (Hamming distance). Let x,y be two n-length vectors. The Hamming distance between x
and y is the number of coordinates where x and y disagree, i.e.,

dH(Xa y) £ Z I{xz;ﬁyz}
=1

where I stands for the indicator function.
The following suggests a generalization and normalization of the previous distance metric.

Definition 4. Let a = (a1,...,a,) € R} (i.e., a is a non-negative vector) satisfy ||a||* = Y1 (a;)* = 1.
Then, define

da(xa y) = Z azl{xﬁéyz}
=1

Hence, di(x,y) = v/t da(x,y) for a = (..., ).
The following is a special form of Talagrand’s inequalities ([1], [5, Chapter 4] and [6]).

Theorem 18 (Talagrand’s inequality). Let the random vector X = (X1,..., X,,) be a vector of indepen-
dent random variables with X}, taking values in a set Ay, and let A £ [T5—; Ak. Let f: A — R satisfy
the condition that, for every x € A, there exists a non-negative, normalized n-length vector a = a(z)
such that

f(x) < fly) +oda(x,y), VyecA (2.200)
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for some fixed value o > 0. Then, for every a > 0,
2

P(|f(X) —m| > a) < 4exp <—O‘—> (2.201)

402
where m is the median of f(X) (i.e., P(f(X) <m) > % and P(f(X) > m) > 1). The same conclusion in
(2.201) holds if the condition in (2.200) is replaced by

fly) < f(x) +oda(x,y), VyeA (2.202)

At this stage, we are ready to apply Talagrand’s inequality to prove a concentration inequality for the
crest factor of OFDM signals. As before, let us assume that Xg,Yp,..., X,,_1,Y,_1 are i.i.d. bounded
complex RVs, and also assume for simplicity that | X;| = |Y;| = 1. In order to apply Talagrand’s inequality
to prove concentration, note that

o?tag}%|8(t?X0"" Xno1 !—OrgtagT! s(t; Yo, ..., Yo_1)|

< max |s(t;X0, cooy Xpo1) — s(t Yo, .. ,Yn_1)|

0<t<T
= jomit
(X, — V) ( )
ZZ: ) exp -

n—1
< % > -
BERS
= n ar; Lty
= 2d,(X,Y)

where
1 1

L (_—_ _
2 (=)
is a non-negative unit-vector of length n (note that a in this case is independent of ). Hence, Talagrand’s
inequality in Theorem 18 implies that, for every a > 0,

(2.203)

2

P(|CFy(s) — mn| > @) < 4exp(—‘f—6) (2.204)

where m,, is the median of the crest factor for OFDM signals that are composed of n sub-carriers. This
inequality demonstrates the concentration of this measure around its median. As a simple consequence
of (2.204), one obtains the following result.

Corollary 6. The median and expected value of the crest factor differ by at most a constant, indepen-
dently of the number of sub-carriers n.

Proof. By the concentration inequality in (2.204)
|E[CFp(s)] — mp| < E|CFp(s) — my|

= /000 P(|CF,,(s) — my,| > a) da
2

< /0004exp(—61¥—6> do

Ve
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Remark 18. This result applies in general to an arbitrary function f satisfying the condition in (2.200),
where Talagrand’s inequality in (2.201) implies that (see, e.g., [5, Lemma 4.6])

B[ (X)] - m| < dov/7.

Establishing concentration via McDiarmid’s inequality

McDiarmid’s inequality (see Theorem 2) is applied in the following to prove a concentration inequality
for the crest factor of OFDM signals. To this end, let us define

U =S OréltaSXJ“s(t’ X07 s aXi—la Xiv s aXn—l)‘

Vv =S (]Iéltag}g"‘s(t7 X07 s aXz(—b Xi7 s aXn—1)|
where the two vectors (Xo,...,X;—1,X;,...,Xp—1) and Xo,..., X! {,X;,..., Xn—1) may only differ in
their i-th coordinate. This then implies that

|U - V| < Oma}§1|8(t;X07 s aXi—laXiv s aXn—l)

<t<
—S(t;X(],..., g_laXia---,Xn—l)‘
B 1 ) jomit
= s, —= | (Xia = X) exp(F )|
X - X

<

S

vn

where the last inequality holds since |X;_;| = |X/_;| = 1. Hence, McDiarmid’s inequality in Theorem 2
implies that, for every a > 0,

a2
P(ICFa(s) — E[CFa(s)]| = @) < 2exp () (2.205)

which demonstrates concentration of this measure around its expected value. By comparing (2.204)
with (2.205), it follows that McDiarmid’s inequality provides an improvement in the exponent. The
improvement of McDiarmid’s inequality is by a factor of 4 in the exponent as compared to Azuma’s
inequality, and by a factor of 2 as compared to the refined version of Azuma’s inequality in Proposition 1.

To conclude, this subsection derives four concentration inequalities for the crest-factor (CF) of OFDM
signals under the assumption that the symbols are independent. The first two concentration inequalities
rely on Azuma’s inequality and a refined version of it, and the last two concentration inequalities are
based on Talagrand’s and McDiarmid’s inequalities. Although these concentration results are weaker
than some existing results from the literature (see [98] and [100]), they establish concentration in a rather
simple way and provide some insight to the problem. McDiarmid’s inequality improves the exponent
of Azuma’s inequality by a factor of 4, and the exponent of the refined version of Azuma’s inequality
from Proposition 1 by a factor of 2. Note however that Proposition 1 may be in general tighter than
McDiarmid’s inequality (if v < % in the setting of Proposition 1). It also follows from Talagrand’s method
that the median and expected value of the CF differ by at most a constant, independently of the number
of sub-carriers.

2.6.8 Random coding theorems via martingale inequalities

The following subsection establishes new error exponents and achievable rates of random coding, for
channels with and without memory, under maximum-likelihood (ML) decoding. The analysis relies on
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some exponential inequalities for martingales with bounded jumps. The characteristics of these coding
theorems are exemplified in special cases of interest that include non-linear channels. The material in
this subsection is based on [31], [32] and [33] (and mainly on the latest improvements of these achievable
rates in [33]).

Random coding theorems address the average error probability of an ensemble of codebooks as a
function of the code rate R, the block length N, and the channel statistics. It is assumed that the
codewords are chosen randomly, subject to some possible constraints, and the codebook is known to the
encoder and decoder.

Nonlinear effects are typically encountered in wireless communication systems and optical fibers, which
degrade the quality of the information transmission. In satellite communication systems, the amplifiers
located on board satellites typically operate at or near the saturation region in order to conserve energy.
Saturation nonlinearities of amplifiers introduce nonlinear distortion in the transmitted signals. Similarly,
power amplifiers in mobile terminals are designed to operate in a nonlinear region in order to obtain
high power efficiency in mobile cellular communications. Gigabit optical fiber communication channels
typically exhibit linear and nonlinear distortion as a result of non-ideal transmitter, fiber, receiver and
optical amplifier components. Nonlinear communication channels can be represented by Volterra models
[101, Chapter 14].

Significant degradation in performance may result in the mismatched regime. However, in the fol-
lowing, it is assumed that both the transmitter and the receiver know the exact probability law of the
channel.

We start the presentation by writing explicitly the martingale inequalities that we rely on, derived
earlier along the derivation of the concentration inequalities in this chapter.

Martingale inequalities

The first martingale inequality that will be used in the following is given in (2.41). It was used earlier in
this chapter to prove the refinement of the Azuma-Hoeffding inequality in Theorem 5, and it is stated in
the following as a theorem:

Theorem 19. Let {Xj, F}}_,, for some n € N, be a discrete-parameter, real-valued martingale with
bounded jumps. Let

&2 X, — Xpq, Vke{l,....n}

designate the jumps of the martingale. Assume that, for some constants d,o > 0, the following two
requirements

& <d, Var(&|Fr_1) < o?

hold almost surely (a.s.) for every k € {1,...,n}. Let v £ %;. Then, for every t > 0,
n n
oo < ()

The second martingale inequality that will be used in the following is similar to (2.72) (while removing
the assumption that the martingale is conditionally symmetric). It leads to the following theorem:

Theorem 20. Let { X, Fi.}}_, for some n € N, be a discrete-time, real-valued martingale with bounded
jumps. Let

gkéXk_Xk—b Vk‘e{l,,n}
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and let m € N be an even number, d > 0 be a positive number, and {;;}*, be a sequence of numbers
such that

gk < d7
E[(&:)" | Freor] <, ViE{2,....m}
holds a.s. for every k € {1,...,n}. Furthermore, let

%é%, vie{2,...,m}

Then, for every t > 0,

E{@m<t§é&>}f;<1+nhlglij%l@@i+ym@“——1—t@>n.

k=1 =2

Achievable rates under ML decoding

The goal of this subsection is to derive achievable rates in the random coding setting under ML decoding.
We first review briefly the analysis in [32] for the derivation of the upper bound on the ML decoding error
probability. This review is necessary in order to make the beginning of the derivation of this bound more
accurate, and to correct along the way some inaccuracies that appear in [32, Section II]. After the first
stage of this analysis, we proceed by improving the resulting error exponents and their corresponding
achievable rates via the application of the martingale inequalities in the previous subsection.

Consider an ensemble of block codes C of length N and rate R. Let C € C be a codebook in the
ensemble. The number of codewords in C is M = [exp(INR)|. The codewords of a codebook C are
assumed to be independent, and the symbols in each codeword are assumed to be i.i.d. with an arbitrary
probability distribution P. An ML decoding error occurs if, given the transmitted message m and the
received vector y, there exists another message m’ # m such that

ly = Dugy|l2 < |ly — Dup||2.
The union bound for an AWGN channel implies that

Punte) s Y (1Pen 2 Dl

i Zm 20,

where the function @ is the complementary Gaussian cumulative distribution function (see (2.11)). By
using the inequality Q(z) < % exp(—x;) for x > 0, it gives the loosened bound (by also ignoring the
factor of one-half in the bound of Q)

— Du|2
Panl@) < 3 exp (1P 2l

82

m/#m
At this stage, let us introduce a new parameter p € [0, 1], and write

_ plDuy — Duyy|f3
82 ’

Pym(C) < ) exp

m'#m

Note that at this stage, the introduction of the additional parameter p is useless as its optimal value is
Popt = 1. The average ML decoding error probability over the code ensemble therefore satisfies

— Du,,, — Du,,||3
P <5 | 3 wp (2100 Dl
m/#m v
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and the average ML decoding error probability over the code ensemble and the transmitted message

_ Du — Du 2
P.<(M—-1)E [eXp (-””“—2‘1”2>] (2.206)
8o;
where the expectation is taken over two randomly chosen codewords u and u where these codewords are
independent, and their symbols are i.i.d. with a probability distribution P.
Consider a filtration Fy C F; C ... C Fn where the sub o-algebra F; is given by

satisfies

ﬂéJ(Ul,ﬁl,...,Ui,ﬁi), V’iE{l,...,N} (2.207)

for two randomly selected codewords u = (uq,...,uy), and u = (aq,...,uy) from the codebook; F; is
the minimal o-algebra that is generated by the first ¢ coordinates of these two codewords. In particular,
let Fo = {0,9Q} be the trivial o-algebra. Furthermore, define the discrete-time martingale {Xk,fk}ff:o
by

Xy, = E[||Du - Dul|3 | Fi) (2.208)
designates the conditional expectation of the squared Euclidean distance between the distorted codewords
Du and Du given the first i coordinates of the two codewords u and u. The first and last entries of this
martingale sequence are, respectively, equal to

Xo=E[[|Du—Dulj3], Xy =|Du-Dul. (2.209)
Furthermore, following earlier notation, let £, = X — X_1 be the jumps of the martingale, then

N
3" & = Xn — Xo = ||[Du— Du|f} - E[||Du — Dilf}
k=1

and the substitution of the last equality into (2.206) gives that

- E[||Du — Dil||2
PoéeXp(NR) exp <_p [H u u|||2]>]E

2
807

N
exp (—% : ng>] . (2.210)
k=1

Since the codewords are independent and their symbols are i.i.d., then it follows that

E||Du — Dul|f3
N
= > E[((Duls - [Di)?]
k;l
= ZVar ([Du]k — [Dﬁ]k)
T
=9 ZV&I‘ ([Du]k)
k=1
qg—1 N
=92 Var ([Dul;) + ZVar ([Duk)
k=1 k=q

Due to the channel model (see Eq. (2.227)) and the assumption that the symbols {u;} are i.i.d., it follows
that Var ([Dul;) is fixed for k =g,...,N. Let Dy(P) designate this common value of the variance (i.e.,
Dy (P) = Var ([Du]i) for k > ¢), then

q—1
E||Du — Dul||3 = 2 <ZVar ([Du]i) + (N —q+ 1)DV(P)> .
k=1
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Let

q—1
C,(P) £ exp {— <Zvar ((Dulx) — (¢ — 1)DV(P)> }
k=1

which is a bounded constant, under the assumption that ||ul|cc < K < +00 holds a.s. for some K > 0,
and it is independent of the block length N. This therefore implies that the ML decoding error probability
satisfies

P, < C,(P) exp {-N(%}EP) - R)} E [exp <% : zé Zk>

where Z), £ —&, so {Zy, Fi} is a martingale-difference that corresponds to the jumps of the martingale
{—Xk, Fi.}. From (2.208), it follows that the martingale-difference sequence {Z, Fi} is given by

v

, Ypelo] (2.211)

Z = X1 — Xg
= E[|Du — Dul|3| Fx_1] — E[[|Du — Du||3 | F]. (2.212)

For the derivation of improved achievable rates and error exponents (as compared to [32]), the two
martingale inequalities presented earlier in this subsection are applied to the obtain two possible expo-
nential upper bounds (in terms of N) on the last term on the right-hand side of (2.211).

Let us assume that the essential supremum of the channel input is finite a.s. (i.e., ||u||s is bounded
a.s.). Based on the upper bound on the ML decoding error probability in (2.211), combined with the
exponential martingale inequalities that are introduced in Theorems 19 and 20, one obtains the following
bounds:

. First Bounding Technique: From Theorem 19, if
Zk < d, Var(Zk ‘ fk—l) <o

holds a.s. for every k > 1, and 72 £ %5, then it follows from (2.211) that for every p € [0, 1]

d27

P'Yz
b w(2DuR) VY (e () e (£)
P, < C,(P) exp{ N( 102 R 1,

N

Therefore, the maximal achievable rate that follows from this bound is given by

2y & pDy(P) exP( md) T eXp( )
Ri(0,) = max max ¢ ———=— —1In
P pel0,1] 402 1+

(2.213)

where the double maximization is performed over the input distribution P and the parameter p € [0, 1].
The inner maximization in (2.213) can be expressed in closed form, leading to the following simplified
expression:

Yo d (oxp(d(pwz)) —1)
D ( 2Dy(P ) it D,(P) < o
5 ( s ) 1| o) 2<1+’720xp(—r( *”2>>)
Ry(02) = max S 2.214
1( l/) P D P eXp(_%)_i_weXp(sg%) ( )
D)y Y Y otherwise

40’3 1+72 ’




72 CHAPTER 2. THE MARTINGALE APPROACH AND APPLICATIONS

where

D(pllg) £ pIn (S) +(1-p)n (1—5) ;. Vp,qe(0,1) (2.215)

denotes the Kullback-Leibler distance (a.k.a. divergence or relative entropy) between the two probability
distributions (p,1 — p) and (¢q,1 — q).

. Second Bounding Technique Based on the combination of Theorem 20 and Eq. (2.211), we derive in the
following a second achievable rate for random coding under ML decoding. Referring to the martingale-
difference sequence {Zy, Fi}_, in Eqgs. (2.207) and (2.212), one obtains from Eq. (2.211) that if for some
even number m € N

Z <d, E[(Zk)l |fk_1] <, Yie{2,...,m}

hold a.s. for some positive constant d > 0 and a sequence {y;};",, and
i
’Ylég Vle{Q,...,m},

then the average error probability satisfies, for every p € [0, 1],

m—1 l N
= p Dy(P) 3 Y= Ym [ pd pd pd
=2 v v

2
407 o

This gives the following achievable rate, for an arbitrary even number m € N,

m—1 l
2y & pDu(P) N m (P pdy _,  pd
Ry(,) = max ,fél[%fi{ o2 1+l§:; T \8z) 7 eXp(sag) L= 502 ) |(26)

where, similarly to (2.213), the double maximization in (2.216) is performed over the input distribution
P and the parameter p € [0, 1].

Achievable rates for random coding

In the following, the achievable rates for random coding over various linear and non-linear channels (with
and without memory) are exemplified. In order to assess the tightness of the bounds, we start with a
simple example where the mutual information for the given input distribution is known, so that its gap
can be estimated (since we use here the union bound, it would have been in place also to compare the
achievable rate with the cutoff rate).

. Binary-Input AWGN Channel: Consider the case of a binary-input AWGN channel where

Y =Uk +vp
where U; = +A for some constant A > 0 is a binary input, and v; ~ N(0,02) is an additive Gaussian
noise with zero mean and variance o2. Since the codewords U = (Uy,...,Uy) and U = (Uy,...,Uy) are

independent and their symbols are i.i.d., let

PU,=A) =P(U,=A)=qa, PUy=-A)=PU,=-A)=1-a
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for some « € [0, 1]. Since the channel is memoryless and the all the symbols are i.i.d. then one gets from
(2.207) and (2.212) that

Z, = E[||U = U||2| Fr_i] — E[||U — U||2| F]

k—1 N k N
= DU =0+ D E[U; - U] | = DU =U)*+ > E[(U; - Uy)?]
J=1 j=k j=1 j=k+1
= E[(Uy — U)*] — (Ux — Uy)?
= a1l — a)(—24)? + a(1 — a)(24)? — (U}, — Uy)?
= 8a(l — a)A? — (U, — Up)>.
Hence, for every k,
Z), < 8a(l —a)A® £ 4. (2.217)
Furthermore, for every k,l € N, due to the above properties
E[(Z)"| Fi1]
=E[(Z)]
— E[(Sa(1 - )4 - (Ui~ 01)?)]
— [1—2a(1 — )] (8a(1 — @) 42) + 2a(1 — a) (8a(l — @) A? — 442)' 2 (2.218)
and therefore, from (2.217) and (2.218), for every | € N
2B 2a(1-a)] |14 (—1) 1-2a(1—a)\"™ (2.219)
= 2a(1 — ) ' '

Let us now rely on the two achievable rates for random coding in Egs. (2.214) and (2.216), and apply them
to the binary-input AWGN channel. Due to the channel symmetry, the considered input distribution is
symmetric (i.e., « = 1 and P = (3,1)). In this case, we obtain from (2.217) and (2.219) that

Y
Dy(P) = Var(Uy) = A2, d =242, ~ = # , VIEN. (2.220)

Based on the first bounding technique that leads to the achievable rate in Eq. (2.214), since the first
condition in this equation cannot hold for the set of parameters in (2.220) then the achievable rate in

this equation is equal to
2 2

Ri(02) = A In cosh(f—)

2 2
402 o5

in units of nats per channel use. Let SNR £ ?—22 designate the signal to noise ratio, then the first achievable
rate gets the form

N N
R (SNR) = STR — In cosh <STR> : (2.221)

It is observed here that the optimal value of p in (2.214) is equal to 1 (i.e., p* = 1).

Let us compare it in the following with the achievable rate that follows from (2.216). Let m € N be an
even number. Since, from (2.220), 7; = 1 for all even values of [ € N and 7; = 0 for all odd values of
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[ € N, then

il 802 " 802 802

v

- 1 pd \ 2! pd pd

=1 v

m_q

2041
Since the infinite sum )2, m (%) is monotonically increasing with m (where m is even and

p € [0,1]), then from (2.216), the best achievable rate within this form is obtained in the limit where m
is even and m — oo. In this asymptotic case one gets

b (1 = [ pd ! pdy | pd
Mmoo + Z ! 802 + Ym exp<w> T 802
l:2 14 14

v

@ 00 1 pd \ 2 pd pd
-1 Z(2l+1)! (803> * eXp(scﬂ) L= 5302

=1 v

©y <sinh(%) - %) + (exp<%> - %)

© pd
©) cosh<8ag> (2.223)
where equality (a) follows from (2.222), equality (b) holds since sinh(z) = 7%, % for x € R, and

equality (c) holds since sinh(z) + cosh(xz) = exp(z). Therefore, the achievable rate in (2.216) gives (from
d A2
2

2
2\ _ pA pA
Ry(o;) = p?[%,}i] <@ —In cosh(r‘g)> .
Since the function f(x) £ z—In cosh(z) for z € R is monotonic increasing (note that f’(z) = 1—tanh(z) >
0), then the optimal value of p € [0,1] is equal to 1, and therefore the best achievable rate that follows
from the second bounding technique in Eq. (2.216) is equal to

2

A? A
Ry(02) = ypoie In cosh(E)

in units of nats per channel use, and it is obtained in the asymptotic case where we let the even number
m tend to infinity. Finally, setting SNR = ‘;‘—2, gives the achievable rate in (2.221), so the first and second
achievable rates for the binary-input AWGN channel coincide, i.e.,

R} (SNR) = R,(SNR) = Sl?ITR — In cosh <81?ITR> . (2.224)

Note that this common rate tends to zero as we let the signal to noise ratio tend to zero, and it tends to
In 2 nats per channel use (i.e., 1 bit per channel use) as we let the signal to noise ratio tend to infinity.

In the considered setting of random coding, in order to exemplify the tightness of the achievable rate in
(2.224), it is compared in the following with the symmetric i.i.d. mutual information of the binary-input
AWGN channel. The mutual information for this channel (in units of nats per channel use) is given by
(see, e.g., [12, Example 4.38 on p. 194])

C(SNR) =2 + (2 SNR — 1) Q(VANE) — 1/ 258 exp (- )

o (1) o ,
- ; {i(i ~h exp(2i(i + 1) SNR) Q((1 + 2i) \/SNR)} (2.225)
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where the @-function that appears in the infinite series on the right-hand side of (2.225) is the comple-
mentary Gaussian cumulative distribution function in (2.11). Furthermore, this infinite series has a fast
convergence where the absolute value of its n-th remainder is bounded by the (n + 1)-th term of the
series, which scales like 27 (due to a basic theorem on infinite series of the form Y, (—1)" a, where
{a,} is a positive and monotonically decreasing sequence; the theorem states that the n-th remainder of
the series is upper bounded in absolute value by a,,41).

The comparison between the mutual information of the binary-input AWGN channel with a symmetric
ii.d. input distribution and the common achievable rate in (2.224) that follows from the martingale
approach is shown in Figure 2.3.

0.7

0.6 : : -

051 : <

03+ ;

0.2 ’

Achievable rates (nats per channel use)

01/

Figure 2.3: A comparison between the symmetric i.i.d. mutual information of the binary-input AWGN
channel (solid line) and the common achievable rate in (2.224) (dashed line) that follows from the mar-
tingale approach in this subsection.

From the discussion in this subsection, the first and second bounding techniques in Section 2.6.8 lead
to the same achievable rate (see (2.224)) in the setup of random coding and ML decoding where we
assume a symmetric input distribution (i.e., P(£A) = 1). But this is due to the fact that, from (2.220),
the sequence {7;};>2 is equal to zero for odd indices of I and it is equal to 1 for even values of [ (see
the derivation of (2.222) and (2.223)). Note, however, that the second bounding technique may provide
tighter bounds than the first one (which follows from Bennett’s inequality) due to the knowledge of {7;}
for I > 2.

. Nonlinear Channels with Memory - Third-Order Volterra Channels: The channel model is first presented

in the following (see Figure 2.4). We refer in the following to a discrete-time channel model of nonlinear
Volterra channels where the input-output channel model is given by

Y; = [Du], +v; (2.226)

where i is the time index. Volterra’s operator D of order L and memory g is given by
L q q
[Du]l = ho + Z Z L Z hj(’il, L ,ij)ui_il coe Uiy (2227)
j=1i1=0 ;=0

and v is an additive Gaussian noise vector with i.i.d. entries v; ~ N(0,02).
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Gaussian noise
v

l

Volterra
v Operator D @ Y

Figure 2.4: The discrete-time Volterra non-linear channel model in Eqgs. (2.226) and (2.227) where the
channel input and output are {U;} and {Y;}, respectively, and the additive noise samples {v;}, which are

added to the distorted input, are i.i.d. with zero mean and variance o2.

Table 2.1: Kernels of the 3rd order Volterra system D; with memory 2
kernel h1(0) h1(1) h1(2) h2(0,0) ha(1,1) h2(0,1)
value 1.0 05 | —08 1.0 —0.3 0.6

kernel || h3(0,0,0) | hs(1,1,1) | h3(0,0,1) | h3(0,1,1)
value 1.0 —-0.5 1.2 0.8

kernel || h3(0,1,2)
value 0.6

Under the same setup of the previous subsection regarding the channel input characteristics, we consider
next the transmission of information over the Volterra system D; of order L = 3 and memory ¢ = 2,
whose kernels are depicted in Table 2.1. Such system models are used in the base-band representation of
nonlinear narrow-band communication channels. Due to complexity of the channel model, the calculation
of the achievable rates provided earlier in this subsection requires the numerical calculation of the pa-
rameters d and o2 and thus of v, for the martingale {Z;, .7-}}?;0. In order to achieve this goal, we have to
calculate |Z; — Z;_1| and Var(Z;|F;_1) for all possible combinations of the input samples which contribute
to the aforementioned expressions. Thus, the analytic calculation of d and ~; increases as the system’s
memory ¢ increases. Numerical results are provided in Figure 2.5 for the case where 02 = 1. The new

achievable rates R§2) (D1, A, 02) and Ry(Dy, A, 02), which depend on the channel input parameter A, are
compared to the achievable rate provided in [32, Fig. 2] and are shown to be larger than the latter.

0.2t O S e SN
; T
T | e T e T
c S e T |
g
S 0.15¢
B 7
o
[}
b
=)
£ 01
8
B
@ Ro(D1A Y
§ 0.05} RP(D1A D) ...
5 RoD1,A02) oo
<

0 02 04 06 08 1 12 14 16 18 2
A
Figure 2.5: Comparison of the achievable rates in this subsection Ry (D1, 4,02) and R;z) (D1, A,02) (where

m = 2) with the bound R,(D1, A,02) of [32, Fig.2] for the nonlinear channel with kernels depicted in
Table 2.1 and noise variance o2 = 1. Rates are expressed in nats per channel use.
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To conclude, improvements of the achievable rates in the low SNR regime are expected to be ob-
tained via existing improvements to Bennett’s inequality (see [102] and [103]), combined with a possible
tightening of the union bound under ML decoding (see, e.g., [104]).

2.7 Summary

This chapter derives some classical concentration inequalities for discrete-parameter martingales with
uniformly bounded jumps, and it considers some of their applications in information theory and related
topics. The first part is focused on the derivation of these refined inequalities, followed by a discussion
on their relations to some classical results in probability theory. Along this discussion, these inequalities
are linked to the method of types, martingale central limit theorem, law of iterated logarithm, moderate
deviations principle, and to some reported concentration inequalities from the literature. The second part
of this work exemplifies these martingale inequalities in the context of hypothesis testing and information
theory, communication, and coding theory. The interconnections between the concentration inequalities
that are analyzed in the first part of this work (including some geometric interpretation w.r.t. some of
these inequalities) are studied, and the conclusions of this study serve for the discussion on information-
theoretic aspects related to these concentration inequalities in the second part of this chapter. A recent
interesting avenue that follows from the martingale-based inequalities that are introduced in this chapter
is their generalization to random matrices (see, e.g., [105] and [106]).

2.A Proof of Proposition 1

Let { Xy, Fir}32, be a discrete-parameter martingale. We prove in the following that Theorem 5 implies
(2.73).

Let { Xy, Fr}32, be a discrete-parameter martingale that satisfies the conditions in Theorem 5. From
(2.33)

&+
- > < — — )
P(|X,, Xo\_a\/ﬁ)_2exp< nD<1+7H1+7 (2.228)
where from (2.34)
1 a Vn 0
avn _ 0 2.22
§a= (2.229)

From the right-hand side of (2.228)
/

D<6+7H Y >

L+~ 11T+

) ) e

From the equality

o _(w*
1 In(1 = — -1 <1
(1+u)In(1 +w) u—l—kzzzk(k_l), <u<
then it follows from (2.230) that for every n > %
/ 2 3(1 —
D<5 +’YHL> I e ) U S
L+~ 11T+

T2y 62 n
52 1
-5 +0(5)

Substituting this into the exponent on the right-hand side of (2.228) gives (2.73).
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2.B Analysis related to the moderate deviations principle in Sec-
tion 2.5.3

It is demonstrated in the following that, in contrast to Azuma’s inequality, Theorem 5 provides an upper

bound on
P (( 3 X
i=1

which coincides with the exact asymptotic limit in (2.107). It is proved under the further assumption that
there exists some constant d > 0 such that |X| < d a.s. for every k € N. Let us define the martingale
sequence {S, Fi}}_, where

20m77>, Ya>0

k
Se2 ) Xi, Fpfo(Xy....Xp)

i=1

for every k € {1,...,n} with Sy =0 and Fy = {0, F}.

Analysis related to Azuma’s inequality

The martingale sequence {Si, Fj.}}_, has uniformly bounded jumps, where |S — Si_1| = |X}| < d as.
for every k € {1,...,n}. Hence it follows from Azuma’s inequality that, for every o > 0,

a2n2n—1
> m < S
]P’(]Sn\_om)_2exp< 52 >

and therefore 5

. 1-2 o
nhi&n T InP(|Sy| > an”) < 3R (2.231)
This differs from the limit in (2.107) where o is replaced by d?, so Azuma’s inequality does not provide
the asymptotic limit in (2.107) (unless 02 = d?, i.e., | X}| = d a.s. for every k).

Analysis related to Theorem 5

The analysis here is a slight modification of the analysis in Appendix 2.A with the required adaptation
of the calculations for n € (%, 1). It follows from Theorem 5 that, for every a > 0,

O+ v
> an') < - 1+~
P(!Sn\_an)_%xp( nD<1-|—fyH1+"Y>>

where ~ is introduced in (2.34), and ¢ in (2.229) is replaced with

(6]

5 & ";” = on~(1=m (2.232)

due to the definition of § in (2.34). Following the same analysis as in Appendix 2.A, it follows that for

every n € N
2, 2n—1 _
P(]S,| > an') < 2exp <— T; [1 + ol=9) S ])
i

3vd

2

and therefore (since, from (2.34), % = %)

042

lim n'2" InP(|S,| > an’) < ——. (2.233)

n—oo 20’2

Hence, this upper bound coincides with the exact asymptotic result in (2.107).
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2.C Proof of Proposition 2

The proof of (2.162) is based on calculus, and it is similar to the proof of the limit in (2.161) that relates
the divergence and Fisher information. For the proof of (2.164), note that

&2 53
C(Py, Py) > Er(Py, Py) > mi e e 2.234
(o) 2 P 2 iy~ g @258
The left-hand side of (2.234) holds since Ef, is a lower bound on the error exponent, and the exact value
of this error exponent is the Chernoff information. The right-hand side of (2.234) follows from Lemma 7
2

(see (2.159)) and the definition of Ey, in (2.163). By definition ~; = ;—% and §; = 7 where, based on
(2.149),

&1 = D(Pg”Pgl), &9 = D(PéHPQ) (2.235)

The term on the left-hand side of (2.234) therefore satisfies

& &
2% 677 (1 +m)
e eld;

T 202 602(02 + )

> 622 1— 5idi
~ 202 3

7

so it follows from (2.234) and the last inequality that

; id;i
C(Py, Py) > Ev(Pp, Py) > min { — (1 ° . (2.236)
i=1,2 | 20; 3

Based on the continuity assumption of the indexed family {FPp}pco, then it follows from (2.235) that
lime; =0, Vie{l,2
Jim e 0, Vie{l,2}

and also, from (2.130) and (2.140) with P; and P» replaced by Py and P} respectively, then

lim d; =0, Vie{1,2).
eflgled 0, Vie{l,2}

It therefore follows from (2.162) and (2.236) that

JO) _ .. Euly,Py) _ . . g2
8 o =07 =0 B\ 2020 -0 (2.237)
The idea is to show that the limit on the right-hand side of this inequality is @ (same as the left-hand

side), and hence, the limit of the middle term is also @.
2

. &7
7 35209 — )
® D(Py||Py)?

= o5 N2

0'—0 207 (0 — 6)

(b J(0) D(Py||Py)

= lim
4 0—6 o2
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© J(8) . D(Py||Pyr)
Y ) Py(x) 2
Ssex Po(@) (n 52455 — DRI Py))
() Jgf) lim, D(Perezf)
'— Py(x
Soex Po(@) (n $245) " — D(Py||Py)?
2 N2
Spex Pol@) (25" = D(By||Py)?
2 N2
> wex Po(x) (hﬂ P;}(?))
© —g) (2.238)

where equality (a) follows from (2.235), equalities (b), (e) and (f) follow from (2.161), equality (c) follows
from (2.131) with P, = Py and P» = Py, equality (d) follows from the definition of the divergence, and
equality (g) follows by calculus (the required limit is calculated by using L’Hépital’s rule twice) and from
the definition of Fisher information in (2.160). Similarly, also

€2 J(0)
li 2 =
o—p 202(0 — 0')2 8

SO
lim min el _JY)
0—0i=12 | 202(0 — 02 8 °
Hence, it follows from (2.237) that limg_g % = @. This completes the proof of (2.164).
We prove now equation (2.166). From (2.130), (2.140), (2.149) and (2.165) then
- e
En(Pp, Fy) = min 22
with 1 and e in (2.235). Hence,
EL(PQ, Pg/) 6%

BB Py) _ o &
0 O =02 = 0 2B — o)

and from (2.238) and the last inequality, it follows that

lim Er,(Py, Py)

o= (6 —0)2
2

- J(0) i 1

=78 &
2
. Y ecx Po(@) (In 522 — D(Py|| Py)
® Jgf) Jim = (£33 )2 . (2.239)
<maxxe;g ‘ln ]i?,(é)) - D(P(;HP(;/)D

It is clear that the second term on the right-hand side of (2.239) is bounded between zero and one
(if the limit exists). This limit can be made arbitrarily small, i.e., there exists an indexed family of
probability mass functions {Fj}pco for which the second term on the right-hand side of (2.239) can
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be made arbitrarily close to zero. For a concrete example, let « € (0,1) be fixed, and § € RT be
a parameter that defines the following indexed family of probability mass functions over the ternary
alphabet X = {0,1,2}:

(1 — «) 11—«
%(0) 110 p(1) =,  Py(2) 110
Then, it follows by calculus that for this indexed family
2
> zex Po(z) (hﬂ Pa((fc)) (P9||P9'))
(},ime =(1-a«a)b

2
<maxxe;g ‘ln 7, ((w)) (P(;HPG’)D

so, for any 6 € RT, the above limit can be made arbitrarily close to zero by choosing « close enough to 1.
This completes the proof of (2.166), and also the proof of Proposition 2.

2.D Proof of Lemma 8

In order to prove Lemma 8, one needs to show that if p'(1) < oo then

> 1-C3
. . 21,
é@l Z(z—i— 1)%1; [h2 < 5 )

i=1

2
—0 (2.240)

which then yields from (2.188) that B — oo in the limit where C' — 1.
By the assumption in Lemma 8 where p'(1) < co then ) 2 ip; < 0o, and therefore it follows from
the Cauchy-Schwarz inequality that
Z Pis e >0

2 1 Zpl
Hence, the average degree of the parity-check nodes is finite

1
A8 = —— < o,

Yt
The infinite sum Y52, (i + 1)?T; converges under the above assumption since

[e.e]

> (i+1)°r;

i=1

00 00
i=1 i=1 i
oo
= d2v® (Zipri-?) +1 < o0.

i=1

where the last equality holds since

L

T
Jo p(z)dz
= e (&’) . VieN.
i
The infinite series in (2.240) therefore uniformly converges for C' € [0, 1], hence, the order of the limit

and the infinite sum can be exchanged. Every term of the infinite series in (2.240) converges to zero in
the limit where C' — 1, hence the limit in (2.240) is zero. This completes the proof of Lemma 8.
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2.E Proof of the properties in (2.198) for OFDM signals

Consider an OFDM signal from Section 2.6.7. The sequence in (2.196) is a martingale due to basic
properties of martingales. From (2.195), for every i € {0,...,n}

Y = E[Orgt%b(t; D G >Xn—1)”X07 e X

The conditional expectation for the RV Y;_; refers to the case where only Xg, ..., X;_o are revealed. Let

X!, and X;_; be independent copies, which are also independent of Xy, ..., X;_2,X;,..., X,_1. Then,
for every 1 < i <mn,

. — . ! . .
Y E[Orél%)%|s(t, Xoy. s X1y, Xiy oo X)) ‘XO,...,X,_Q]

_ E[Org%b(t, X0, X1, Xy, X)) ‘XO,...,X,_Q,X,_l].

Since |[E(Z)| < E(|Z]), then for i € {1,...,n}
Vi~ Yiet| <Exs  xixos [[U V] ‘ Xo, ... ,X,-_l] (2.241)
where

U £ max ‘s(t;Xo,...,X,-_l,X,-,...,Xn_l)|

0<t<T
A . /
V= 0%8;%‘8(157)(0, ey i—leiv ce ,Xn_1)|.
From (2.193)
‘U - V’ < OlgtagT‘S(t; XQ, v 7Xi—17Xi7 “e 7Xn—l) — S(t; XQ, ey 7{_17X7;7 v ,Xn_l)‘
1 J2mit
= g | (X = X e ()
X1 — X|
- M (2.242)
NG

By assumption, |X;_1| = |X/_;| = 1, and therefore a.s.
Xior— Xy 2= Vi~ Yioy| < =
i—1 i—11 = 7 i—1] = \/ﬁ

In the following, an upper bound on the conditional variance Var(Y;|F;_1) = E[(YZ — Y 1)? |]-'Z-_1] is
obtained. Since (E(Z))2 < E(Z?) for a real-valued RV Z, then from (2.241) and (2.242)

E[(Y; = Y1) |Fic] < = Exr [ Xio1 — X[ | ]

S
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where F; is the o-algebra that is generated by X, ...

then

E[(Y; — Yi—1)?| Fizi]

1

< -Exy, [1Xio1 — X[ * | 7]

1
EE[\X,-_l - X/_11*| Xo, ..., Xi—1]

1
;E[\X,-_l — X] 11* Xi-4]

1 j T
~E||Xi1 — X[y Ximy = €3]

M-1

=

g (24 1) |2

eM —e M

=

1 — 2™ M
Re{m} 3
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, X;—1. Due to symmetry of the PSK constellation,



Chapter 3

The Entropy Method, Log-Sobolev and
Transportation-Cost Inequalities: Links
and Applications in Information Theory

This chapter introduces the entropy method for deriving concentration inequalities for functions of many
independent random variables, and exhibits its multiple connections to information theory. The chapter
is divided into four parts. The first part of the chapter introduces the basic ingredients of the entropy
method and closely related topics, such as the logarithmic-Sobolev inequalities. These topics underlie
the so-called functional approach to deriving concentration inequalities. The second part is devoted to
a related viewpoint based on probability in metric spaces. This viewpoint centers around the so-called
transportation-cost inequalities, which have been introduced into the study of concentration by Marton.
The third part gives a brief summary of some results on concentration for dependent random variables,
emphasizing the connections to information-theoretic ideas. The fourth part lists several applications of
concentration inequalities and the entropy method to problems in information theory. The considered
applications include strong converses for several source and channel coding problems, empirical distribu-
tions of good channel codes with non-vanishing error probability, and an information-theoretic converse
for concentration of measures.

3.1 The main ingredients of the entropy method

As a reminder, we are interested in the following question. Let Xi,...,X,, be n independent random
variables, each taking values in a set X. Given a function f : X" — R, we would like to find tight
upper bounds on the deviation probabilities for the random variable U = f(X™), i.e., we wish to bound
from above the probability P(|[U — EU| > r) for each r > 0. Of course, if U has finite variance, then
Chebyshev’s inequality already gives

var(U)

P(U ~EU| > 7) < =

. Vr>0. (3.1)

However, in many instances a bound like (3.1) is not nearly as tight as one would like, so ideally we aim
for Gaussian-type bounds

P(|U —EU| > r) < Kexp (—xr?), Vr>0 (3.2)

for some constants K, x > 0. Whenever such a bound is available, K is a small constant (usually, K = 2),
while xk depends on the sensitivity of the function f to variations in its arguments.

84
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In the preceding chapter, we have demonstrated the martingale method for deriving Gaussian con-
centration bounds of the form (3.2). In this chapter, our focus is on the so-called “entropy method,” an
information-theoretic technique that has become increasingly popular starting with the work of Ledoux
[34] (see also [2]). In the following, we will always assume (unless specified otherwise) that the function
f: X™ — R and the probability distribution P of X" are such that

U = f(X™) has zero mean: EU = Ef(X") =0
U is exponentially integrable:
Elexp(AU)] = E [exp (Af(X™))] < oo, VAeR (3.3)
[another way of writing this is exp(Af) € L*(P) for all A € R].
In a nutshell, the entropy method has three basic ingredients:

. The Chernoff bounding trick — using Markov’s inequality, the problem of bounding the deviation
probability P(JU — EU| > r) is reduced to the analysis of the logarithmic moment-generating function
A()\) £ InE[exp(AU)], A € R.

. The Herbst argument — the function A()) is related through a simple first-order differential equa-
tion to the relative entropy (information divergence) D(PA/)||P), where P = Pxn is the probability
distribution of X" and PP is the tilted probability distribution defined by

AP exp(Af)
dP  Elexp(\f)]

=exp (Af — A(N)). (3.4)

If the function f and the probability distribution P are such that

2
D(PO|P) < & (3.5)
for some ¢ > 0, then the Gaussian bound (3.2) holds with K = 2 and x = % The standard way to
establish (3.5) is through the so-called logarithmic Sobolev inequalities.

. Tensorization of the entropy — with few exceptions, it is rather difficult to derive a bound like
(3.5) directly. Instead, one typically takes a divide-and-conquer approach: Using the fact that Pxn is a
product distribution (by the assumed independence of the X;’s), the divergence D(PX)||P) is bounded
from above by a sum of “one-dimensional” (or “local”) conditional divergence terms

p(PY)

Py,

P)(_Qf)), i=1,...,n (3.6)

Xi|Xi
where, for each i, X’ € X"! denotes the (n— 1)-tuple obtained from X™ by removing the ith coordinate,
ie, X'=(Xy,...,Xi-1,Xit1,.-.,Xpn). Despite their formidable appearance, the conditional divergences
in (3.6) are easier to handle because, for each given realization X* = z*, the ith such term involves a
single-variable function f;(-|z°) : X — R defined by fi(y|z%) £ f(z1,..., 21,9, Tis1,--.,2n) and the

corresponding tilted distribution P)((/\{ ))—(i:fi, where
(Af) iy
APy iy exp (Afi(|z%))

= P n—1
dPx, K [exp (/\fz(Xz|:iZ))] ) Vz'e X" (3.7)
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In fact, from (3.4) and (3.7), it is easy to see that the conditional distribution P)(()‘{ ))—(i:fi is nothing but
A

the tilted distribution P)(Qf iCED) s simple observation translates into the following: If the function f
and the probability distribution P = Pxn are such that there exist constants cq,...,c, > 0 so that

D(P)%fi("fi))HPXi) < Ci;, Vie{l,...,n}, 7 € A1, (3.8)

then (3.5) holds with ¢ =37 | ¢; (to be shown explicitly later), which in turn gives that
2
Again, one would typically use logarithmic Sobolev inequalities to verify (3.8).

In the remainder of this section, we shall elaborate on these three ingredients. Logarithimic Sobolev
inequalities and their applications to concentration bounds are described in detail in Sections 3.2 and 3.3.

3.1.1 The Chernoff bounding trick

The first ingredient of the entropy method is the well-known Chernoff bounding trick!': Using Markov’s
inequality, for any A > 0 we have

P(U > r) =P(exp(AU) > exp(Ar))
< exp(—Ar)E[exp(A\U)].

Equivalently, if we define the logarithmic moment generating function A(\) 2 InE[exp(AU)], A € R, we
can write

P(U > r) < exp (AX) — M), VA > 0. (3.10)

To bound the probability of the lower tail, P(U < —r), we follow the same steps, but with —U instead of
U. From now on, we will focus on the deviation probability P(U > r).

By means of the Chernoff bounding trick, we have reduced the problem of bounding the deviation
probability P(U > r) to the analysis of the logarithmic moment-generating function A(\). The following
properties of A(A) will be useful later on:

A0) =0

Because of the exponential integrability of U [cf. (3.3)], A()\) is infinitely differentiable, and one can
interchange derivative and expectation. In particular,

sy E[Uexp(AU)] vy E[0%exp(AD)]  (E[Uexp(AU)]
o =S Y0 = Sl - (e ) 00
Since we have assumed that EU = 0, we have A’(0) =0 and A”(0) = var(U).
Since A(0) = A’(0) = 0, we get
A

!The name of H. Chernoff is associated with this technique because of his 1952 paper [107]; however, its roots go back to
S.N. Bernstein’s 1927 textbook on the theory of probability [108].
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3.1.2 The Herbst argument

The second ingredient of the entropy method consists in relating this function to a certain relative entropy,
and is often referred to as the Herbst argument because the basic idea underlying it had been described
in an unpublished note by I. Herbst.

Given any function g : X™ — R which is exponentially integrable w.r.t. P, i.e., Elexp(g(X™))] < oo,
let us denote by P the g-tilting of P:

dpr® _exp(g)
dP  Elexp(g)]’

Then

(9)
D(PW||P) = / ln<d§P )dP(g)
dprw) dP@
_/n dP ln< dP )dP

B M' — Inlijex
_/nE[exp(g)] (9 — InElexp(g)]) dP

1
~ e / gexp(g) AP — InElexp(g)]
_ Elgexp(g)]
Bl o)

In particular, if we let g = tf for some ¢ # 0, then

_ t-E[f exp(tf)]
p P ———— = — InElexp(t
DIPEIP) = g [exp(t])]
= tA'(t) — A(t)
' A(t)
2
=1 < - —2>
d [A(t)
_ 42>
e (A0, -
where in the second line we have used (3.11). Integrating from ¢ = 0 to t = A and using (3.12), we get
A D(PEH]|| p

Combining (3.14) with (3.10), we have proved the following:

Proposition 4. Let U = f(X™) be a zero-mean random variable that is exponentially integrable. Then,
for any r > 0,

A (tf)
IP(U > 7‘) < exp <)\/ Mdt — )\7") , YA > 0. (3.15)
0

Thus, we have reduced the problem of bounding the deviation probabilities P(U > r) to the problem
of bounding the relative entropies D(Pf)||P). In particular, we have
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Corollary 7. Suppose that the function f and the probability distribution P of X™ are such that

42
D(PUD|P) < -, ¥t>0 (3.16)
for some constant ¢ > 0. Then,
2
P(U >r) <exp <_2_c> , Vr>0. (3.17)

Proof. Using (3.16) to upper-bound the integrand on the right-hand side of (3.16), we get

2
P(U >r) <exp (% - /\7‘> , VA > 0. (3.18)

Optimizing over A > 0 to get the tightest bound gives A = %, and its substitution in (3.18) gives the
bound in (3.17). O

3.1.3 Tensorization of the (relative) entropy

The relative entropy D(Pf)|P) involves two probability measures on the Cartesian product space X™,
so bounding this quantity directly is generally very difficult. This is where the third ingredient of the
entropy method, the so-called tensorization step, comes in. The name “tensorization” reflects the fact
that this step involves bounding D(P®*/)||P) by a sum of “one-dimensional” relative entropy terms, each
involving the conditional distributions of one of the variables given the rest. The tensorization step hinges
on the following simple bound:

Proposition 5. Let P and @ be two probability measures on the product space X™, where P is a product
measure. For any i € {1,...,n}, let X* denote the (n — 1)-tuple (X1,...,X;_1, Xit1,...,X,) obtained
by removing X; from X™. Then

D@Q|P) <> D(Qx, x| Px.|Qx:)- (3.19)

=1

Proof. From the relative entropy chain rule

D(Q|P) = ZD(QXHXH || Py, xi-1 | Qxi-1)

i=1
n
=Y D(Qx, x| Px; | Qxi1) (3.20)
i=1
where the last equality holds since X7, ..., X,, are independent random variables under P (which implies

that Py, xi-1 = Py, xi = Px,). Furthermore, for every i € {1,...,n},

= EQ [ln 7dPXi :| — EQ [ln 7dPXi :|

_ dQx;x:

=Eg |In dQXiXill

= D(Qx,x:i[|@x,xi-1]|Qx:) = 0. (3.21)

Hence, by combining (3.20) and (3.21), we get the inequality in (3.19). O
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Remark 19. The quantity on the right-hand side of (3.19) is actually the so-called erasure divergence
D= (Q||P) between @ and P (see [109, Definition 4]), which in the case of arbitrary @ and P is defined
by
n
D™ (QIIP) £ Y D(Qx, il Py, x:1Qx:)- (3.22)
i=1
Because in the inequality (3.19) P is assumed to be a product measure, we can replace Px,xi by Px,. For

a general (non-product) measure P, the erasure divergence D~ (Q|/P) may be strictly larger or smaller
than the ordinary divergence D(Q||P). For example, if n =2, Px, = Qx,, Px, = Qx,, then

d@xix. _ d9xx; _ dQx,.x,
dPXI\Xg dPX2|X1 dPx, x, ’

so, from (3.22),

D_(QX17X2HPX17X2) = D(QX1|X2HPX1\X2|QX2) + D(QX2\X1 ||PX2|X1 |QX1) = QD(QX17X2HPX1,X2)'

On the other hand, if X; = X5 under both P and @, then D~ (Q||P) = 0, but D(Q||P) > 0 whenever
P # @, s0 D(Q||P) > D~ (Q]|P) in this case.

Applying Proposition 5 with Q = P to bound the divergence in the integrand in (3.15), we obtain
from Corollary 7 the following:

Proposition 6. For any r > 0, we have

n o D(PYL P | PLY
P(U>7r) <exp (A (XiXtQ L PVI ,
i=1 70

YA >0 (3.23)

The conditional divergences in the integrand in (3.23) may look formidable, but the remarkable thing is
that, for each ¢ and a given X' = Z’, the corresponding term involves a tilting of the marginal distribution

Px,. Indeed, let us fix some i € {1,...,n}, and for each choice of ' € X"~ ! let us define a function
fi(-]7") : X — R by setting
fl(y|jz) éf(xlv"'axi—17y7$i+17"'>xn)7 Vye X. (324)
Then
(f) _;
Wippms _ o (1) (3.25)
In other words, P)((f TX@':@@' is the f;(-|z%)-tilting of Px,. This is the essence of tensorization: we have

effectively decomposed the n-dimensional problem of bounding D(P/)||P) into n one-dimensional prob-
lems, where the ith problem involves the tilting of the marginal distribution Py, by functions of the form
fi(-]z%),vZ'. In particular, we get the following:

Corollary 8. Suppose that the function f and the probability distribution P of X" are such that there

exist some constants ci,...,c, > 0, so that, for any £ > 0,
Nar -t2 .
D(PEF DV |Py) <%= vie{l,...n} @ ean (3.26)
Then

2

]P’(f(X") ~Ef(X") > 7’) < exp (‘22%10

> , Vr>0. (3.27)
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Proof. For any ¢t > 0

D(PU)||P)
< ZD( o |P(tf)> (3.28)
_ Z /X - ng‘XZ » PXZ) P (az) (3.29)
= Z/Xn D(PEIN Py ) PED () (3.30)
< Z/Xn 1 ait? P (az') (3.31)
T
~L3. (3.32)

i=1
where (3.28) follows from the tensorization of the relative entropy, (3.29) holds since P is a product
measure (so Py, = Py, x:) and by the definition of the conditional relative entropy, (3.30) follows from

(3.24) and (3.25) which implies that Pgﬁ}(zz;@z = ngi('lii)), and inequality (3.31) holds by the assumption
n (3.26). Finally, the inequality in (3.27) follows from (3.32) and Corollary 7. O

3.1.4 Preview: logarithmic Sobolev inequalities

Ultimately, the success of the entropy method hinges on demonstrating that the bounds in (3.26) hold for
the function f: X™ — R and the probability distribution P = Px= of interest. In the next two sections,
we will show how to derive such bounds using the so-called logarithmic Sobolev inequalities. Here, we will
give a quick preview of this technique.

Let 4 be a probability measure on X', and let A be a family of real-valued functions g : X — R,
such that for any a > 0 and g € A, also ag € A. Let £ : A — RT be a non-negative functional that is
homogeneous of degree 2, i.e., for any a > 0 and g € A, we have F(ag) = a®’E(g). Suppose further that
there exists a constant ¢ > 0, such that the inequality

cE(9)

D(p9|u) < 5

holds for any g € A. Now, suppose that, for each i € {1,...,n}, inequality (3.33) holds with u = Pk,
holds and some constant ¢; > 0 where A is a suitable family of functions f such that, for any #* € A"~}
and i € {1,...,n},

BE(fi(z)) <1

where f; is defined in (3.24). Then, the bounds in (3.26) hold since from (3.33) and the above properties
of the functional E, it follows that for every ¢t > 0 and ' € A"~}

Cit2 E(fz(‘(i'l))

2
'752
< 622 , Vie{l,...,n}.

(3.33)
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Consequently, the Gaussian concentration inequality in (3.27) follows from Corollary 8.

3.2 The Gaussian logarithmic Sobolev inequality (LSI)

Before turning to the general scheme of logarithmic Sobolev inequalities in the next section, we will
illustrate the basic ideas in the particular case when Xi,..., X, are i.i.d. standard Gaussian random
variables. The relevant log-Sobolev inequality in this instance comes from a seminal paper of Gross
[35], and it connects two key information-theoretic measures, namely the relative entropy and the rel-
ative Fisher information. In addition, there are deep links between Gross’s log-Sobolev inequality and
other fundamental information-theoretic inequalities, such as Stam’s inequality and the entropy power
inequality. Some of these fundamental links are considered in this section.

For any n € N and any positive-semidefinite matrix K € R™*", we will denote by G the Gaussian
distribution with zero mean and covariance matrix K. When K = sI,, for some s > 0 (where I,, denotes
the n x n identity matrix), we will write G7. We will also write G™ for G when n > 2, and G for G%.
We will denote by 7%, 7', 7s, and v the corresponding densities.

We first state Gross’s inequality in its (more or less) original form:

Theorem 21. For Z ~ G™ and for any smooth function ¢ : R™ — R, we have
E[¢*(Z)In¢*(2)] — E[¢*(2)| mE[¢*(Z)] < 2E [[IVo(Z)|’] . (3.34)

Remark 20. As shown by Carlen [110], equality in (3.34) holds if and only if ¢ is of the form ¢(z) =
exp (a, z) for some a € R"™, where (-,-) denotes the standard Euclidean inner product.

Remark 21. There is no loss of generality in assuming that E[¢?(Z)] = 1. Then (3.34) can be rewritten
as

E[(2)n*(2)] <2E[|VH(2)?],  HEF(2)] =1, Z~C". (3.35)

Moreover, a simple rescaling argument shows that, for Z ~ G} and an arbitrary smooth function ¢ with
E[¢*(2)] = 1,

E[¢*(Z)In¢*(2)] < 25E [|[Vo(2)[]*] . (3.36)

An information-theoretic proof of the Gaussian LSI (Theorem 21) is provided in the continuation to
this section. The reader is also referred to [111] for another proof that is not information-theoretic.

From an information-theoretic point of view, the Gaussian LSI (3.34) relates two measures of (dis)similarity
between probability measures — the relative entropy (or divergence) and the relative Fisher information
(or Fisher information distance). The latter is defined as follows. Let P, and P, be two Borel probability
measures on R™ with differentiable densities p; and pa. Then the relative Fisher information (or Fisher
information distance) between P; and P; is defined as (see [112, Eq. (6.4.12)])

p1(2)
p2(2)

2
pi(z)dz = Ep,

dp, |2

Vin HVIH—

(PP 2 / , (3.37)

dPs

n

whenever the above integral converges. Under suitable regularity conditions, I(P;||P;) admits the equiv-

alent form (see [113, Eq. (1.108)])
[dP;
\% d—&

2

2
_ B )| g,
I(Py || ) —4/Rnp2( ) ||V 7 (2) dz =4Ep, (3.38)




92 CHAPTER 3. THE ENTROPY METHOD, LSI AND TC INEQUALITIES

Remark 22. One condition under which (3.38) holds is as follows. Let £ : R™ — R"™ be the distributional
(or weak) gradient of \/dPy/dPs = \/p1/pa, i.e., the equality

Oo,/pl(z)- z)dz = — - (2)Y(2)dz

holds for all i = 1,...,n and all test functions ¢ € C°(R"™) [114, Sec. 6.6]. Then (3.38) holds, provided
¢ e L2(P2).

Now let us fix a smooth function ¢ : R™ — R satisfying the normalization condition fRn $?dG™ = 1;
we can assume w.l.o.g. that ¢ > 0. Let Z be a standard n-dimensional Gaussian random variable, i.e.,
Pz =G™, and let Y € R" be a random vector with distribution Py satisfying

dPy  dPy

- - = — 2
dP; dGn ¢
Then, on the one hand, we have
d P dP;
2 2 _ Y Y —
E[2(2)m e (2)] = | (§o@) ) (§2)) | = Drvir), (3.39)
and on the other, from (3.38),
ary || 1
271 _ Y _ =
E[|IVo(2)|?) = E Hv @) | = 31le). (3.40)

Substituting (3.39) and (3.40) into (3.35), we obtain the inequality
1
D(Py|Pz) = SI(FyllPz),  Pz=G" (3.41)

which holds for any Py < G™ with V\/dPy/dG™ € L?(G™). Conversely, for any Py < G" satisfying
(3.41), we can derive (3.35) by letting ¢ = \/dPy/dG™, provided V¢ exists (e.g., in the distributional
sense). Similarly, for any s > 0, (3.36) can be written as

S
D(Py||Pz) < §I(PYHPZ)7 Pz = Gjy. (3.42)

Now let us apply the Gaussian LSI (3.34) to functions of the form ¢ = exp(g/2) for all suitably well-
behaved g : R"™ — R. Doing this, we obtain

exp(g)
Elexp(g)]
where the expectation is w.r.t. G". If we let P = G", then we can recognize the left-hand side of (3.43)
as Elexp(g)] 'D(P(g) ||P), where P denotes, as usual, the g-tilting of P. Moreover, the right-hand side

is equal to Elexp(g)] - Eg)[HVgHz] with Eggg)['] denoting expectation w.r.t. P(9). We therefore obtain the
so-called modified log-Sobolev inequality for the standard Gaussian measure:

E |exp(g) n < SE Vgl explo)] (3.43)

1 n
D(PY|P) < SEY [IVglP], P=G (3.44)

which holds for all smooth functions g : R™ — R that are exponentially integrable w.r.t. G™. Observe
that (3.44) implies (3.33) with u = G", ¢ = 1, and E(g) = ||Vg|/%.

In the remainder of this section, we first present a proof of Theorem 21, and then discuss several appli-
cations of the modified log-Sobolev inequality (3.44) to derivation of Gaussian concentration inequalities
via the Herbst argument.
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3.2.1 An information-theoretic proof of Gross’s log-Sobolev inequality

In accordance with our general theme, we will prove Theorem 21 via tensorization: We first scale up to
general n using suitable (sub)additivity properties, and then establish the n = 1 case. Indeed, suppose
that (3.34) holds in dimension 1. For n > 2, let X = (X1,...,X,) be an n-tuple of i.i.d. A(0,1) variables
and consider a smooth function ¢ : R® — R, such that Ep[¢?(X)] = 1, where P = Px = G" is the
product of n copies of the standard Gaussian distribution G. If we define a probability measure Q) = Qx
with dQx /dPx = ¢, then using Proposition 5 we can write

dQ , dQ
2 2 _ d@ , dQ
B (200 (0)] =Ep | 2 2]
= D(Q||P)
<Y D(Qx,xi[|1Px,|@x)- (3.45)
i=1
Following the same steps as the ones that led to (3.24), we can define for each i = 1,...,n and each
T = (21,...,%_1,Tip1,...,2,) € R? the function ¢;(-|7%) : R — R via

¢Z(y|jz) £ ¢($17 sy Ti—1,Y, Lit1s - - - axn)v \v/jl € Rn_l) Yy e R.
Then

AQx,xi—sr _  ¢2([a")
dPy, Ep[¢? (Xi|7)]

for all i € {1,...,n},z* € R*""!. With this, we can write

n
dPy,
[d@Q In dQx, xi
aP " dPy,

Px,

Qxi) =Eq

T
—_

=Ep |¢*(X)In

=FEp [¢?(X;|X%)In

97 (Xi]X7) }
Ep[¢7(X:|X?)|X7]

97 (Xi| X7) ]
Ep[¢? (X;|X?)|X7]

- 97 (Xi|7") i
- /R _ Ep [QS?(XZIx )In W] Py (dz?). (3.46)

Since each X; ~ G, we can apply the Gaussian LSI (3.34) to the univariate functions ¢;(-|z*) to get

P2 (X;|z)

2(X; |7 In — 2 L
Ep |0i(Xile) In g X o]

] <2Ep {(@(Xi\ji)ﬂ . Wi=1,...,n 5 e R (3.47)

where (o) ()
iy _ deiylz') _ O¢(x
/ T\ _
Since Xj,..., X, are i.i.d. under P, we can express (3.47) as
7 (Xi|7")

Ep |62(X;|7") In } < 2Ep [(8i¢(X))2‘Xi :a?]

Ep[¢7 (Xi|z7)]
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Substituting this bound into (3.46), we have

Px,

Qx:) <2Ep [(@¢(X))2] :

In turn, using this to bound each term in the summation on the right-hand side of (3.45) together with
the fact that >, (am(x))z = ||Vo(x)||?, we get

Ep [6*(X)n¢*(X)] < 2Ep [|V62(0)|*], (3.48)

which is precisely the n-dimensional Gaussian LSI (3.35) for general n > 2 provided that it holds for
n = 1.

Based on the above argument, we will now focus on proving the Gaussian LSI for n = 1. To that end,
it will be convenient to express it in a different but equivalent form that relates the Fisher information and
the entropy power of a real-valued random variable with a sufficiently regular density. In this form, the
Gaussian LSI was first derived by Stam [36], and the equivalence between Stam’s inequality and (3.34)
was only noted much later by Carlen [110]. We will first establish this equivalence following Carlen’s
argument, and then give a new information-theoretic proof of Stam’s inequality that, unlike existing
proofs [115, 38], does not require de Bruijn’s identity or the entropy-power inequality.

First, some definitions. Let Y be a real-valued random variable with density py. The differential
entropy of Y (in nats) is given by

(e}

hMY) = h(py) £ - / py (y) Inpy (y)dy, (3.49)

—00
provided the integral exists. If it does, then the entropy power of Y is given by

(2h(Y))

N(y)2 ZP (3.50)

2me

Moreover, if the density py is differentiable, then the Fisher information (w.r.t. a location parameter) is
given by

[e'9) 2
10 =5 = [ (5 mpv ) py )y = ER ()] @51
where py (y) £ (d/dy) Inpy (y) is known as the score function.

Remark 23. In theoretical statistics, an alternative definition of the Fisher information (w.r.t. a location
parameter) in a real-valued random variable Y is (see [116, Definition 4.1])

J(Y) 2 sup{|E¢’(Y)|2 e CLEQA(Y) = 1} . (3.52)

Note that this definition does not involve derivatives of any functions of the density of Y (nor assumes
that such a density even exists). It can be shown that the quantity defined in (3.52) exists and is finite
if and only if Y has an absolutely continuous density py, in which case J(Y) is equal to (3.51) (see [116,
Theorem 4.2]).

We will need the following facts:
1. If D(Py||Gs) < oo, then

1 1 1 1 1
D(Py||Gs) = =1 “Ins— =~ + —EY?2 .
(Py||Gs) 2nN(Y)+2ns 5+ 35 (3.53)
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This is proved by direct calculation: Since D(Py||Gs) < oo, we have Py < G4 and dPy/dG4 = py /7s.
Then

= py ()
D(Py||Gs :/ py (y) In dy
lG) = | )
= —h(Y) + 1 (27s) + Ly
- g T g,
1 1 1 1
=—- (2h(Y) —In(2 —lns— -+ —EY?
L (20(Y) ~In(2re)) + Llns — L+ o
1 1 1 1 1
—l—— 4 -Ins— = + —EY?
2" Ny) T2 T e
which is (3.53).
2. If J(Y) < o0 and EY? < oo, then for any s > 0
1y 2
I(Py||Gs) = J(Y) + S—QIEY - <o (3.54)
where I(-]]-) is the relative Fisher information, cf. (3.37). Indeed:
1160 = [~ o) (L) - Sm) o
_ [ y\2
= [ ()

= B[ ()] + ZE[Y py (¥)] + EY?
— ) + gE[Ypy(Y)] + éEW.

Because J(Y) < co and EY? < oo, then E[Y py (Y)] = —1 (see [117, Lemma Al]), and we get (3.54).
We are now in a position to prove the following:

Proposition 7 (Carlen [110]). Let Y be a real-valued random variable with a smooth density py, such
that J(Y) < oo and EY? < oo. Then the following statements are equivalent:

1. Gaussian log-Sobolev inequality, D(Py||G) < (1/2)I(Py ||G).
2. Stam’s inequality, N(Y)J(Y) > 1.

Remark 24. Carlen’s original derivation in [110] requires py to be in the Schwartz space S(R) of infinitely
differentiable functions, all of whose derivatives vanish sufficiently rapidly at infinity. In comparison, the
regularity conditions of the above proposition are much weaker, requiring only that Py has a differentiable
and absolutely continuous density, as well as a finite second moment.

Proof. We first show the implication 1) = 2). If 1) holds, then

D(PYHGS) < I(PYHGS)7 Vs > 0. (355)

N »

Since J(Y) and EY? are finite by assumption, the right-hand side of (3.55) is finite and equal to (3.54).
Therefore, D(Py ||G;) is also finite, and it is equal to (3.53). Hence, we can rewrite (3.55) as
1 1

3N

1 11 s 1
“lns— =4+ —EY?2<2J(Y)+ —EY?2_1.
gl -5+ BV <o J(V) + o
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Because EY? < 0o, we can cancel the corresponding term from both sides and, upon rearranging, obtain

In <sJ(Y)—Ins—1.

1
N(Y)
Importantly, this bound holds for every s > 0. Therefore, using the fact that, for any a > 0,

1+ Ina = inf(as —Ins),
>0

we obtain Stam’s inequality N(Y)J(Y) > 1.
To establish the converse implication 2) = 1), we simply run the above proof backwards. O

We now turn to the proof of Stam’s inequality. Without loss of generality, we may assume that EY =0
and EY? = 1. Our proof will exploit the formula, due to Verdi [118], that expresses the divergence in
terms of an integral of the excess mean squared error (MSE) in a certain estimation problem with additive
Gaussian noise. Specifically, consider the problem of estimating a real-valued random variable Y on the
basis of a noisy observation /sY + Z, where s > 0 is the signal-to-noise ratio (SNR) and the additive
standard Gaussian noise Z ~ G is independent of Y. If Y has distribution P, then the minimum MSE
(MMSE) at SNR s is defined as

mmse(Y, s) £ ing[(Y —o(VsY + 2))3, (3.56)

where the infimum is over all measurable functions (estimators) ¢ : R — R. It is well-known that the
infimum in (3.56) is achieved by the conditional expectation u — E[Y|\/sY + Z = u], so

mmse(Y,s) = E [(Y —E[Y|V5Y + Z])Q} :

On the other hand, suppose we instead assume that Y has distribution ) and therefore use the mismatched
estimator u — Eq[Y |/sY 4+ Z], where the conditional expectation is now computed assuming that ¥ ~ Q.
Then the resulting mismatched MSE is given by

mseqg (Y, s) = E [(Y — B[V |VsY + Z])Q] ,

where the expectation on the outside is computed using the correct distribution P of Y. Then the
following relation holds for the divergence between P and @ (see [118, Theorem 1]):

1 o
D(PIQ) = / mseo(Y, s) — mmse(Y, s)] ds. (3.57)
0
We will apply the formula (3.57) to P = Py and Q = G, where Py satisfies EY = 0 and EY?2 = 1. Then
it can be shown that, for any ~,
mseg (Y, s) = mseg (Y, s) = Immse(Y, s),

where Immse(Y, s) is the linear MMSE, i.e., the MMSE attainable by any affine estimator u +— au + b,
a,beR:

Immse(Y, s) = inf E [(Y —a(VsY + Z) — b)2] . (3.58)

a,beR
The infimum in (3.58) is achieved by a* = /s/(1 + s) and b = 0, giving

1
1+s

Immse(Y, s) = (3.59)
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Moreover, mmse(y) can be bounded from below using the so-called van Trees inequality [119] (cf. also
Appendix 3.A):

mmse(Y, s) > (3.60)

JY)+s
Then

D(Py|G) = %/OOO (Immse(Y,s) — mmse(Y,s))ds
& 1 1
_/0 <1+3_J(Y)+s>ds

1
2
1 A 1

=~ I - d
2A520/0 <1+s J(Y)+s> °
1
2

lim In <7J%)/()1:AA)>

_ %m J(Y), (3.61)

where the second step uses (3.59) and (3.60). On the other hand, using (3.53) with s = EY? = 1, we
get D(Py||G) = $In(1/N(Y)). Combining this with (3.61), we recover Stam’s inequality N(Y)J(Y) > 1.
Moreover, the van Trees bound (3.60) is achieved with equality if and only if Y is a standard Gaussian
random variable.

3.2.2 From Gaussian log-Sobolev inequality to Gaussian concentration inequalities

We are now ready to apply the log-Sobolev machinery to establish Gaussian concentration for random
variables of the form U = f(X"), where Xi,...,X,, are ii.d. standard normal random variables and
f : R™ — Ris any Lipschitz function. We start by considering the special case when f is also differentiable.

Proposition 8. Let X1,..., X, beiid. N(0,1) random variables. Then, for every differentiable function
f:R™ — R such that |V f(X™)|| <1 almost surely, we have

]P’(f(X") > Ef(X™) + r> < exp <—%2> . Vr>0 (3.62)

Proof. Let P = G™ denote the distribution of X™. If ) is any probability measure such that Q < P
and P < @ (i.e., P and @ are mutually absolutely continuous), then any event that has P-probability
1 will also have @Q-probability 1 and vice versa. Since the function f is differentiable, it is everywhere
finite, so PY) and P are mutually absolutely continuous. Hence, any event that occurs P-a.s. also occurs
Pt _as. for all t € R. In particular, |V f(X™)| < 1 P#)-as. for all t. Therefore, applying the modified
log-Sobolev inequality (3.44) to g = tf for some ¢t > 0, we get

t? ¢
D(PU| Py < SEED IV < 5. (3.63)
Using Corollary 7 with U = f(X") — Ef(X"™), we get (3.62). O

Remark 25. Corollary 7 and inequality (3.44) with g = tf imply that, for any smooth f with ||V f(X™)||? <
L a.s.,
2

P(f(X") > Ef(X™) + 7") < exp <_i> . Vr>0. (3.64)
Thus, the constant s in the corresponding Gaussian concentration bound (3.2) is controlled by the

sensitivity of f to modifications of its coordinates.



98 CHAPTER 3. THE ENTROPY METHOD, LSI AND TC INEQUALITIES

Having established concentration for smooth f, we can now proceed to the general case:

Theorem 22. Let X" be as before, and let f : R™ — R be a Lipschitz function with Lipschitz constant
1, ie.,

F(@™) = fy™M)| < |l =",  Va",y" € R™
Then
T2
P(f(X") > Ef(X™) + r> < exp <—3> ) (3.65)

Proof. The trick is to slightly perturb f to get a differentiable function with the norm of its gradient
bounded by the Lipschitz constant of f. Then we can apply Proposition 8, and consider the limit of
vanishing perturbation.

We construct the perturbation as follows. Let Zi,...,Z, be n i.i.d. N(0,1) random variables, inde-
pendent of X™. For any § > 0, define the function

n||2
fs(z) 2 E [f(a:" + \/gZ”)] = W - f(&" +V62") exp <—@> dz"
_ 1 n Hzn B ‘rnuz n
= @) S f(z")exp <—725 ) dz".

It is easy to see that fs is differentiable (in fact, it is in C°°; this is known as the smoothing property of
the Gaussian convolution kernel). Moreover, using Jensen’s inequality and the fact that f is 1-Lipschitz,
we have

[fs(2™) — f(z")] = \E[f(w” + V67" — f(a")
<E|f(a" +V52") ~ f(a")
< VOE||Z7|.

Therefore, lims_.o f5(2™) = f(a™) for every 2™ € R™. Moreover, because f is 1-Lipschitz, it is differentiable
almost everywhere by Rademacher’s theorem [120, Section 3.1.2], and ||V f|| < 1 almost everywhere.
Consequently, since V f5(z") = E[V f(z" + V/62")], Jensen’s inequality gives ||V fs(z")| < E|[Vf (2" +
NIA ") H < 1 for every ™ € R™. Therefore, we can apply Proposition 8 to get, for all § > 0 and r > 0,

2
PO 2 EA(X) +7) <exp (55 ).
Using the fact that fs(z™) converges to f(z™) everywhere as § — 0, we obtain (3.65):

lP’(f (X") = Ef(X™) + 7’) = E[Lir0m)2Es(xm) )]

< lim E[1gg (xn)2875 (x4}

= lim P(f5(X") > Bfs(X") +7)

742
()

where the first inequality is by Fatou’s lemma. O
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3.2.3 Hypercontractivity, Gaussian log-Sobolev inequality, and Rényi divergence

We close our treatment of the Gaussian log-Sobolev inequality with a striking result, proved by Gross in
his original paper [35], that this inequality is equivalent to a very strong contraction property (dubbed
hypercontractivity) of a certain class of stochastic transformations. The original motivation behind the
work of Gross [35] came from problems in quantum field theory. However, we will take an information-
theoretic point of view and relate it to data processing inequalities for a certain class of channels with
additive Gaussian noise, as well as to the rate of convergence in the second law of thermodynamics for
Markov processes [121].

Consider a pair (X,Y") of real-valued random variables that are related through the stochastic trans-
formation

Y=e'X+V1-e2Z (3.66)

for some t > 0, where the additive noise Z ~ G is independent of X. For reasons that will become clear
shortly, we will refer to the channel that implements the transformation (3.66) for a given ¢ > 0 as the
Ornstein—Uhlenbeck channel with noise parameter t and denote it by OU(t). Similarly, we will refer to
the collection of channels {OU(¢)}72, indexed by all t > 0 as the Ornstein—Uhlenbeck channel family. We
immediately note the following properties:

. OU(0) is the ideal channel, Y = X.
. If X ~ @G, then Y ~ G as well, for any t¢.

. Using the terminology of [12, Chapter 4], the channel family {OU(¢)}2, is ordered by degradation: for
any ty,ts > 0 we have

OU(tl + tg) = OU(tQ) o OU(tl) = OU(tl) o OU(tz), (367)

which is shorthand for the following statement: for any input random variable X, any standard Gaussian
Z independent of X, and any t1,to > 0, we can always find independent standard Gaussian random
variables Z71, Z that are also independent of X, such that

e~ (1t) X | /1 — g2ttt 7 L 12 [e_th +V1—e2 Z1} +V1—e227,
d -t [e—t2X /1 e 2 Zl] PVl e, (3.68)

where £ denotes equality of distributions. In other words, we can always define real-valued random
variables X, Y7, Y5, Z1, Zs on a common probability space (2, F,P), such that Z1, Zs ~ G, (X, Z1, Z3) are
mutually independent,

Y g e_th +v1- e—2t A
Y2 g e—(t1+t2)X + A /1 — e—2(t1+t2)Z2

and X — Y} — Y5 is a Markov chain. Even more generally, given any real-valued random vari-

able X, we can construct a continuous-time Markov process {Y;}7°, with Yj 4 X and Y; 4 e tX +
V1—e2N(0,1) for all t > 0. One way to do this is to let {¥;}§2, be governed by the Itd stochastic
differential equation (SDE)

dY, = -V, dt +v2dB;, t>0 (3.69)

with the initial condition Yj 4 x , where {B;} denotes the standard one-dimensional Wiener process
(a.k.a. Brownian motion). The SDE (3.69) is known as the Langevin equation [122, p. 75|, and the
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random process {Y;} that solves it is called the Ornstein—Uhlenbeck process; the solution of (3.69) is
given by (see, e.g., [123, p. 358] or [124, p. 127]) is given by

t
Y; = Xe '+ \/é/ e~ (=) 4B, t>0
0
where by the It6 isometry the variance of the (zero-mean) additive Gaussian noise is indeed

t 2
<\/§ / e~ (t=9) dBS>
0

This explains our choice of the name “Ornstein-Uhlenbeck channel” for the random transformation (3.66).

t s
E = 2/ e 2t=9)qs = 26_2t/ eFds=1—¢"2, Vt>0.
0

0

In order to state the main result to be proved in this section, we need the following definition: the Rényi
divergence of order o € RT\{0, 1} between two probability measures, P and Q, is defined as

LimEg [(45)], tP<Q

(3.70)
400, otherwise.

Dq(P[Q) = {

We recall several key properties of the Rényi divergence (see, for example, [125]):
. The ordinary divergence D(P||Q) is the limit of D,(P||Q) as « | 1.
. If we define D1(P||Q) as D(P||Q), then the function o — D, (P||Q) is nondecreasing.

. For all & > 0, D,(-||) satisfies the data processing inequality: if we have two possible distributions P and
Q for a random variable U, then for any channel (stochastic transformation) 7" that takes U as input we
have

Do(P||Q) < Da(P[Q),  Ya>0 (3.71)

where P (resp., Q) is the distribution of the output of 7' when the input has distribution P (resp., Q).

Now consider the following set-up. Let X be a real-valued random variable with a sufficiently well-behaved
distribution P (at the very least, we assume P < G). For any t > 0, let P, denote the output distribution
of the OU(¢) channel with input X ~ G. Then, using the fact that the standard Gaussian distribution G
is left invariant by the Ornstein—Uhlenbeck channel family together with the data processing inequality
(3.71), we have

Do(P||G) < Da(P|G),  ¥t>0, a>0. (3.72)

In other words, as we increase the noise parameter ¢, the output distribution P; starts to resemble the
invariant distribution G more and more, where the measure of resemblance is given by any of the Rényi
divergences. This is, of course, nothing but the second law of thermodynamics for Markov chains (see,
e.g., [81, Section 4.4] or [121]) applied to the continuous-time Markov process governed by the Langevin
equation (3.69). We will now show, however, that the Gaussian log-Sobolev inequality of Gross (see
Theorem 21) implies a stronger statement: For any o > 1 and any ¢ € (0, 1), there exists a positive
constant 7 = 7(«, €), such that

Do (P||G) < eDo(P||G),  Vt>T. (3.73)

Here is the precise result:
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Theorem 23 (Hypercontractive estimate for the Ornstein-Uhlenbeck channel). The Gaussian log-
Sobolev inequality of Theorem 21 is equivalent to the following statement: For any 1 < 8 < a < o0

a(f—1) 1 a—1
< | —%= > — . .
Du(RIG) < (503 ) DatPl), ez g (57 (3.74)
Remark 26. To see that Theorem 23 implies (3.73), fix « > 1 and € € (0,1). Let
a
ﬁ = 5(8,&) 2

a—cela—1)

It is easy to verify that 1 < 8 < a and that ggg :B = ¢. Hence, Theorem 23 implies that

Do(PIP) < eDs(PIG), ¥e2 gin (14 202) £ 7000,

Since the Rényi divergence D, (+||-) is monotonic non-decreasing in the parameter «, and 1 < 8 < «, then
it follows that Dg(P||G) < Do (P||G). It therefore follows from the last inequality that

D, (P||P) <eDu(P||G), Yt>r71(a,e).
We now turn to the proof of Theorem 23.

Proof. As a reminder, the LP norm of a real-valued random variable U is defined by ||U|, £ (E[|U|p])1/ P
It will be convenient to work with the following equivalent form of the Rényi divergence in (3.70): For
any two random variables U and V such that Py < Py, we have

dPU
dPV

Let us denote by g the Radon-Nikodym derivative dP/dG. It is easy to show that P, < G for all ¢, so
the Radon-Nikodym derivative g; £ dP;/dG exists. Moreover, gy = g. Also, let us define the function
a:]0,00) — [B,00) by a(t) = 1+ (3 —1)e? for some 3 > 1. Let Z ~ G. Using (3.75), it is easy to verify
that the desired bound (3.74) is equivalent to the statement that the function F' : [0,00) — R, defined by

) &1 HdPt

(PUHPV a > 1. (3.75)

07

= In|[g:(Z) |l o)

a(t)

is non-increasing. From now on, we will adhere to the following notational convention: we will use either
the dot or d/dt to denote derivatives w.r.t. the “time” ¢, and the prime to denote derivatives w.r.t. the
“space” variable z. We start by computing the derivative of F’ w.r.t. ¢, which gives

- e o)

—% InE [(gt(Z))a(t)] +

L Bl
Oé(t) E [(gt(Z))a(t)]

(3.76)

To handle the derivative w.r.t. ¢ in the second term in (3.76), we need to delve a bit into the theory of the
so-called Ornstein—Uhlenbeck semigroup, which is an alternative representation of the Ornstein—Uhlenbeck
channel (3.66).

For any t > 0, let us define a linear operator K; acting on any sufficiently regular (e.g., L'(Q))
function h as

Kih(z) 2 E [h <e_t:E Vi e—2tz)] , (3.77)

where Z ~ G, as before. The family of operators {K;}7°, has the following properties:
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. Ky is the identity operator, Koh = h for any h.

. For any ¢t > 0, if we consider the OU(t) channel, given by the random transformation (3.66), then for any
measurable function F' such that E[F(Y)] < oo with Y in (3.66), we can write

K.F(z) =E[F(Y)|X =2], VzeR (3.78)
and
E[F(Y)] = E[K,F(X)]. (3.79)
Here, (3.78) easily follows from (3.66), and (3.79) is immediate from (3.78).

. A particularly useful special case of the above is as follows. Let X have distribution P with P < G, and
let P denote the output distribution of the OU(#) channel. Then, as we have seen before, P, < G, and
the corresponding densities satisfy

gi(7) = Kig(x). (3.80)

To prove (3.80), we can either use (3.78) and the fact that g;(z) = E[g(Y)|X = z], or proceed directly
from (3.66):

2

)
= \/% /Rg (e_tx +V1-— e—%z) exp <—Z—22> dz
=K {g (e_ta: +V1-— e—tZ)] (3.81)

. . . _e—t . . .
where in the second line we have made the change of variables z = %, and in the third line Z ~ G.
. The family of operators {K;};2, forms a semigroup, i.e., for any t;,t3 > 0 we have
Ky 41, = Kty o Ky, = Ky, 0 Ky,

which is shorthand for saying that Ky 14,h = Ky, (K h) = K (K, h) for any sufficiently regular h.
This follows from (3.78) and (3.79) and from the fact that the channel family {OU(¢)}{2, is ordered by
degradation. For this reason, {K;}7°, is referred to as the Ornstein-Uhlenbeck semigroup. In particular,
if {Y;}¢2, is the Ornstein-Uhlenbeck process, then for any sufficiently regular function F' : R — R we
have

K.F(z) = E[F(Y2)|Yo = =, Vz e R.
Two deeper results concerning the Ornstein—Uhlenbeck semigroup, which we will need, are as follows:
Define the second-order differential operator £ by
Lh(z) 2 1'(z) — zh ()
for all sufficiently smooth functions h : R — R. Then:

. The Ornstein-Uhlenbeck flow {h:}72,, where hy = K;h with sufficiently smooth initial condition hg = h,
satisfies the partial differential equation (PDE)

hy = Lhy. (3.82)
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. For Z ~ G and all sufficiently smooth functions g, h : R — R we have the integration-by-parts formula
Elg(Z)Lh(Z)] = E[MZ)Lg(Z)] = —Elg'(Z)(Z)). (3.83)

We provide the details in Appendix 3.B.

We are now ready to tackle the second term in (3.76). Noting that the family of densities {g:}72,
forms an Ornstein—Uhlenbeck flow with initial condition gy = g, we have (assuming enough regularity
conditions to permit interchanges of derivatives and expectations)

32 [@@)] = = |(a(z)™ G (02"
—a(t) E [(0(2)" " ngi(2)] + a(t)E _(gt<Z>>““"1%gt<Z>}
—a(t) - E [(0(2)" " mgi(2)] + o) B[ (9:(2)) " £ar(2)] (3.84)
= i) E[(@(2)" ()] - a0 | (@(2)") (@) (3.85)
— () B [(0(2) " g (2)] - a)(a() - 1) -E [(0:2)"O7 [@a(2)]] (350

where we have used (3.82) to get (3.84), and (3.83) to get (3.85). If we define the function ¢; = gf‘(t)/z,

then we can rewrite (3.86) as

CE[(0(2)""] = %E [67(2)m6}(2)] ~ %

Using the definition of ¢; and a substitution of (3.87) into the right-hand side of (3.76) gives that

E qu;(Z)F] . (3.87)

oA (O EGH(Z)] F(t) = (1) - (B[63(2) I 6}(2)] — B} (Z)| mE[3(2)]) — A(a(t) - VE[|6(2)]"] .
(3.88)

If we now apply the Gaussian log-Sobolev inequality (3.34) to ¢, then from (3.88) we get
QX (1) E[H(2)] (1) < 2 (alt) — 2a(r) ~ D) E[|64(2)*] (389)

Since a(t) = 1+ (8 —1)e*, then &(t) — 2(a(t) — 1) = 0 and the right-hand side of (3.89) is equal to zero.
Moreover, because a(t) > 0 and ¢?(Z) > 0 a.s. (note that ¢ > 0 if and only if g; > 0, but the latter
follows from (3.81) where g is a probability density function) then we conclude that F(t) < 0.

What we have proved so far is that, for any 8 > 1 and any ¢ > 0,

a(t)(6—1)
Bla(t) —1)

where a(t) = 1+ (3 — 1)e?. By the monotonicity property of the Rényi divergence, the left-hand side
of (3.90) is greater than or equal to Do (P;||G) as soon as a < «(t). By the same token, because the
function v € (1,00) — u/(u — 1) is strictly decreasing, the right-hand side of (3.90) can be upper-
bounded by O‘gz:ng(PHG) for all @ > «(t). Putting all these facts together, we conclude that the
Gaussian log-Sobolev inequality (3.34) implies (3.74).

We now show that (3.74) implies the log-Sobolev inequality of Theorem 21. To that end, we recall
that (3.74) is equivalent to the right-hand side of (3.88) being less than or equal to zero for all ¢ > 0 and

all 8 > 1. Let us choose t = 0 and 8 = 2, in which case

a(0) =a(0) =2, do=g.

Do (PLG) < ( ) Dy(P|C) (3.90)
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Using this in (3.88) for t = 0, we get
2 (E [¢*(2)Ing*(2)] — Elg*(2)| mE[g*(2)]) — 4E ||¢(2)[*] <0

which is precisely the log-Sobolev inequality (3.34). O

As a consequence, we can establish a strong version of the data processing inequality for the ordinary
divergence:

Corollary 9. In the notation of Theorem 23, we have for any ¢t > 0
D(P|G) < e *D(P|G). (3.91)
Proof. Let a = 1+ ee? and 8 =1+ ¢ for some € > 0. Then using Theorem 23, we have

e 2 4 ¢
Drseen(PI6) < (1

) Die(P|G),  Wt>0 (3.92)

Taking the limit of both sides of (3.92) as € | 0 and using D(P||Q) = lim,|; Do (P]|Q), we get (3.91). O

3.3 Logarithmic Sobolev inequalities: the general scheme

Now that we have seen the basic idea behind log-Sobolev inequalities in the concrete case of i.i.d. Gaussian
random variables, we are ready to take a more general viewpoint. To that end, we adopt the framework
of Bobkov and Gotze [44] and consider a probability space (2, F,u) together with a pair (A,T") that
satisfies the following requirements:

(LSI-1) A is a family of bounded measurable functions on 2, such that if f € A, then af +b € A as
well for any @ > 0 and b € R.

(LSI-2) T is an operator that maps functions in .4 to nonnegative measurable functions on €.
(LSI-3) For any f € A,a>0,and b e R, I'(af +b) =al'f.

Then we say that u satisfies a logarithmic Sobolev inequality with constant ¢ > 0, or LSI(¢) for short, if
c
D(w) < ZEP [(TF)],  VfeA (3.93)

Here, as before, u(f) denotes the f-tilting of y, i.e.,

dpt?)  exp(f)
dp Eulexp(f)]’

and E,(f) [] denotes expectation w.r.t. u(f).

Remark 27. We have expressed the log-Sobolev inequality using standard information-theoretic nota-
tion. Most of the mathematics literature dealing with the subject, however, uses a different notation,
which we briefly summarize for the reader’s benefit. Given a probability measure i on €2 and a nonneg-
ative function g : 0 — R, define the entropy functional

Ent,(g) é/glngd,u—/gd,u-ln </gd,u>

=E,lglng] —E,[g] InE,[g].
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Then the LSI(c) condition can be equivalently written as (cf. [44, p. 2])

But, (exp()) < 5 [ (01 explf) dn (3.94)

N O

with the convention that 0ln0 £ 0. To see the equivalence of (3.93) and (3.94), note that

Entu(exp(f))
| o 3 (o)
= et (Fone) o

By fexp(f)] / (du(f) )m <d,u(f)) »

du du
= Eylexp(f)] - D(pt]|p) (3.95)
and
J e du
—E,fexp(f)] [0 du)
= Bulexp(f)] - E) [(TF)°] . (3.96)

Substituting (3.95) and (3.96) into (3.94), we obtain (3.93). We note that the entropy functional Ent is
homogeneous: for any g such that Ent,(g) < co and any ¢ > 0, we have

g
E,lg]

Ent,(cg) = cE, [gln } = cEnt,(g).

Remark 28. Strictly speaking, (3.93) should be called a modified (or exponential) logarithmic Sobolev
inequality. The ordinary log-Sobolev inequality takes the form

Ent,(¢%) < 2c/(Fg)2 du (3.97)

for all strictly positive g € A. If the pair (A,T") is such that ¢ og € A for any g € A and any C* function
1 : R — R, and I" obeys the chain rule

T(yYog) = og| Ty, Vg € A € C° (3.98)
then (3.93) and (3.97) are equivalent. Indeed, if (3.97) holds, then using it with g = exp(f/2) gives
2
Ent, (exp(f)) < 26/<F(exp(f/2))) du
— 5 [enPes(n)

which is (3.94). Note that the last equality follows from (3.98) which implies that

D(exp(f/2)) = 5 exp(f/2) T,
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Conversely, using (3.94) with f = 2Ing, we get (note that if follows from (3.98) that I'(2Ing) = 219

9
where g > 0)

C
Ent,, (¢°) < 5/\F(2lng)\292 dp

= 26/(Fg)2du,

which is (3.97). In fact, the Gaussian log-Sobolev inequality we have looked at in Section 3.2 is an
instance, in which this equivalence holds with I'f = ||V f|| clearly satisfying the product rule (3.98).

Recalling the discussion of Section 3.1.4, we now show how we can pass from a log-Sobolev inequality
to a concentration inequality via the Herbst argument. Indeed, let Q2 = X™ and p = P, and suppose that
P satisfies LSI(c) on an appropriate pair (A,I'). Suppose, furthermore, that the function of interest f is
an element of A and that [|[T'(f)|lcc < oo (otherwise, LSI(c) is vacuously true for any ¢). Then tf € A for
any t > 0, so applying (3.93) to g = tf we get

c

p(PU||P) < SED [(0(th)]

ct?
= 7155;” {(Ff)Q]

L f||2.2
where the second step uses the fact that I'(tf) = tI'f for any f € A and any ¢ > 0. In other words,
P satisfies the bound (3.33) for every g € A with E(g) = ||[T'g||%,. Therefore, using the bound (3.99)
together with Corollary 7, we arrive at

7,2

P(f(X") 2 Ef(X") +7) < exp <_W

) ;. Vr=>0. (3.100)

3.3.1 Tensorization of the logarithmic Sobolev inequality

In the above demonstration, we have capitalized on an appropriate log-Sobolev inequality in order to
derive a concentration inequality. Showing that a log-Sobolev inequality actually holds can be very
difficult for reasons discussed in Section 3.1.3. However, when the probability measure P is a product
measure, i.e., the random variables X1,...,X,, € X are independent under P, we can, once again, use
the “divide-and-conquer” tensorization strategy: we break the original n-dimensional problem into n
one-dimensional subproblems, then establish that each marginal distribution Px,, ¢ = 1,...,n, satisfies
a log-Sobolev inequality for a suitable class of real-valued functions on X', and finally appeal to the
tensorization bound for the relative entropy.

Let us provide the abstract scheme first. Suppose that for each i € {1,...,n} we have a pair
(A;,T;) defined on X that satisfies the requirements (LSI-1)—(LSI-3) listed at the beginning of Sec-
tion 3.3. Recall that for any function f : X" — R, for any ¢ € {1,...,n}, and any (n — 1)-tuple
2= (21,...,%_1,Tit1,---,Tpn), we have defined a function f;(-|z%) : X — R via fi(z;|z%) = f(z"). Then,
we have the following:

Theorem 24. Let X;,...,X,, € X be n independent random variables, and let P = Px, ®...® Px, be
their joint distribution. Let A consist of all functions f : X™ — R such that, for every i € {1,...,n},

fitlzh e A, Ve xn (3.101)
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Define the operator I that maps each f € A to

Lf = | > (Tifi)? (3.102)
=1
which is shorthand for
Tf(z") = \lZ(Fifi(a:ixi))Z, V" € X", (3.103)
=1

Then the following statements hold:

. If there exists a constant ¢ > 0 such that, for every i, Px, satisfies LSI(c) with respect to (A;,I';), then
P satisfies LSI(c) with respect to (A,T").

. For any f € A with E[f(X™)] =0, and any r > 0,

2

P(f(X") >r) <exp <_20H;7f||go> . (3.104)

Proof. We first check that the pair (A,I"), defined in the statement of the theorem, satisfies the require-
ments (LSI-1)—(LSI-3). Thus, consider some f € A, choose some a > 0 and b € R, and let g = af + .
Then, for any i and any Z°,

gl(|jz) = g(:Elv sy Li—15 5 Lit1y - - - ,xn)
= af(xlv"' y Li—15" Lit1y- - - axn) +b
=af;(-]z") +b e A;,
where the last step uses (3.101). Hence, f € A implies that g = af + b € A for any a > 0,b € R, so
(LSI-1) holds. From the definitions of I' in (3.102) and (3.103) it is readily seen that (LSI-2) and (LSI-3)

hold as well.
Next, for any f € A and any t > 0, we have

PU||P) < ZD(P%X@ ’)
-3 /P@f D(Pfxcu )
=3 [ PO (p HP )
Z / P Y (0 x0a) ]

=%Z}E§1 (0 [ |x])
ct?

=5 E [(rh)?], (3.105)

[ /\

where the first step uses Proposition 5 with Q = P®f), the second is by the definition of conditional
divergence where Px, = Py, i, the third is due to (3.25), the fourth uses the fact that (a) fi(|z9) e A
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for all z¢ and (b) Py, satisfies LSI(c) w.r.t. (A;,I;), and the last step uses the tower property of the
conditional expectation, as well as (3.102). We have thus proved the first part of the proposition, i.e.,
that P satisfies LSI(c) w.r.t. the pair (A,T"). The second part follows from the same argument that was
used to prove (3.100). O

3.3.2 Maurer’s thermodynamic method

With Theorem 24 at our disposal, we can now establish concentration inequalities in product spaces
whenever an appropriate log-Sobolev inequality can be shown to hold for each individual variable. Thus,
the bulk of the effort is in showing that this is, indeed, the case for a given probability measure P and a
given class of functions. Ordinarily, this is done on a case-by-case basis. However, as shown recently by
A. Maurer in an insightful paper [126], it is possible to derive log-Sobolev inequalities in a wide variety
of settings by means of a single unified method. This method has two basic ingredients:

. A certain “thermodynamic” representation of the divergence D(,u(f )H w), f € A, as an integral of the
variances of f w.r.t. the tilted measures u®f) for all t € (0,1).

. Derivation of upper bounds on these variances in terms of an appropriately chosen operator I' acting on
A, where A and T" are the objects satisfying the conditions (LSI-1)—(LSI-3).

In this section, we will state two lemmas that underlie these two ingredients and then describe the overall
method in broad strokes. Several detailed demonstrations of the method in action will be given in the
sections that follow.

Once again, consider a probability space (€2, F, 1) and recall the definition of the g-tilting of u:

dul9) exp(g)

dp Eulexp(g)]’

The variance of any h : Q@ — R w.r.t. £9 is then given by

varflg) [h] 2 E;(;q) h2] — <Eflg) [h]>2

The first ingredient of Maurer’s method is encapsulated in the following (see [126, Theorem 3]):

Lemma 9 (Representation of the divergence in terms of thermal fluctuations). Consider a function
f:Q — R, such that E,[exp(Af)] < oo for all A > 0. Then

D (™ ||n) :/0A /t/\varfff)[f] ds dt. (3.106)

Remark 29. The “thermodynamic” interpretation of the above result stems from the fact that the tilted
measures p(t/) can be viewed as the Gibbs measures that are used in statistical mechanics as a probabilistic
description of physical systems in thermal equilibrium. In this interpretation, the underlying space 2
is the state (or configuration) space of some physical system X, the elements x € ) are the states (or
configurations) of X, u is some base (or reference) measure, and f is the energy function. We can view
1 as some initial distribution of the system state. According to the postulates of statistical physics, the
thermal equilibrium of ¥ at absolute temperature 6 corresponds to that distribution v on € that will
globally minimize the free energy functional

Ty(v) £ Ey[f] + 6D (v]|). (3.107)



3.3. LOGARITHMIC SOBOLEV INEQUALITIES: THE GENERAL SCHEME 109

It is claimed that Wy(v) is uniquely minimized by v* = (=), where t = 1/6 is the inverse temperature.
To see this, consider an arbitrary v, where we may assume, without loss of generality, that v < u. Let

¢ £ dv/dp. Then
dv

d =
T~ T~ e — ¥ P Efexp(—t1)]
du E,[exp(—tf)]
and 1
o(v) = S E,[tf + Iy
_ % , [n(wexp(tf))]
1 dv
1
= 2 [DWIn) = A=)

where, as before, A(—t) £ lexp(—tf )]) is the logarithmic moment generating function of f w.r.t. u.

In(E,
Therefore, Wy (v) = \Ifl/t( v) > —A(—t)/t, with equality if and only if v = (=),
Now we give the proof of Lemma 9:

Proof. We start by noting that (see (3.11))

Nty =EM[f]  and  A'(t) =var{D[f], (3.108)

and, in particular, A’(0) = E,[f]. Moreover, from (3.13), we get

D(u*D||u) = A ddA (@) = AM'(\) = A(N). (3.109)
Now, using (3.108), we get
AN () = / ' N(\)dt
0
X/ oA
:/0 (/0 A (s)ds+A(O)> at
X/ oA
= var(sf) s .
= [ [ varePis1as g 057) at (3.110)
and
A
AN = / AN (t)dt
0
A
/0 </A ds+A(O)>dt
A
v r sf S . .
/O < areN[f]d +Eu[f]> dt (3.111)
Substituting (3.110) and (3.111) into (3.109), we get (3.106). O

Now the whole affair hinges on the second step, which involves bounding the variances varfff ) [f], for

t > 0, from above in terms of expectations E,(ff ) [(F f )2] for an appropriately chosen I'. The following is
sufficiently general for our needs:
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Theorem 25. Let the objects (A,T") and {(A;,T;)}?_; be constructed as in the statement of Theorem 24.
Suppose, furthermore, that, for each ¢, the operator I'; maps each g € A; to a constant (which may depend
on g), and there exists a constant ¢ > 0 such that the bound

varl(-sg) [9(X)|X? = 7] < ¢(Tig)?, vzl e At (3.112)
holds for all ¢ € {1,...,n}, s > 0, and g € A;, where var [ | X? = 7'] denotes the (conditional) variance
w.r.t. P)(f)‘xz i~ Then, the pair (A, T') satisfies LSI(c) w.r.t. Pxn.

)

Proof. Given a function g : X; — R in A;, let var [ |X?] denote the conditional variance w.r.t. P(g b

Xi) _ D<P<fi<-\o-ci>)HP )
//var(sf’(x £i(X| XH|X = 2] dsdt

< c(Tifi) //dsdt

_ o(Tife)?
2

is equal to the f;(-|7!)-tilting of Py,, the second step uses

Then we can write
D ( P(f )

(f)
PX IX’L *7,

Lemma 9, and the third step uses (3.112) with g = f;(-|z°). We have therefore established that, for each
i, the pair (A;,T';) satisfies LSI(c). Therefore, the pair (A, TI") satisfies LSI(¢) by Theorem 24. O

where the first step uses the fact that

The following two lemmas will be useful for establishing bounds like (3.112):

Lemma 10. Let U € R be a random variable such that U € [a,b] a.s. for some —0o0 < a < b < +00.
Then
(b—a)®

var[lU] < (b —EU)(EU —a) < 1

(3.113)

Proof. The first inequality in (3.113) follows by direct calculation:
var[U] = E[(U — EU)?]
< (b—EU)(EU — a).
The second line is due to the fact that the function u — (b — u)(u — a) takes its maximum value of

(b—a)?/4 at u = (a +b)/2. O

Lemma 11. [126, Lemma 9] Let f : Q@ — R be such that f —E,[f] < C for some C € R. Then for any
t > 0 we have

var/(ff) [f] < exp(tC) var,|f]

Proof. Because var,[f] = var,[f + ¢ for any constant ¢ € R, we have

var{tf)[f] = var(tf){f —E, [f] }

<E}D [(f E,[f]) } (3.114)
g |eet) (B
—E, [ ol tf)] _ (3.115)
u{ Zexp [t (f ~ E,lf))]} (3.116)
xp(tC) E [( Eu ()] (3.117)
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where:
3.114) uses the bound var[U] < EU?;

(

(3.115) is by definition of the tilted distribution pth.

(3.116) follows from applying Jensen’s inequality to the denominator; and
(

)
)
)
3.117) uses the assumption that f —E,[f] < C and the monotonicity of exp(-).

This completes the proof of Lemma 11. O

3.3.3 Discrete logarithmic Sobolev inequalities on the Hamming cube

We now use Maurer’s method to derive log-Sobolev inequalities for functions of n i.i.d. Bernoulli random
variables. Let X be the two-point set {0,1}, and let e; € X™ denote the binary string that has 1 in the
ith position and zeros elsewhere. Finally, for any f : XY™ — R define

If(z") & J Z(f(a:" ®e) — f(@m)?, Vi ean (3.118)

i=1

where the modulo-2 addition @ is defined componentwise. In other words, I' f measures the sensitivity of
f to local bit flips. We consider the symmetric, i.e., Bernoulli(1/2), case first:

Theorem 26 (Discrete log-Sobolev inequality for the symmetric Bernoulli measure). Let A be the set
of all the functions f : X™ — R. Then, the pair (A,T") with I" defined in (3.118) satisfies the conditions
(LSI-1)—(LSI-3). Let Xi,...,X, be n iid. Bernoulli(1/2) random variables, and let P denote their
distribution. Then, P satisfies LSI(1/4) w.r.t. (A,T'). In other words, for any f: X" — R,

D(PY|P) < éEﬁP [WaE (3.119)

Proof. Let Ag be the set of all functions g : {0,1} — R, and let 'y be the operator that maps every
g € Ap to

Tg = |g(0) — g(1)] =lg(x) —g(z® 1), Vze{0,1}. (3.120)

For each 7 € {1,...,n}, let (A4;,T;) be a copy of (Ap,T'9). Then, each I'; maps every function g € A; to
the constant |g(0) — g(1)]. Moreover, for any g € A;, the random variable U; = g(X;) is bounded between
g(0) and g(1), where we can assume without loss of generality that ¢g(0) < g(1). Hence, by Lemma 10,
we have

(900 —9(1)* _ (Dig)?

4 o4
In other words, the condition (3.112) of Theorem 25 holds with ¢ = 1/4. In addition, it is easy to see that
the operator I' constructed from I'y, ..., T', according to (3.102) is precisely the one in (3.118). Therefore,
by Theorem 25, the pair (A, I') satisfies LSI(1/4) w.r.t. P, which proves (3.119). This completes the proof
of Theorem 26. O

var$? [g(X;)| X = 7] < Vg e A, € A" (3.121)

Remark 30. The log-Sobolev inequality in (3.119) is an exponential form of the original log-Sobolev
inequality for the Bernoulli(1/2) measure derived by Gross [35], which reads:

(9(0) ~ 9(1)*

Entplg®] < 5

(3.122)
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To see this, define f by e/ = g2, where we may assume without loss of generality that 0 < g(0) < g(1).
To show that (3.122) implies (3.119), note that

(5(0) — 9(1))* = (exp (F(0)/2) — exp (£(1)/2)’
< £ [exp (£(0)) + exp (F()] (F(0) ~ £(1))?
= JEp [exp()(T1)?] (3.123)

. . . . . 14-22)(In 2)2
with T'f = | £(0)— f(1)|, where the inequality follows from the easily verified fact that (1—2)? < %
for all z > 0, which we apply to z = g(1)/g(0). Therefore, the inequality in (3.122) implies the following:

D(PY||P)

_ % (3.124)

- o (2:129)
2

< % (3.126)

2ty

= Lprrp (3.128)

8

where equality (3.124) follows from (3.95), equality (3.125) holds due to the equality e/ = g2, inequal-
ity (3.126) holds due to (3.122), inequality (3.127) follows from (3.123), and equality (3.128) follows by
definition of the expectation w.r.t. the tilted probability measure P(f). Therefore, it is concluded that
indeed (3.122) implies (3.119).

Gross used (3.122) and the central limit theorem to establish his Gaussian log-Sobolev inequality (see
Theorem 21). We can follow the same steps and arrive at (3.34) from (3.119). To that end, let g : R — R
be a sufficiently smooth function (to guarantee, at least, that both gexp(g) and the derivative of g are
continuous and bounded), and define the function f: {0,1}" — R by

n—"n/2
f(x1,...,:vn)ég xr1 + X9 + +x n/ ‘
n/4

If X1,...,X, areii.d. Bernoulli(1/2) random variables, then, by the central limit theorem, the sequence
of probability measures {Pzn» }2° | with
Xi+...+X,—n/2

Z 2
" n/4

converges weakly to the standard Gaussian distribution G as n — oo. Therefore, by the assumed
smoothness properties of g we have

E [exp (f(X™)] - D(PY} an) — E [f(X™) exp (F(X™))] — Elexp (£(X™))] InEfexp (£(X™))]
E [9(Zn) exp (9(Zn))] — Elexp (9(Zn))] InElexp (9(Zn))]

REENy ) [g exp( ( )] Elexp (g(Z) |InEJ exp( (Z))]

E [exp (9(2))] D(PY | Pz) (3.129)
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where Z ~ G is a standard Gaussian random variable. Moreover, using the definition (3.118) of I' and
the smoothness of g, for any ¢ € {1,...,n} and 2™ € {0, 1}" we have

2
N ) — f(eM)|? = T4tz —n/2 (D)% x4 +x,—n/2
|f(=" @ e;) — f(2")] —‘g< T - n/4> g( i >‘

2
A [t T —n/2 o 1
_n<g< n/4 >> " <”>7
CFEM =2 (fa" @ e) - fa")*

2
=4<g, <$1+—;j2—n/2>> Fo(l).

E [exp (f(X™))] - EV) [(Pf(X"))Q] —F [exp (F(X™) (TF(X™) 2}
—4E [exp( (Zy)) ((g’(z )2+ (1)>]

which implies that

Consequently,

no, g [exp (9(2)) (¢(2))°]
— 4E[exp (¢(2))] - E® [ d(2)) } (3.130)

Taking the limit of both sides of (3.119) as n — oo and then using (3.129) and (3.130), we obtain
1 2
D(FYP2) < 20 [(g(2))7).

which is (3.44).

Now let us consider the case when Xj,..., X, are ii.d. Bernoulli(p) random variables with some
p # 1/2. We will use Maurer’s method to give an alternative, simpler proof of the following result of
Ledoux [42, Corollary 5.9]:

Theorem 27. Consider any function f : {0,1}" — R with the property that

max |f(z" @ e;) — f(a")] <c (3.131)
ie{l,....,n}

for all ™ € {0,1}". Let Xi,...,X, be n ii.d. Bernoulli(p) random variables, and let P be their joint
distribution. Then

c2

D(P(f)HP) < pq <(C — 1) eXp(C) + 1> E(f) [(Ff)2] 7 (3'132)

where g =1—1p

Proof. Following the usual route, we will establish the n = 1 case first, and then scale up to arbitrary n
by tensorization.

Let a = |T'(f)| = |f(0) — f(1)|, where T" is defined as in (3.120). Without loss of generality, we may
assume that f(0) = 0 and f(1) = a. Then

E[f] =pa  and  var[f] = pga®. (3.133)
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Using (3.133) and Lemma 11, we can write for any ¢ > 0
varD[f] < pga® exp(tqa).

Therefore, by Lemma 9 we have

1,1
D(P(f)HP) < pqaz/ / exp(sqa) dsdt
0 Jt

_ pgd? <(qa - 1)(221;2(%) + 1)

< pga’ <(C— 1) exp(c) + 1>7

c2

where the last step follows from the fact that the function u — u=2[(u — 1) exp(u) + 1] is nondecreasing
inu >0, and 0 < ga < a < ec. Since a? = (I'f)?, we can write

D(PD|P) < pg <(C - 1)6;13(6) + 1) EO [T,

so we have established (3.132) for n = 1.
Now consider an arbitrary n € N. Since the condition in (3.131) can be expressed as

|fi(0]z") — f;(1)2")| < ¢, Vie{l,...,n}, z' € {0,1}"7 !,

we can use (3.132) to write

D<P§(z€i]”i(-|fi))"PXi> < pq ((C — 1);(1)0 + 1> E(fi(.ﬁ;i)) [ (szz(Xz|Xl))2 ‘Xz _ g‘;’]

for every i = 1,...,n and all ' € {0,1}"~ 1. With this, the same sequence of steps that led to (3.105) in
the proof of Theorem 24 can be used to complete the proof of (3.132) for arbitrary n. O

Remark 31. In order to capture the correct dependence on the Bernoulli parameter p, we had to use
a more refined, distribution-dependent variance bound of Lemma 11, as opposed to a cruder bound of
Lemma 10 that does not depend on the underlying distribution. Maurer’s paper [126] has other examples.

Remark 32. The same technique based on the central limit theorem that was used to arrive at the
Gaussian log-Sobolev inequality (3.44) can be utilized here as well: given a sufficiently smooth function
g:R — R, define f:{0,1}" — R by

f($n)ég<a:1+...+a:n—np>'

Vv 1pq

and then apply (3.132) to it.

3.3.4 The method of bounded differences revisited

As our second illustration of the use of Maurer’s method, we will give an information-theoretic proof
of McDiarmid’s inequality with the correct constant in the exponent (recall that the original proof in
[25, 5] used the martingale method; the reader is referred to the derivation of McDiarmid’s inequality
via the martingale approach in Theorem 2 of the preceding chapter). Following the exposition in [126,
Section 4.1], we have:
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Theorem 28. Let X1,..., X, € X be independent random variables. Consider a function f : X" — R
with E[f(X™)] = 0, and also suppose that there exist some constants 0 < ¢1, ..., ¢, < +oo such that, for
each i € {1,...,n},

|f2(:17|i2) — fl(y|i2)| < ¢, Va,y e X,z e XL (3.134)

Then, for any r > 0,

272
]P’(f(X") > 7’) < exp <—7> . (3.135)
i G

Proof. Let Ag be the set of all bounded measurable functions g : X — R, and let I'g be the operator that
maps every g € Ag to

Log = — inf :

0g = Sup 9(z) — inf g(x)

Clearly, T'g(ag +b) = al'gg for any a > 0 and b € R. Now, for each i € {1,...,n}, let (A;,T;) be a copy of
(Ap,Tg). Then, each I'; maps every function g € A; to a non-negative constant. Moreover, for any g € A;,
the random variable U; = g(X;) is bounded between infcx g(z) and sup,cy g(z) = infyex g(x) + Tig.
Therefore, Lemma 10 gives

Vge A, 78 e x™ L

Hence, the condition (3.112) of Theorem 25 holds with ¢ = 1/4. Now let A be the set of all bounded
measurable functions f : X" — R. Then for any f € A, i € {1,...,n}, and 2™ € X" we have

sup f(z1,..., @iy ...,xy) — inf f(xg,... 24 ...,2)
T, €EX; T, EX;
= sup fz(a:,]a’:’) — inf f,(lea’:’)
T, €EX; T, EX;
=T, fi(-|z").

Thus, if we construct an operator I on A from I';, ..., I, according to (3.102), the pair (A, I") will satisfy
the conditions of Theorem 24. Therefore, by Theorem 25, it follows that the pair (A, T") satisfies LSI(1/4)
for any product probability measure on X", i.e., the inequality

7,,2
P(f(X”) > 7‘) < exp (-ﬁ) (3.136)

holds for any r» > 0 and bounded f with E[f] = 0. Now, if f satisfies (3.134), then

n
—iv) 2
ITfI2, = sup > (Tifi(zilz"))
zneX™ i—1
n

SZ sup (Fifi($i|ji))2
i— 1I”€X”

— Z sup | fi(wi]3Y) — flylz")]?

) zneXn yeX

< chz
i=1

Substituting this bound into the right-hand side of (3.136), we get (3.135). O
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It is instructive to compare the strategy used to prove Theorem 28 with an earlier approach by
Boucheron, Lugosi and Massart [127] using the entropy method. Their starting point is the following
lemma:

Lemma 12. Define the function ) : R — R by 9 (u) = exp(u) — u — 1. Consider a probability space
(Q,F,p) and a measurable function f : Q — R such that tf is exponentially integrable w.r.t. u for all
t € R. Then, the following inequality holds for any ¢ € R:

D(p||p) <EM) [o( —t(f — )] (3.137)

Proof. Recall that

D(p™||p) = B[] +lnm

= tE{D[f] — te + In Ef[ii%

Using this together with the inequality Inu < u — 1 for every u > 0, we can write

te)
D(p® ) < tEED[f] — te + _exp(te)
(w H/‘) <tELV(f] E, [exp(tf)]
t(f + ) exp(—tf)
— D[] — te + E, | —1
A R )

= tEfff) [f] + exp(tc) Efff) lexp(—tf)] —tc—1,

and we get (3.137). This completes the proof of Lemma 12. O

Notice that, while (3.137) is only an upper bound on D(,u(tf ) H,u), the thermal fluctuation representa-
tion (3.106) of Lemma 9 is an ezact expression. Lemma 12 leads to the following inequality of log-Sobolev

type:
Theorem 29. Let Xi,...,X,, be n independent random variables taking values in a set X, and let U =

f(X™) for a function f : X — R. Let P = Pxn = Px, ®...® Py, be the product probability distribution
of X™. Also, let X7],..., X/ be independent copies of the X;’s, and define for each i € {1,...,n}

UD 2 f(Xy,. o Xio1, X[ X, Xn).

Then,

n

D(P||P) < exp (— A1) Y E [exp(tl) v (U ~U®))]. (3.139)
i=1

where (u) £ exp(u) —u — 1 for u € R, A(t) £ InE[exp(tU)] is the logarithmic moment-generating
function, and the expectation on the right-hand side is w.r.t. X™ and (X’)". Moreover, if we define the
function 7: R — R by 7(u) = u(exp(u) — 1), then

D(P(tf) HP) < exp (— A(?)) ZE [exp(tU) T <—t(U — U(i))) 1{U>U(i)}] (3.139)
i=1
and
D(PU|P) < exp (= A®) Y. E |exp(tU) 7 (~4(U = UD)) Ly | (3.140)

1=1
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Proof. Applying Proposition 5 to P and Q = P we have

PUP) < ZD(P%X@

’)

_ (tf pls)
Z/ Py | Xi=gi PX)
_ Z / P (dz) D(P}ffi("fi” HPXJ. (3.141)
i=1
Fix somei € {1,...,n}, 2" € X" ! and z; € X. Let us apply Lemma 12 to the ith term of the summation

in (3.141) with g = Px,, f = fi(|7"), and ¢ = f(21,...,Ti—1, T}, Tit1, ..., 2n) = fi(2}]|T) to get
D(PED| Py ) < BEEC) (= e(fi(Xil7") - filalla)) )]

Substituting this into (3.141), and then taking expectation w.r.t. both X™ and (X’)", we get (3.138).
To prove (3.139) and (3.140), let us write (note that 1(0) = 0)

exp(tU) 4 (—t(U - UU)))
— exp(tU) ¢ (—t(U - U@'))) Liyspoy + exp(tU) ¥ (t(U@ - U)) Ly ey (3.142)

Since X; and X/ are i.i.d. and independent of X, we have (due to a symmetry consideration which follows
from the identical distribution of U and U®)

E[exp(tU)T,Z) (t(U(i) — U)) 1{U<U(i)}‘XZ}
—E[exp tU®) w(t )1{U>U“)}‘X}

= E[exp (tU) exp <t U > ( (U — Ut ))) Liysuy

xi|.
Using this and (3.142), we can write
E [exp(tU)w (—t(U - UU)))]
—E {eXp(tU) [q,z) <—t(U - U“))) +exp (t(U@ - U)) " <t(U - U@'))” 1{U>U(i>}} .

Using the equality ¥ (u) + exp(u)y(—u) = 7(u) for every u € R, we get (3.139). The proof of (3.140) is
similar. O

Now suppose that f satisfies the bounded difference condition in (3.134). Using this together with
the fact that 7(—u) = u(1 — exp(—u)) < u? for every u > 0, then for every ¢ > 0 we can write

(P(tf HP) < eXp ZE [exp tU) 7( —t(U — U(i))) 1{U>U(i>}}

< t?exp (—A@®) ZE [exp(tU) (U - U("))2 1{U>U(i)}:|
i=1

< t*exp (= A@) Z AR [exp(tU) 1{U>U(i)}:|
i=1
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<t?exp ( (Zc > [exp(tU)]

(£

Applying Corollary 7, we get
2
A3

which has the same dependence on r and the ¢;’s as McDiarmid’s inequality (3.135), but has a worse
constant in the exponent by a factor of 8.

IP’(f(X")zEf(X")+r) < exp <— ), Vr >0

3.3.5 Log-Sobolev inequalities for Poission and compound Poisson measures
Let P denote the Poisson(\) measure. Bobkov and Ledoux [45] have established the following log-Sobolev
inequality: for any function f:7Z, — R,
D(P&”HPA) <AEY [( £ et —elf 4 1], (3.143)
where I' is the modulus of the discrete gradient:
Lf(z) £ |f(z) — f(z+ 1), Vo € Z,. (3.144)

Using tensorization of (3.143), Kontoyiannis and Madiman [128] gave a simple proof of a log-Sobolev
inequality for a compound Poisson distribution. We recall that a compound Poisson distribution is
defined as follows: given A > 0 and a probability measure p on N, the compound Poisson distribution
CP,, is the distribution of the random sum Z = ZZJ\LI Y;, where N ~ Py and Y7,Y5,... are i.i.d. random
variables with distribution pu, independent of N.

Theorem 30 (Log-Sobolev inequality for compound Poisson measures [128]). For any A > 0, any prob-
ability measure p on N, and any bounded function f :Z, — R,

D(CPY)CPy,) <A Z# ES, [Ty e™ —Tif+1] (3.145)
k=1
where 'y f(x) £ |f(z) — f(z + k)| for each k,x € Z.
Proof. The proof relies on the following alternative representation of the CP) , probability measure: if
Z ~ CPy ,, then
d o0
ZEY kY, Yi~Pym, k€Zy (3.146)

where {Y},}72° , are independent random variables (this equivalence can be verified by showing, e.g., that
these two representations yield the same characteristic function). For each n, let P, denote the product
distribution of Y7,...,Y,. Consider a function f from the statement of Theorem 30, and define the
function g : Z"} — R by

915 yn) = (Zkyk> YY1, ..o, Yn € Ly
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If we now denote by P, the distribution of the sum S,, = > p_, kY}, then

exp (f(Sn)) n eXp (f(Sn )
D(PPIP:) = Br, | g enp (5] ™ B, s G5 ]
_ exp (g(Y”)) I exp (Q(Yn)
" |Ep,lexp (9(Y™)]  Ep,[exp (g(Y™))]
= D(PY||P)
< Y D(P)(/Z)‘W Py, Pé/i)), (3.147)
k=1

where the last line uses Proposition 5 and the fact that P, is a product distribution. Using the fact that

(9) _
dPYk|Yk_y . exp (Qk("yk)) Py, =Py,
dPy, EPM(k) lexp (g (Y2|5F))]’ * H)

and applying the Bobkov-Ledoux inequality in (3.143) to Py, and all functions of the form g (-|g*), we
can write

D(PE)ell P | PE) < Ma(k) B [ (Tgn(Vp| 7)) ePoxil™) — (Pl 1 (3.148)

where I is the absolute value of the “one-dimensional” discrete gradient in (3.144). Now, for any y" € Z'},
we have

Pon(unl*) = |on (1) — gx (o + 117")|

=\f (kyk + ) jyj) - f (k(yk +1)+ Y jyj)

Je{1,..np\{k} Je{l,..n\{k}

=\f (anjyg) —f (Zn:jyj+k7)
=T%f (i]yg) :

Using this in (3.148) and performing the reverse change of measure from P, to P,, we can write

D(P(g

ol P | P ) < Au(k)EY [(ka(Sn))eka(S“ — elef(Sn) 4 1} : (3.149)

Therefore, the combination of (3.147) and (3.149) gives

D(P||P) < AD u(k) B |(Tyf)etsf — e 41

P
k=1
<AY (k) EY [(Pkf) Tef _ (Tuf 1] (3.150)
k=1

where the second line follows from the inequality xze® — e® 4+ 1 > 0 that holds for all z > 0.
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Now we will take the limit as n — oo of both sides of (3.150). For the left-hand side, we use the

fact that, by (3.146), P, converges weakly (or in distribution) to CP) , as n — oo. Since f is bounded,
pT(Lf)

— CPg\f L in distribution. Therefore, by the bounded convergence theorem we have

lim D (P P) = D(CPY) || CPy). (3.151)

n—~o0

For the right-hand side, we have

iu ED I( [ka) F’cf—erkarl} EY) {Zu [ka ka_epkf—Fl]}

=1

==, E(CQAH [ w(k) ((ka) el — elnl 4 1)
k=1

= >k ER, | [r F)elel — el 4 1] (3.152)
k=1

where the first and the last steps follow from Fubini’s theorem, and the second step follows from the
bounded convergence theorem. Putting (3.150)—(3.152) together, we get the inequality in (3.145). This
completes the proof of Theorem 30. O

3.3.6 Bounds on the variance: Efron—Stein—Steele and Poincaré inequalities

As we have seen, tight bounds on the wvariance of a function f(X"™) of independent random variables
X4,..., X, are key to obtaining tight bounds on the deviation probabilities IP’(f(X") > Ef(X™) 4+ 7‘)
for r > 0. It turns out that the reverse is also true: assuming that f has Gaussian-like concentration
behavior,

P(f(X") >Ef(X")+7) < Kexp (—rr?), ¥r>0

it is possible to derive tight bounds on the variance of f(X").

We start by deriving a version of a well-known inequality due to Efron and Stein [129], with subsequent
refinements by Steele [130].

In the following, we say that a function f is “sufficiently regular” if the functions ¢ f are exponentially
integrable for all sufficiently small ¢ > 0.

Theorem 31. Let Xi,...,X, be independent X-valued random variables. Then, for any sufficiently
regular f: X" — R we have

var[f(X™)] < Y E {var[f(X™)|X]} (3.153)
i=1

Proof. By Proposition 5, for any ¢ > 0, we have

n

D(PUD|P) <3 D(PYR.

i=1

1Pg).

Using Lemma 9, we can rewrite this inequality as

//varTf d7d3<ZE[//varsz<X £ XY dr ds
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Dividing both sides by 2, passing to the limit of ¢ — 0, and using the fact that

'rf var[f]
%%ﬁ//var 2

we get (3.153). O

Next, we discuss the connection between log-Sobolev inequalities and another class of functional
inequalities: the Poincaré inequalities. Consider, as before, a probability space (2, F,u) and a pair
(A,T) satisfying the conditions (LSI-1)—(LSI-3). Then we say that p satisfies a Poincaré inequality with
constant ¢ > 0 if

var,[f] < cE, [\rfﬁ] . Ve A (3.154)

Theorem 32. Suppose that u satisfies LSI(c) w.r.t. (A,T"). Then u also satisfies a Poincaré inequality
with constant c.

Proof. For any f € A and any ¢t > 0, we can use Lemma 9 to express the corresponding LSI(c) for the
function ¢ f as

//var drds<— EWD [(Tf)]. (3.155)

Proceeding exactly as in the proof of Theorem 31 above (i.e., by dividing both sides of the above inequality
by t? and taking the limit where t — 0), we obtain

1 c
§Varu[f] 3 E. [(T£)?].
Multiplying both sides by 2, we see that p indeed satisfies (3.154). O

Moreover, Poincaré inequalities tensorize, as the following analogue of Theorem 24 shows:

Theorem 33. Let X;,..., X, € X be n independent random variables, and let P = Px, ® ... Px,, be
their joint distribution. Let A consist of all functions f : X™ — R, such that, for every i,

fitl#) e A, vE e X! (3.156)

Define the operator I' that maps each f € A to

I'f= (3.157)
which is shorthand for
Tf(z") = f:(r,-fi(x,-yaéi)f, Va € X" (3.158)
i=1
Suppose that, for every i € {1,...,n}, Px, satisfies a Poincare inequality with constant ¢ with respect to

(A;,T;). Then P satisfies a Poincare inequality with constant ¢ with respect to (A,T).

Proof. The proof is conceptually similar to the proof of Theorem 24 (which refers to the tensorization
of the logarithmic Sobolev inequality), except that now we use the Efron—Stein—Steele inequality of
Theorem 31 to tensorize the variance of f. O
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3.4 Transportation-cost inequalities

So far, we have been discussing concentration of measure through the lens of various functional inequali-
ties, primarily log-Sobolev inequalities. In a nutshell, if we are interested in the concentration properties
of a given function f(X") of a random n-tuple X™ € X", we seek to control the divergence D(P)||P),
where P is the distribution of X™ and P is its f-tilting, dP(/) /dP o exp(f), by some quantity related
to the sensitivity of f to modifications of its arguments (e.g., the squared norm of the gradient of f, as
in the Gaussian log-Sobolev inequality of Gross [35]). The common theme underlying these functional
inequalities is that any such measure of sensitivity is tied to a particular metric structure on the under-
lying product space X™. To see this, suppose that X" is equipped with some metric d(-,-), and consider
the following generalized definition of the modulus of the gradient of any function f: X™ — R:

‘Vf‘(l’n) 2 limsup |f($n) — f(yn)| )

(3.159)
yredan gmylo @ y")

If we also define the Lipschitz constant of f by

|f(@") = f(y"™)
d(z", y™)

I llLip = sup
anFy"

and consider the class A of all functions f with || f||rip, < 0o, then it is easy to see that the pair (A,T)
with ['f(2") = |V f|(2") satisfies the conditions (LSI-1)-(LSI-3) listed in Section 3.3. Consequently, if a
given probability distribution P for a random n-tuple X™ € X™ satisfies LSI(c) w.r.t. the pair (A,T), we
can use the Herbst argument to obtain the concentration inequality

2

All the examples of concentration we have discussed so far can be seen to fit this theme. Consider, for
instance, the following cases:

. Euclidean metric: for X = R, equip the product space X™ = R"™ with the ordinary Euclidean metric:

n

Z(ﬂfi —¥i)?.

i=1

d(=",y") = |lz" —y"| =

Then the Lipschitz constant || f||rip of any function f: X™ — R is given by

F@) — £ @) — £
- , 3.161
Aoy e g (3.161)

[ fllLip £ sup
TN FEY"

and for any probability measure P on R™ that satisfies LSI(c) we have the bound (3.160). We have
already seen in (3.44) a particular instance of this with P = G™, which satisfies LSI(1).

. Weighted Hamming metric: for any n constants cq,...,c, > 0 and any measurable space X, let us
equip the product space X™ with the metric

n
den (2", y") £ Z Cilig, 2y}
i=1

The corresponding Lipschitz constant || f||rip, which we also denote by || f||Lip,c» to emphasize the role of
the weights {c¢;}I" , is given by

£ (") = F(y")]
dcn ’

A _
| £l Lip,en miuP (7, y")

#Y"
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Then it is easy to see that the condition ||f||Lip,c» < 1 is equivalent to (3.134). As we have shown in
Section 3.3.4, any product probability measure P on X™ equipped with the metric d.» satisfies LSI(1/4)
w.r.t.

A= {1 fllip,en < o0}

and I'f(-) = |V f|(-) with |V f| given by (3.159) with d = de». In this case, the concentration inequality
(3.160) (with ¢ = 1/4) is precisely McDiarmid’s inequality (3.135).

The above two examples suggest that the metric structure plays the primary role, while the functional
concentration inequalities like (3.160) are simply a consequence. In this section, we describe an alternative
approach to concentration that works directly on the level of probability measures, rather than functions,
and that makes this intuition precise. The key tool underlying this approach is the notion of transportation
cost, which can be used to define a metric on probability distributions over the space of interest in terms
of a given base metric on this space. This metric on distributions is then related to the divergence via
so-called transporation cost inequalities. The pioneering work by K. Marton in [62] and [49] has shown
that one can use these inequalities to deduce concentration.

3.4.1 Concentration and isoperimetry

We start by giving rigorous meaning to the notion that the concentration of measure phenomenon is
fundamentally geometric in nature. In order to talk about concentration, we need the notion of a metric
probability space in the sense of M. Gromov [131]. Specifically, we say that a triple (X, d, i) is a metric
probability space if (X, d) is a Polish space (i.e., a complete and separable metric space) and p is a
probability measure on the Borel sets of (X, d).

For any set A C X and any r > 0, define the r-blowup of A by

A 2 {r e X d(x,A) <71}, (3.162)

where d(z, A) £ infyead(z,y) is the distance from the point z to the set A. We then say that the
probability measure p has normal (or Gaussian) concentration on (X,d) if there exist some constants
K,k > 0, such that

pA)>1/2 = u(4,)>1-Ke ™ ¥r >0 (3.163)

Remark 33. Of the two constants K and & in (3.163), it is  that is more important. For that reason,
sometimes we will say that x4 has normal concentration with constant x > 0 to mean that (3.163) holds
with that value of x and some K > 0.

Here are a few standard examples (see [2, Section 1.1]):

. Standard Gaussian distribution — if X = R”, d(z,y) = ||z — y|| is the standard Euclidean metric,
and p = G", the standard Gaussian distribution, then for any Borel set A C R™ with G™(A) > 1/2 we
have

1 r t2
n > I
G(AT)_\/E/—OOGXP< 2>dt

1 2
21—5 exp 5 ) Yr>0 (3.164)

i.e., (3.163) holds with K = } and x = 3.



124 CHAPTER 3. THE ENTROPY METHOD, LSI AND TC INEQUALITIES

. Uniform distribution on the unit sphere — if X =S" = {z € R"*!: ||z| = 1}, d is given by the
geodesic distance on S", and p = ¢™ (the uniform distribution on S™), then for any Borel set A C S”
with 6™ (A) > 1/2 we have

(n —1)r?

o"(A;) >1—exp <— 5

) . Yr>0. (3.165)

In this instance, (3.163) holds with K =1 and x = (n — 1)/2. Notice that x is actually increasing with
the ambient dimension n.

. Uniform distribution on the Hamming cube —if X = {0,1}", d is the normalized Hamming metric

1 n
d(x’ y) = n Z 1{901'75%}
i=1

for all = (z1,...,20),y = (Y1,--.,yn) € {0,1}", and p = B™ is the uniform distribution on {0,1}"
(which is equal to the product of n copies of a Bernoulli(1/2) measure on {0,1}), then for any A C {0,1}"
we have

B"(A;) > 1—exp(=2nr®), Vr>0 (3.166)
so (3.163) holds with K =1 and x = 2n.

Remark 34. Gaussian concentration of the form (3.163) is often discussed in the context of the so-called
isoperimetric inequalities, which relate the full measure of a set to the measure of its boundary. To be
more specific, consider a metric probability space (X, d, 1), and for any Borel set A C X define its surface
measure as (see [2, Section 2.1])

r— T r— r

(3.167)

Then the classical Gaussian isoperimetric inequality can be stated as follows: If H is a half-space in R",
ie, H={x € R": (x,u) < ¢} for some u € R™ with ||u|]| = 1 and some ¢ € [—00, +0o¢c], and if A C R" is
a Borel set with G"(A) = G"(H), then

(GYH(A) > (@) (), (3.168)
with equality if and only if A is a half-space. In other words, the Gaussian isoperimetric inequality (3.168)
says that, among all Borel subsets of R" with a given Gaussian volume, the half-spaces have the smallest
surface measure. An equivalent integrated version of (3.168) says the following (see, e.g., [132]): Consider
a Borel set A in R" and a half-space H = {x : (z,u) < ¢} with ||u]| =1, ¢ > 0 and G"(4) = G"(H).
Then for any » > 0 we have

G"(Ay) = G"(Hy),

with equality if and only if A is itself a half-space. Moreover, an easy calculation shows that

G"(H,) = \/%/_Hrexp <—%2> d¢>1- % exp <_(7‘—;c)2> , VYr>0.

So, if G(A) > 1/2, we can always choose ¢ = 0 and get (3.164).
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Intuitively, what (3.163) says is that, if x4 has normal concentration on (X,d), then most of the
probability mass in X is concentrated around any set with probability at least 1/2. At first glance, this
seems to have nothing to do with what we have been looking at all this time, namely the concentration
of Lipschitz functions on X around their mean. However, as we will now show, the geometric and the
functional pictures of the concentration of measure phenomenon are, in fact, equivalent. To that end, let
us define the median of a function f : X — R: we say that a real number my is a median of f w.r.t. u
(or a p-median of f) if

Pu(f(X) > mf) >

and  Pu(f(X) <my) > (3.169)

(note that a median of f may not be unique). The precise result is as follows:

Theorem 34. Let (X, d, 1) be a metric probability space. Then p has the normal concentration property
(3.163) (with arbitrary constants K, x > 0) if and only if for every Lipschitz function f : X — R (where
the Lipschitz property is defined w.r.t. the metric d) we have

2
]P’u<f(X) sz+r) gKexp<—%>, Vr >0 (3.170)
”f”Lip
where my is any p-median of f.
Proof. Suppose that p satisfies (3.163). Fix any Lipschitz function f where, without loss of generality, we
may assume that | f||Lip = 1, let m; be any median of f, and define the set A/ £ {a; eX: f(x) < mf}.

By definition of the median in (3.169), u(A/) > 1/2. Consequently, by (3.163), we have
wA =P, (d(X, Al < r) > 1 — K exp(—rr?), Vr > 0. (3.171)

By the Lipschitz property of f, for any y € A/ we have f(X) —m; < f(X) — f(y) < d(X,y), so
f(X) —my <d(X,A'). This, together with (3.171), implies that

]P’M<f(X) —my < 7’) > ]P’u(d(X,Af) < 7’) > 1— K exp(—rr?), Vr>0

which is (3.170).
Conversely, suppose (3.170) holds for every Lipschitz f. Choose any Borel set A with p(A4) > 1/2
and define the function fa(z) £ d(x, A) for every x € X. Then f4 is 1-Lipschitz, since

|fa(z) — faly)| =

< sup [d(z,u) — d(y,u)|
u€A

<d(z,y),

inf — inf
in £ d(z,u) in £ d(y.u)

where the last step is by the triangle inequality. Moreover, zero is a median of f4, since
1 1
Pu(fa(X) <0) =Py(X €4) > and  PByu(fa(X)20) >,
where the second bound is vacuously true since f4 > 0 everywhere. Consequently, with my = 0, we get
1—p(4,) = ]P’u(d(X, A) > 7’)
= ]P)u(fA(X) >mys+ T‘)
< Kexp (—/{7‘2) ) Yr>0

which gives (3.163). O
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It is shown in the following that for Lipschitz functions, concentration around the mean also implies
concentration around any median, but possibly with worse constants [2, Proposition 1.7]:

Theorem 35. Let (X, d, ) be a metric probability space, such that for any 1-Lipschitz function f : X —
R we have

P, (f(X) > B, [f(X)] + r) < Koexp (—ror?),  Vr>0 (3.172)
with some constants Ky, k9 > 0. Then, p has the normal concentration property (3.163) with K = K

and k = Ko/4. Consequently, the concentration inequality in (3.170) around any median my is satisfied
with the same constants of k and K.

Proof. Let A C X be an arbitrary Borel set with pu(A) > 0, and fix some r > 0. Define the function
far(z) = min{d(x, A),r}. Then, from the triangle inequality, || fa,|lLip < 1 and

Bylfar(@)] = [ min{d(e. 4).r} p(do)
:/min{d(x,A),r}u(dx)—i-/ min {d(z, A),r} p(dz)
A Ac

= (1— u(A))r. (3.173)
Then

< Kpexp (—K} (,u(A)r)2) , Vr >0,

where the first two steps use the definition of fa,, the third step uses (3.173), and the last step uses
(3.172). Consequently, if u(A) > 1/2, we get (3.163) with K = Ky and k = ko/4. Consequently, from
Theorem 34, also the concentration inequality in (3.170) holds for any median m; with the same constants
of k and K. O

Remark 35. Let (X, d, 1) be a metric probability space, and suppose that u has the normal concentration
property (3.163) (with arbitrary constants K,x > 0). Let f : X — R be an arbitrary Lipschitz function
(where the Lipschitz property is defined w.r.t. the metric d), and let E,[f(X)] and my be, respectively,
the mean and any median of f w.r.t. p. Theorem 3.172 considers concentration of f around the mean
and the median. In the following, we provide an upper bound on the distance between the mean and
any median of f in terms of the parameters x and K of (3.163), and the Lipschitz constant of f. From
Theorem 34, it follows that

EuLf(X)] —my]|
< Eu[’f(X) - mf”

— [T B0 gl =y ar

e’} 2
S/ 2Kexp<—7fw2 )dr
0 ”f”Lip

= E KISl (3.174)
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where the last inequality follows from the (one-sided) concentration inequality in (3.170) and since f and
—f are both Lipschitz functions with the same constant. This shows that the larger is k and also the
smaller is K (so that the concentration inequality in (3.163) is more pronounced), then the mean and
any median of f get closer to each other, so the concentration of f around both the mean and median
becomes more well expected. Indeed, Theorem 34 provides a better concentration inequality around the
median when this situation takes place.

3.4.2 Marton’s argument: from transportation to concentration

As shown above, the phenomenon of concentration is fundamentally geometric in nature, as captured
by the isoperimetric inequality (3.163). Once we have established (3.163) on a given metric probability
space (X, d, ), we immediately obtain Gaussian concentration for all Lipschitz functions f : X — R by
Theorem 34.

There is a powerful information-theoretic technique for deriving concentration inequalities like (3.163).
This technique, first introduced by Marton (see [62] and [49]), hinges on a certain type of inequality that
relates the divergence between two probability measures to a quantity called the transportation cost. Let
(X,d) be a Polish space. Given p > 1, let Pp(X) denote the space of all Borel probability measures ;1 on
X, such that the moment bound

E,[d’(X,zg)] < oo (3.175)
holds for some (and hence all) zy € X.

Definition 5. Given p > 1, the LP Wasserstein distance between any pair p, v € P,(X) is defined as

1/p
W2 nt ([ @@yrdnay) (3.176)
mell(p,v) \Jxxx

where II(u, v) is the set of all probability measures 7 on the product space X x X with marginals p and
v.

Remark 36. Another equivalent way of writing down the definition of W,(y,v) is

Wylu,v) = | inf LB Y)Y, (3:177)

where the infimum is over all pairs (X,Y") of jointly distributed random variables with values in X', such
that Px = p and Py = v.

Remark 37. The name “transportation cost” comes from the following interpretation: Let p (resp.,
v) represent the initial (resp., desired) distribution of some matter (say, sand) in space, such that the
total mass in both cases is normalized to one. Thus, both u and v correspond to sand piles of some
given shapes. The objective is to rearrange the initial sand pile with shape p into one with shape v
with minimum cost, where the cost of transporting a grain of sand from location x to location y is given
by ¢(z,y) for some sufficiently regular function ¢ : X x X — R. If we allow randomized transportation
policies, i.e., those that associate with each location x in the initial sand pile a conditional probability
distribution m(dy|x) for the destination in the final sand pile, then the minimum transportation cost is
given by

C*(p,v) £ inf / c(x,y)m(dz, dy) (3.178)
mell(py) Jxxx
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When the cost function is given by ¢ = dP for some p > 1 and d is a metric on X, we will have
C*(u,v) = WJ(u,v). The optimal transportation problem (3.178) has a rich history, dating back to a
1781 essay by Gaspard Monge, who has considered a particular special case of the problem

G 2 gt { [ ctopleputan) spop = v}, (3.179)

Here, the infimum is over all deterministic transportation policies, i.e., measurable mappings ¢ : X — X,
such that the desired final measure v is the image of p under ¢, or, in other words, if X ~ u, then
Y = ¢(X) ~ v. The problem (3.179) (or the Monge optimal transportation problem, as it has now
come to be called) does not always admit a solution (incidentally, an optimal mapping does exist in the
case considered by Monge, namely X = R3 and c¢(x,y) = ||z — y||). A stochastic relaxation of Monge’s
problem, given by (3.178), was considered in 1942 by Leonid Kantorovich (and reprinted more recently
[133]). We recommend the books by Villani [50, 51] for a much more detailed historical overview and
rigorous treatment of optimal transportation.

Lemma 13. The Wasserstein distances have the following properties:
. For each p > 1, W,(+,-) is a metric on P,(X).
I 1 <p <gq, then Pp(X) D Py(X), and Wp(p,v) < Wy(p,v) for any p, v € Py(X).

. W), metrizes weak convergence plus convergence of pth-order moments: a sequence {1, }52; in Pp(X)
converges to f1 € Pp(X) in Wy, i.e., Wy (pun, ) —> 0, if and only if:

(a) {n} converges to u weakly, i.e., E,, [¢] ~— E,[¢] for any continuous bounded function ¢ : X — R

(b) for some (and hence all) xg € X,
/dpznxo,undx m/dpl‘xo (dx).

If the above two statements hold, then we say that {u,} converges to p weakly in Py(X).

. The mapping (p, v) — Wp(u, v) is continuous on P, (X), i.e., if pp, — p and v, — v weakly in P,(X), then
Wy (pin, vn) — Wp(p,v). However, it is only lower semicontinuous in the usual weak topology (without
the convergence of pth-order moments): if u, — p and v, — v weakly, then

lim inf Wy, (pn, vn) > Wp(p, v).

n—oo

. The infimum in (3.176) [and therefore in (3.177)] is actually a minimum; in other words, there exists an
optimal coupling ©* € M(u,v), such that

WP (1, v) = / P (@, y)r* (da, dy).
XXX

Equivalently, there exists a pair (X*,Y™) of jointly distributed X'-valued random variables with Px« = p
and Py+ = v, such that
Wh(u,v) = E[dP(X*,Y™)].

JIfp =2 X =R with d(z,y) = |r — y|, and p is atomless (i.e., if u({z}) = 0 for all x € R), then the
optimal coupling between p and any v is given by the deterministic mapping

Y =F,'oF,(X)

for X ~ p, where F,, denotes the cumulative distribution (cdf) function of u, ie., F,(z) = P, (X < 2),
and F; ! is the quantile function of v, i.e., F;'(z) £ inf {a : F,(z) > a}.



3.4. TRANSPORTATION-COST INEQUALITIES 129

Definition 6. We say that a probability measure p on (X, d) satisfies an LP transportation cost inequality
with constant ¢ > 0, or a T),(c) inequality for short, if for any probability measure v < p we have

Wy (1, v) < \/2eD(v||p). (3.180)

Example 16 (Total variation distance and Pinsker’s inequality). Here is a specific example illustrating
this abstract machinery, which should be a familiar territory to information theorists. Let X’ be a discrete
set equipped with the Hamming metric d(z,y) = 1{z#yy- In this case, the corresponding L' Wasserstein
distance between any two probability measures p and v on X takes the simple form

Wi(p,v) = inf P(X#Y).

~p,Y v
As we will now show, this turns out to be nothing but the usual total variation distance
1
I =vlrv = sup |u(A) —v(A)] =5 > () = v(@)]
ACx zeX

(we are abusing the notation here, writing u(x) for the p-probability of the singleton {x}). To see this,
consider any 7w € II(u,v). Then for any x we have

pa) =Y w(x,y) > w(x, ),

yeX

and the same goes for v. Consequently, 7(z,z) < min{pu(z),v(x)}, and so

Erd(X #Y)]=1-> n(x,z) (3.181)
zeX

>1- Z min {u(x),v(x)}. (3.182)
reX

On the other hand, if we define the set A = {x € X' : u(z) > v(z)}, then

= vy = 5 3 ) (@) + 5 3 Jula) — v(a)]

z€A rEA®

_ % 3 fula) —v@) + 5 Y vle) - p(@)

r€A rE€A°

= 2 ((A) ~ () + (4 — u(49))

2
= pu(A4) — v(4)
and

S min {u(@), v(@)} = 3 via) + 3 ule)

zeX z€A zE A
= v(A) + p(49)
=1 (u(4) - v(4))
=1—|p—=vlrv. (3.183)
Consequently, for any 7 € II(p, v) we see from (3.181)—(3.183) that

Br(X #Y) = Ed(X,Y)] > 1 — v]1v. (3.184)
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Moreover, the lower bound in (3.184) is actually achieved by 7* taking

i} . (@) = v(@) Lgeay (W (Y) — n(Y) 1iyeas
(2, y) = min{p(), v ()} Lpeyy + )~ (A Y Gt (3.185)

Now that we have expressed the total variation distance ||u—v||Tv as the L' Wasserstein distance induced
by the Hamming metric on X, we can recognize the well-known Pinsker’s inequality,

1
I =vlirv <4/ 5 DWllw), (3.186)

as a T1(1/4) inequality that holds for any probability measure pu on X.

Remark 38. It should be pointed out that the constant ¢ = 1/4 in Pinsker’s inequality (3.186) is not
necessarily the best possible for a given distribution P. Ordentlich and Weinberger [134] have obtained
the following distribution-dependent refinement of Pinsker’s inequality. Let the function ¢ : [0,1/2] — RT

be defined by
1 1—0p . 1
1 , ifpe |0,z
o(p) £ <1—2p> “( P > rel0s) (3.187)

2, ifp=1/2

(in fact, p(p) — 2 as p T 1/2, p(p) — oo as p | 0, and ¢ is a monotonic decreasing and convex function).
Let X be a discrete set. For any P € P(X), define the balance coefficient

1
N : _ -
mp = TAX min {P(A),1-P(A)} = mpc [0, 2}.

Then (cf. Theorem 2.1 in [134]), for any Q € P(X),

1

IP- @l < /(=) pe@ip) (3.158)
p(mp)

From the above properties of the function ¢, it follows that the distribution-dependent refinement of

Pinsker’s inequality is more pronounced when the balance coefficient is small (i.e., 7p < 1). Moreover,

this bound is optimal for a given P, in the sense that

D(Q|IP)

n — 3.189
0P TP = QI (3.189)

p(mp) =

For instance, if X = {0,1} and P is the distribution of a Bernoulli(p) random variable, then 7p =
min{p, 1 — p}, and (since ¢(p) in (3.187) is symmetric around one-half)

p(mp) = <1_12p> n (%), ifp #

1
2
2, ifp=1

and for any other @ € P({0,1}) we have, from (3.188),

1-2p i 1
IP~Qllrv < \/<1n[<1 —Wp]) e, (3.190)

1 .
5 D@QIP). ifp=1.
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The above inequality provides an upper bound on the total variation distance in terms of the diver-
gence. In general, a bound in the reverse direction cannot be derived since the total variation distance
can be arbitrarily close to zero, whereas the divergence is equal to infinity. However, consider an i.i.d.
sample of size n that is generated from a probability distribution P. Sanov’s theorem implies that the
probability that the empirical distribution of the generated sample deviates in total variation from P by
at least some ¢ € (0, 2] scales asymptotically like exp(—n D*(P, 5)) where

D*(P,e) & inf D(Q||P).
(Pe) Q:1P=Qllrv=e @1I2)
Although a reverse form of Pinsker’s inequality (or its probability-dependent refinement in [134]) cannot
be derived, it was recently proved in [135] that

D*(P,e) < p(mp) e + O(e3).

This inequality shows that the probability-dependent refinement of Pinsker’s inequality in (3.188) is
actually tight for D*(P,¢) when ¢ is small, since both upper and lower bounds scale like ¢(mp)e? if
e 1.

Apart of providing a refined upper bound on the total variation distance between two discrete proba-
bility distributions, the inequality in (3.188) also enables to derive a refined lower bound on the relative
entropy when a lower bound on the total variation distance is available. This approach was studied in
[136, Section III] in the context of the Poisson approximation where (3.188) was combined with a new
lower bound on the total variation distance (using the so-called Chen-Stein method) between the distri-
bution of a sum of independent Bernoulli random variables and the Poisson distribution with the same
mean. It is noted that for a sum of i.i.d. Bernoulli random variables, the resulting lower bound on this
relative entropy (see [136, Theorem 7]) scales similarly to the upper bound on this relative entropy by
Kontoyiannis et al. (see [137, Theorem 1]), where the derivation of the latter upper bound relies on the
logarithmic Sobolev inequality for the Poisson distribution by Bobkov and Ledoux [45] (see Section 3.3.5
here).

Marton’s procedure for deriving Gaussian concentration from a transportation cost inequality [62, 49]
can be distilled in the following:

Proposition 9. Suppose p satisfies a T (c) inequality. Then, the Gaussian concentration inequality in
(3.163) holds with x = 1/(2¢) and K =1 for all » > v2¢In 2.

Proof. Fix two Borel sets A, B C X with pu(A), u(B) > 0. Define the conditional probability measures

w(CNA) » #(CNB)
pa(C) & ———~ and  pp(C) =2 ———=,
NENTOY =)
where C is an arbitrary Borel set in X'. Then pa, up < u, and
Wi(pa, pg) < Wilp, pa) + Walp, ps) (3.191)
< V2eD(pallp) + /2eD(up| ), (3.192)

where (3.191) is by the triangle inequality, while (3.192) is because u satisfies T7(c). Now, for any Borel

set C, we have
(@) = [ A (),

so it follows that u4 < p with dpua/dp = 14/p(A), and the same holds for up. Therefore,

dia ) dpa
du du

] —m— (3.193)

Dall) = E, | s
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and an analogous formula holds for up in place of p4. Substituting this into (3.192) gives

1 1
Wipa, pup) < \/ZCln (A + \/2cln m (3.194)

We now obtain a lower bound on Wi(ua,up). Since pg (resp., pp) is supported on A (resp., B), any
m € II(pa,va) is supported on A x B. Consequently, for any such m we have

/ d(z,y) m(dz,dy) = / d(z,y) m(dz,dy)
XXX

AxB

> / inf d(z,y) m(dz,dy)
AxBYEB

_ /A d(z, B) pa(dz)
> inf d(x, B) j1a(A)
_ d(A.B), (3.195)

where pa(A) = 1, and d(A4, B) £ infyeayepd(z,y) is the distance between A and B. Since (3.195)
holds for every 7 € II(pa,v4), we can take the infimum over all such 7 and get W1 (ua, up) > d(A, B).
Combining this with (3.194) gives the inequality

1 1
d(A,B) < \/ZCln (A + \/2cln W(B)’

which holds for all Borel sets A and B that have nonzero u-probability.
Let B = A¢, then u(B) =1 — u(A,) and d(A, B) > r. Consequently,

< [2eln— 4 [2cin — (3.196)
r<y/2cln—— cln ———. :
n(A) T ()
If u(A) >1/2 and r > V2¢In 2, then (3.196) gives
1 2
w(Ay) >1—exp <_2_c (r —V2¢ln 2) > . (3.197)

Hence, the Gaussian concentration inequality in (3.163) indeed holds with k = 1/(2¢) and K =1 for all

r > +/2cln 2. O

Remark 39. The formula (3.193), apparently first used explicitly by Csiszar [138, Eq. (4.13)], is actually
quite remarkable: it states that the probability of any event can be expressed as an exponential of a
divergence.

While the method described in the proof of Proposition 9 does not produce optimal concentration
estimates (which typically have to be derived on a case-by-case basis), it hints at the potential power of
the transportation cost inequalities. To make full use of this power, we first establish an important fact
that, for p € [1,2], the T}, inequalities tensorize (see, for example, [51, Proposition 22.5]):

Proposition 10 (Tensorization of transportation cost inequalities). For any p € [1,2], the following
statement is true: If p satisfies T,(c) on (X,d), then, for any n € N, the product measure u®" satisfies
T,(cn?/P~1Y on (X", d,,,) with the metric

n 1/p
dpn (2", y") £ (Z dp(a:i,yi)> . vaytean (3.198)
=1
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Proof. Suppose p satisfies Tp(c). Fix some n and an arbitrary probability measure v on (X", dp ). Let
X" Y™ e X"™ be two independent random n-tuples, such that

PX”:PX1®PX2|X1®“‘®PX”‘X"71:V (3199)
Pyn =Py, @ Py, ©... 0 Py, = 1" (3.200)
For each i € {1,...,n}, let us define the “conditional” W), distance

) 1/p
Wp(PXilxi’17PYi |Pxi-1) 2 ( - Wg(PX”Xifl:xifl,PYZ.)PXz'q (dxz_l)> .
X1

We will now prove that

n
WP (v, u®") = WE(Pxn, Pyn) <> WP(Py,xi-1, Py;|Pxi-), (3.201)
=1

where the LP Wasserstein distance on the left-hand side is computed w.r.t. the d), ,, metric. By Lemma 13,
there exists an optimal coupling of Py, and Py,, i.e., a pair (X7,Y;") of jointly distributed X-valued
random variables, such that PXT = Px,, Pyl* = Py, and

WP (Pxy, Pyy) = E[d” (X7, Y7)].

Now for each i = 2,...,n and each choice of 2! € X"~!, again by Lemma 13, there exists an optimal
coupling of Py, xi-1_g:—1 and Py;, i.e., a pair (X; (1), Y;*(2%71)) of jointly distributed X-valued random
variables, such that Pyxi-1y = Pyx;|xi-1—gi-1, Py i-1) = Py;, and

WE(Py,jxi-1=gi-1, Py,) = E[d (X} (1), Y (&'7)). (3.202)

7

Moreover, because X is a Polish space, all couplings can be constructed in such a way that the mapping
g P((X7(2"1),Y* (2 1)) € ©) is measurable for each Borel set C' C X x X [51]. In other words,
for each i we can define the regular conditional distributions

PX{‘Yi*\X*iflzxifl = PXf(xifl)Yi*(xiflﬁ Vazi_l S Xi_l
such that
PX*”Y*” = PXfo ® PXQ*YQ*‘XI ® e ® PX:{‘X*nfl
is a coupling of Px» = v and Py» = u®", and
WP (Px, xi-1, Py,) = E[dP(X], V)X, i=1,...,n (3.203)
By definition of W), we then have
Wy (v, u®") < Eldp (X", V™)) (3.204)
n
= SR (X, V7)) (3.205)
i=1
n .
= Y E[El (X7, )X (3.206)
i=1
n
=Y W2(Px,xi-1, Py,| Pxi-1), (3.207)
i=1

where:
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(3.204) is due to the fact that (X*",Y*") is a (not necessarily optimal) coupling of Px» = v and
Pyn = p®m;

(3.205) is by the definition (3.198) of d, ;
(3.206) is by the law of iterated expectation; and
(3.207) is by (3.202).

We have thus proved (3.201). By hypothesis, p satisfies T),(c) on (X,d). Therefore, since Py, = p for
every ¢, we can write

Wg(PXi‘Xifl,PYi’PXi—l) :/. 1WZI))(PX”Xi—l:xi—I,PYZ-)PXi—l(dxi_l)
xXi-
§/ (2CD(PX1.|X1'—1ZI7;—1HPYi))p/2PXi—l(dxi_l)
Xi—1
— (26 (D(Py, | xi1 || Py, | Pyi-1))"*. (3.208)

Summing from ¢ = 1 to ¢ = n and using (3.201), (3.208) and Hoélder’s inequality, we obtain

n - 2
WE(w, 1®") < 202 Y (D(Py, jxi-1 | Py Pxi1))”
=1

n p/2
< (20)P/n!P2 <Z D(Px;|xi-1 HPXQ\PXH))

=1
= (20)P/2n'7P/2 (D(Pyxn || Pyn))P/?
= (2¢)"/ 201 P2 D (|| B2,

where the third line is by the chain rule for the divergence, and since Py is a product probability measure.
Taking the p-th root of both sides, we finally get

Wy (v, u®") < \/2cn2/p‘1D(VHu®"),
i.e., u®" indeed satisfies the T; p(cn2/ P=1) inequality. O

Since W5 dominates W7 (cf. item 2 of Lemma 13), a T»(c) inequality is stronger than a 77 (c) inequality
(for an arbitrary ¢ > 0). Moreover, as Proposition 10 above shows, T5 inequalities tensorize ezactly: if u
satisfies Ty with a constant ¢ > 0, then u®" also satisfies Th for every n with the same constant c. By
contrast, if y only satisfies T} (c), then the product measure u®" satisfies 7 with the much worse constant
cn. As we shall shortly see, this sharp difference between the 77 and T5 inequalities actually has deep
consequences. In a nutshell, in the two sections that follow, we will show that, for p € {1,2}, a given
probability measure y satisfies a T),(¢) inequality on (X,d) if and only if it has Gaussian concentration
with constant 1/(2¢). Suppose now that we wish to show Gaussian concentration for the product measure
pu®™ on the product space (X", d; ;). Following our tensorization programme, we could first show that p
satisfies a transportation cost inequality for some p € [1, 2], then apply Proposition 10 and consequently
also apply Proposition 9. If we go through with this approach, we will see that:

if p1 satisfies T1(c) on (X,d), then pu®" satisfies Ti(cn) on (X", d;,), which is equivalent to Gaussian
concentration with constant 1/(2¢n). In this case, the concentration phenomenon becomes weaker and
weaker as the dimension n increases.
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e if, on the other hand, u satisfies Tb(c) on (X,d), then p®" satisfies To(c) on (X™,ds,,), which is equiv-
alent to Gaussian concentration with the same constant 1/(2c), and this constant is independent of the
dimension n. Of course, these two approaches give the same constants in concentration inequalities for
sums of independent random variables: if f is a 1-Lipschitz function on (X, d), then from the fact that

dl,n(:nn) yn) = Z d(:EZv yl)
i=1

1
2

<vn <Z dz(ﬂfi,yi)>
i=1
= \/ﬁd2,n(gjna yn)
we can conclude that, for f, (") £ (1/n) > ", f(x:),

L L su ’fn(xn)_fn(yn)’
||f ||Lp,1 x”;ély)n dlm(l,n,yn)

1
< -
n

and

ny __ n 1
S A B AT
||f HLP,2 xn#l;)n d27n($n,yn) - \/ﬁ

(the latter estimate cannot be improved). Therefore, both T3 (c) and Th(c) give

P lZn:f(X,-)>7" < exp —L ,
ni ) 2| fIIZ,

where X1, ..., X,, € X arei.i.d. random variables whose common marginal p satisfies either T(c) or T} (c),
and f is a Lipschitz function on X with E[f(X;)] = 0. The difference between 7} and T» inequalities
becomes quite pronounced in the case of “nonlinear” functions of Xi,..., X,.

However, it is an experimental fact that 77 inequalities are easier to work with than 75 inequalities.
The same strategy as above can be used to prove the following generalization of Proposition 10:

Proposition 11. For any p € [1, 2], the following statement is true: Let p, ..., 1y, be n Borel probability
measures on a Polish space (X, d), such that p; satisfies T),(¢;) for some ¢; > 0, for each i = 1,...,n. Let
¢ £ maxj<ij<p ;. Then g =y ® ... p, satisfies Tp(cn2/p_1) on (X", dpn).

3.4.3 Gaussian concentration and 7} inequalities

As we have shown above, Marton’s argument can be used to deduce Gaussian concentration from a
transportation cost inequality. As we will demonstrate here and in the following section, in certain cases
these properties are equivalent. We will consider first the case when u satisfies a T} inequality. The first
proof of equivalence between 77 and Gaussian concentration is due to Bobkov and Gotze [44], and it
relies on the following variational representations of the L' Wasserstein distance and the divergence:

1. Kantorovich—-Rubinstein theorem [50, Theorem 1.14] For any two u,v € Pi(X),

Wa) = sup [EF] Bl (3.209)
FellfllLip<1

2. Donsker—Varadhan lemma [69, Lemma 6.2.13]: for any two Borel probability measures pu, v,

D(v|ju)=  sup  {E,[g] — InE,[exp(g)]} (3.210)
g:exp(g)eL (n)
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Theorem 36 (Bobkov—Gétze [44]). A Borel probability measure p € Py (X) satisfies T (c) if and only if
the inequality

Ey {expltf(X)]} < explet® /2] (3.211)
holds for all 1-Lipschitz functions f : X — R with E,[f(X)] =0, and all t € R.

Remark 40. The moment condition E,[d(X, zg)] < oo is needed to ensure that every Lipschitz function
f: X — R is p-integrable:

B, [[f(X]] < £ (@)l + Eu[|f(X) = fzo)l] < [f (@o)l + | fllLip By [d(X, w0)] < o0.

Proof. Without loss of generality, we may consider (3.211) only for ¢ > 0.
Suppose first that p satisfies T1(c). Consider some v < u. Using the Tj(c) property of p together
with the Kantorovich-Rubinstein formula (3.209), we can write

[ v < Wit) < VEDOIR)

for any 1-Lipschitz f : X — R with E,[f] = 0. Next, from the fact that

inf (9 + @> = V/2ab (3.212)

t>0 \ t 2

for any a,b > 0, we see that any such f must satisfy

1 t
/fdug—D(VHu)—irc—, Vi 0.
N ¢ 2

Rearranging, we obtain
ct?
tfdv — — < D(v|p),  Vt>0.
x 2
Applying this inequality to v = p(9) (the g-tilting of p) where g 2 ¢f, and using the fact that

D(u9 ) =/ gdul? —ln/exp(g) dp
X
:/ tfdu—ln/exp(tf)du
X
we deduce that
ct? c
In / exp(tf)du §7 — InE,<{exp tf(X)—7 <0 (3.213)
X
for all ¢ > 0, and all f with ||f||Lip < 1 and E,[f] = 0, which is precisely (3.211).

Conversely, assume that p satisfies (3.211). Then any function of the form tf, where ¢ > 0 and f is
as in (3.211), is feasible for the supremization in (3.210). Consequently, given any v < u, we can write

D) = /X tf dv—In /X exp(tf) dp

2
:/tfdu—/tfd,u—i
X X 2
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where in the second step we have used the fact that [ fdp = 0 by hypothesis, as well as (3.211).
Rearranging gives

1
/X fdv— /X fd,u‘ < ;D(l/H,u) + %t, Vi >0 (3.214)

(the absolute value in the left-hand side is a consequence of the fact that exactly the same argument goes
through with — f instead of f). Applying (3.212), we see that the bound

/dev—/xfdu‘ < V2eD( ). (3.215)

holds for all 1-Lipschitz f with E,[f] = 0. In fact, we may now drop the condition that E,[f] = 0 by
replacing f with f —E,[f]. Thus, taking the supremum over all 1-Lipschitz f on the left-hand side of
(3.215) and using the Kantorovich-Rubinstein formula (3.209), we conclude that Wi (u,v) < /2¢D(v||w)
for every v < p, i.e., p satisfies T1(¢). This completes the proof of Theorem 36. O

The above theorem gives us an alternative way of deriving Gaussian concentration for Lipschitz
functions:

Corollary 10. Let A be the space of all Lipschitz functions on X, and define the operator I" on A via

Lf(x) = limsup

CACI AT | Sy 2
yeX:d(x,y)]0 d((L’, y)

Suppose that p satisfies T7(c), then it implies the following concentration inequality for every f € A:

T2
Pu(f(X)ZE[f(X)]JrT)éeXp( ), Vr>0.

2C”f”%ip

Corollary 10 shows that the method based on transportation cost inequalities gives the same (sharp)
constants as the entropy method. As another illustration, we prove the following sharp estimate:

Theorem 37. Let X = {0, 1}", equipped with the metric
d(x",y") = Y Loty (3.216)
i=1

Let X5,...,X, € {0,1} be i.i.d. Bernoulli(p) random variables. Then, for any Lipschitz function f :
{0,1}" — R,

2
P F(X™) —E[f(X™)] > 1| <exp [ =p)/PI” )y o (3.217)

nll£IIEi,(1 = 2p)
Proof. Taking into account Remark 41, we may assume without loss of generality that p # 1/2. From the
distribution-dependent refinement of Pinsker’s inequality (3.190), it follows that the Bernoulli(p) measure
satisfies T1(1/(2¢(p))) w.r.t. the Hamming metric, where (p) is defined in (3.187). By Proposition 10,
the product of n Bernoulli(p) measures satisfies T1(n/(2¢(p))) w.r.t. the metric (3.216). The bound
(3.217) then follows from Corollary 10. O

2

Remark 41. In the limit as p — 1/2, the right-hand side of (3.217) becomes exp <—lr>

n”f”Lip
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Remark 42. If || f||rip < C/n for some C > 0, then (3.217) implies that

IP’(f(X") ~EIF(X")] > ) <o (gt ) vrzo

This will be the case, for instance, if f(z™) = (1/n) Y -, fi(z;) for some functions fi,..., f, : {0,1} - R
satisfying |f;(0) — f;(1)] < C for all i = 1,...,n. More generally, any f satisfying (3.134) with ¢; = ¢}/n,
i=1,...,n, for some constants ¢}, ...,c, > 0, satisfies

In[(1 —p)/p]
(1-2p) Z?:1(C§

]P(f(X")—E[f(X")] 27‘) <exp <— 2 -nr2>, Vr>0.

3.4.4 Dimension-free Gaussian concentration and 7, inequalities

So far, we have confined our discussion to the “one-dimensional” case of a probability measure pu on a
Polish space (X, d). Recall, however, that in most applications our interest is in functions of n independent
random variables taking values in X. Proposition 10 shows that the transportation cost inequalities
tensorize, so in principle this property can be used to derive concentration inequalities for such functions.

As before, let (X, d, ) be a metric probability space. We say that pu has dimension-free Gaussian
concentration if there exist constants K, x > 0, such that for any k£ € N

ACX¥and p®%(A)>1/2 =  u®FA4,)>1-Ke " Vr>0 (3.218)

where the isoperimetric enlargement A, of a Borel set A C X* is defined w.r.t. the metric dj, = da 1,
defined according to (3.198):

k
A & {yk e xk. Zdz(ac,-,y,-) <r? vt e A}.

i=1

Remark 43. As before, we are mainly interested in the constant x in the exponent. Thus, we may
explicitly say that p has dimension-free Gaussian concentration with constant x > 0, meaning that
(3.218) holds with that x and some K > 0.

Theorem 38 (Talagrand [139]). Let X = R", d(z,y) = ||z — y||, and u = G™. Then G satisfies a T5(1)
inequality.

Proof. The proof starts for n = 1: let p = G, let v € P(R) have density f w.r.t. p: f = 37'1= and let ®
denote the standard Gaussian cdf, i.e.,

@(m):/_zov(y)dy:\/%/_;exp (JJ;) dy, VzecR.

If X ~ @G, then (by item 6 of Lemma 13) the optimal coupling of 4 = G and v, i.e., the one that achieves
the infimum in

Wa(v.p) = Wa(v,G) = inf (BI(X —Y))"*

is given by Y = h(X) with h = F;;! o ®. Consequently,
W3 (v, G) = E[(X — h(X))?]
= / (z — h(a:))2’y(a:) dz. (3.219)

—00
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Since dv = fdu with p = G, and F,(h(z)) = ®(z) for every x € R, then

x h(x) h(x) h(z)
/ 2(y) dy = B(x) = F, (hx)) = / d = / fau= [ nt .

—00 — 00 —00 — 00

Differentiating both sides of (3.220) w.r.t. x gives

h(z) f(h(z))y(h(z)) =~(z), YzeR
and, since h = F;;! o ®, then h is a monotonic increasing function and

lim h(z) = —oo, lim h(z)= cc.

T——00 T—00

Moreover,

D(v||G) = Hu)

139

(3.220)

(3.221)

(3.222)

while using above the change-of-variables formula, and also (3.221) for the last equality. From (3.221),

we have

_ V() _ WP (@) —a? /
In f(h(z)) =1In (h’(x) ’y(h(x))) = 5 —Inh'(x)

so, by substituting this into (3.222), it follows that

Do) =3 [ (@)~ o] @) o~ [ b (e)9(a)da

—00

- %/OO (= - h($))27(117) dz + /OO z(h(z) —z) y(z) dz — /OO In A/ (x) y(x) dx

—00 —00 —00

= %/OO (z = h(@))* y(z) dz + /OO (W' (z) — 1) y(z) do — /_C: In K (z)y(z) da

—0o0 — 00

> %/oo (z— h(az))zfy(az) dz

= L W)

where the third line relies on integration by parts, the forth line follows from the inequality Int < ¢ —1
for t > 0, and the last line holds due to (3.219). This shows that u = G satisfies T5(1), so it completes the
proof of Theorem 38 for n = 1. Finally, this theorem is generalized for an arbitrary n by tensorization

via Proposition 10.

O
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We now get to the main result of this section, namely that dimension-free Gaussian concentration
and T are equivalent:

Theorem 39. Let (X, d, 1) be a metric probability space. Then, the following statements are equivalent:
1. p satisfies Th(c).

2. 4 has dimension-free Gaussian concentration with constant x = 1/(2c¢).

Remark 44. As we will see, the implication 1) = 2) follows easily from the tensorization property of
transportation cost inequalities (Proposition 10). The reverse implication 2) = 1) is a nontrivial result,
which was proved by Gozlan [56] using an elegant probabilistic approach relying on the theory of large
deviations [69].

Proof. We first prove that 1) = 2). Assume that u satisfies T»(c) on (X, d). Fix some k € N and consider
the metric probability space (X, da 1®*), where the metric da ) is defined by (3.198) with p = 2. By
the tensorization property of transportation cost inequalities (Proposition 10), the product measure u®k
satisfies Th(c) on (X*,dy ). Because the L? Wasserstein distance dominates the L' Wasserstein distance
(by item 2 of Lemma 13), u®* also satisfies T1(c) on (X*,dy ). Therefore, by the Bobkov—Gdtze theorem
(Theorem 36 in the preceding section), u®* has Gaussian concentration (3.163) with respect to da 4 with
constant K = 1/(2¢). Since this holds for every k € N, we conclude that p indeed has dimension-free
Gaussian concentration with constant k = 1/(2c).

We now prove the converse implication 2) = 1). Suppose that p has dimension-free Gaussian con-
centration with constant £ > 0. Let us fix some k¥ € N and consider the metric probability space
(X*, d27k,/,t®k). Given 2* € X*, let P_i be the corresponding empirical measure, i.e.,

k
P =2 0u (3.223)
i=1

x| =

where J, denotes a Dirac measure (unit mass) concentrated at x € X'. Now consider a probability measure
v on X, and define the function f, : X* — R by

fo(@F) 2 Wy (P, v), Va*exk

We claim that this function is Lipschitz w.r.t. dy ) with Lipschitz constant 1/ Vk. To verify this, note
that

[fu(@®) = £ (") = [Wa(Pyr, v) — Wa (P, v))|

< Wa(Pyi, Pyi) (3.224)
1/2

= inf d*(z, 7rd:13,d> 3.225

e ([ @ mataan (3.225)
L 1/2
< <%Zd2($i7%)) (3.226)
=1

1

= — dy(2¥, "), (3.227)

Vi

where
e (3.224) is by the triangle inequality;

e (3.225) is by definition of Wy;
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(3.226) uses by the fact that the measure that places mass 1/k on each (z;,y;) for i € {1,...,k}, is an
element of II(P,x,P,x) (due to the definition of an empirical distribution in (3.223), the marginals of the
above measure are indeed P_» and P x); and

(3.227) uses the definition (3.198) of dy 4.

Now let us consider the function f;, = fu = Wa(Pk,p), for which, as we have just seen, we have
| frllLip,2 = 1/VE. Let X1,..., X}, be iid. draws from g. Then, by the assumed dimension-free Gaussian
concentration property of u, we have

2
P(fk(Xk) > E[fu(X*)] + 7“) < exp (—7>

2CHfH%,1p,2
= exp (—KJIW’Z) , Vr>0 (3.228)

and this inequality holds for every k € N; note that the last equality holds since ¢ = i and || f ”%ip,2 = %

Now, if X1, Xo,... are i.i.d. draws from g, then the sequence of empirical distributions {Pxx}32,
almost surely converges weakly to p (this is known as Varadarajan’s theorem [140, Theorem 11.4.1}).
Since W5 metrizes the topology of weak convergence together with the convergence of second moments
(cf. Lemma 13), we have limj,_,o, E[f,(X*)] = 0. Consequently, taking logarithms of both sides of (3.228),
dividing by k, and taking limit superior as k — oo, we get

1

lim sup ~ 1HP<WQ(PXk,,LL) > r) < —wr. (3.229)
k—o0 k

On the other hand, for a fixed p, the mapping v — Ws(v, 1) is lower semicontinuous in the topology of

weak convergence of probability measures (cf. Lemma 13). Consequently, the set {p : Wa(Pxw,p) > r}

is open in the weak topology, so by Sanov’s theorem [69, Theorem 6.2.10)

1
ligninf—lnP(Wg(PXk,,u) > 7“) > —inf {D(v|p) : Wao(u,v) >r}. (3.230)

—>OOk7

Combining (3.229) and (3.230), we get that

inf{D(v||p) : Walp,v) >r} > rr?

which then implies that D(v||u) > £ W3 (u,v). Upon rearranging, we obtain Wa(u,v) < 1/(1) D(v||p),
which is a Th(c) inequality with ¢ = i This completes the proof of Theorem 39. ]

3.4.5 A grand unification: the HWI inequality

At this point, we have seen two perspectives on the concentration of measure phenomenon: functional
(through various log-Sobolev inequalities) and probabilistic (through transportation cost inequalities).
We now show that these two perspectives are, in a very deep sense, equivalent, at least in the Euclidean
setting of R™. This equivalence is captured by a striking inequality, due to Otto and Villani [141],
which relates three measures of similarity between probability measures: the divergence, L? Wasserstein
distance, and Fisher information distance. In the literature on optimal transport, the divergence between
two probability measures ) and P is often denoted by H(Q||P) or H(Q, P), due to its close links to the
Boltzmann H-functional of statistical physics. For this reason, the inequality we have alluded to above
has been dubbed the HWI inequality, where H stands for the divergence, W for the Wasserstein distance,
and [ for the Fisher information distance.

As a warm-up, we first state a weaker version of the HWI inequality specialized to the Gaussian
distribution, and give a self-contained information-theoretic proof following [142]:
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Theorem 40. Let G be the standard Gaussian probability distribution on R. Then, the inequality

D(P||G) < Wa(P,G)\/I(P|G), (3.231)

where W is the L? Wasserstein distance w.r.t. the absolute-value metric d(z,y) = |z — y|, holds for any
Borel probability distribution P on R, for which the right-hand side of (3.231) is finite.

Proof. Without loss of generality, we may assume that P has zero mean and unit variance. We first show
the following: Let X and Y be a pair of real-valued random variables, and let N ~ G be independent of
(X,Y). Then for any ¢t > 0

1
D(PxryinllPyrvan) < 5 W3 (Px, Py). (3.232)

Using the chain rule for divergence, we can expand D(Py y y, /inllPxyy 1in) in two ways as

D(PX,Y,X-F\/ZN”PX,Y,Y—i—\/ZN) = D(PX—i-\/fN”PY—l—\/ZN) + D(PX,Y|X+\/EN”PX,Y\Y—i-\/EN‘PX—i—\/ZN)
2 D(PX—i—\/EN”PY-‘r\/ZN)

and since N is independent of (X,Y), then
D(PX,Y,X+\/ZN||PX,Y,Y+\/ZN) = D(PX-i-\/ZN | PY+\/EN|PX,Y)
=E[DWN(X,t) [[N(Y,1))| X,Y]
1
= —E[(X -Y)?
CE[(X - VY

where the last equality is a special case of the equality

2 _ 2 2
DW s, of) | Nmao) =3 i () 43 (P20 4 2 )

05

where 02 = 03 =t, m; = X and mg = Y (given the values of X and Y). Therefore, for any pair (X,Y)
of jointly distributed real-valued random variables, we have

1
D(Px, in 1Py 1in) < o E[(X - Y)?]. (3.233)

The left-hand side of (3.233) only depends on the marginal distributions of X and Y. Hence, taking the
infimum of the right-hand side of (3.233) w.r.t. all couplings of Py and Py (i.e., all u € II(Px, Py)), we
get (3.232) (see (3.177)).

Let X have distribution P, Y have distribution G, and define the function

F(t) = D(PX_HEZHPYJ,-\EZ)v

where Z ~ G is independent of (X,Y). Then F(0) = D(P||G), and from (3.232) we have

F(t) < — W3 (Px, Py) = %Wf(R G). (3.234)

1
2t
Moreover, the function F'(t) is differentiable, and it follows from [118, Eq. (32)] that

F'(t) = 2—12 [mmse(X,¢t") — Immse(X,t™1)] (3.235)
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where mmse(X,-) and Immse(X,-) have been defined in (3.56) and (3.58), respectively. Now, for any
t > 0 we have

D(P[|G) = F(0)
= —(F(t) — F(0)) + F(t)
t
_ / F'(s)ds + F(t)
0
1/t 1 1
=5/ = (Immse(X,s™') — mmse(X,s™ ")) ds + F(t) (3.236)
0
I 1 1 1
<= — ds + — W3 (P,G 3.237
_2/0<s(s+1) s(sJ(X)+1)> s+ W (PG) (3.237)
! tJ(X)+1 WZ(PG)
=2 <1n T (3.238)
1 /t(J(X)-1) WEPG)
— 2
_2< et (3.239)
1 J(P
<3 <I(P||G)t + M) (3.240)
where
(3.236) uses (3.235);
(3.237) uses (3.59), the Van Trees inequality (3.60), and (3.234);
(3.238) is an exercise in calculus;
(3.239) uses the inequality Inx < z — 1 for > 0; and
(3.240) uses the formula (3.54) (so I(P||G) = J(X) — 1 since X ~ P has zero mean and unit variance,

and one needs to substitute s =1 in (3.54) to get G5 = G), and the fact that ¢ > 0.
Optimizing the choice of ¢ in (3.240), we get (3.231). O

Remark 45. Note that the HWI inequality (3.231) together with the 75 inequality for the Gaussian
distribution imply a weaker version of the log-Sobolev inequality (3.41) (i.e., with a larger constant).
Indeed, using the T3 inequality of Theorem 38 on the right-hand side of (3.231), we get
D(P|G) < Wy (P,G)VI(P|G)
< V2D(P|G)VI(P|G),

which gives D(P||G) < 2I(P||G). It is not surprising that we end up with a suboptimal constant here:
the series of bounds leading up to (3.240) contributes a lot more slack than the single use of the van
Trees inequality (3.60) in our proof of Stam’s inequality (which is equivalent to the Gaussian log-Sobolev
inequality of Gross) in Section 3.2.1.

We are now ready to state the HWI inequality in its strong form:
Theorem 41 (Otto—Villani [141]). Let P be a Borel probability measure on R™ that is absolutely

continuous w.r.t. the Lebesgue measure, and let the corresponding pdf p be such that

1
V21In <—> - KI, (3.241)
p
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for some K € R (where V2 denotes the Hessian, and the matrix inequality A = B means that A — B is
positive semidefinite). Then, any probability measure @) < P satisfies

K
D(Q|IP) < Wa(Q, P)VI(Q[P) - 5 W3(Q, P). (3.242)

We omit the proof, which relies on deep structural properties of optimal transportation mappings
achieving the infimum in the definition of the L? Wasserstein metric w.r.t. the Euclidean norm in R™.
(An alternative, simpler proof was given later by Cordero—Erausquin [143].) We can, however, highlight

a couple of key consequences (see [141]):

. Suppose that P, in addition to satisfying the conditions of Theorem 41, also satisfies a T5(c) inequality.
Using this fact in (3.242), we get

K
D(Q[P) < v2eD(Q[IP)\VI(Q|P) — EWf(Q,P) (3.243)
If the pdf p of P is log-concave, so that (3.241) holds with K = 0, then (3.243) implies the inequality
D(Q|P) <2¢1(Q|P) (3.244)

for any Q < P. This is, of course, an Fuclidean log-Sobolev inequality similar to the one satisfied by
P = G"™. Of course, the constant in front of the Fisher information distance I(:||-) on the right-hand
side of (3.244) is suboptimal, as can be easily seen by letting P = G, which satisfies T5(1), and going
through the above steps — as we know from Section 3.2 (in particular, see (3.41)), the optimal constant
should be 1/2, so the one in (3.244) is off by a factor of 4. On the other hand, it is quite remarkable that,
up to constants, the Euclidean log-Sobolev and T» inequalities are equivalent.

. If the pdf p of P is strongly log-concave, i.e., if (3.241) holds with some K > 0, then P satisfies the
Euclidean log-Sobolev inequality with constant 1/K. Indeed, using Young’s inequality ab < a?/2 + b?/2,
we can write

1QIP) K
K 2

D(Q|IP) < VEW(Q, P) W3(Q, P)

1
< —I(Q||P
which shows that P satisfies the Euclidean LSI(1/K) inequality. In particular, the standard Gaussian
distribution P = G™ satisfies (3.241) with K = 1, so we even get the right constants. In fact, the
statement that (3.241) with K > 0 implies Euclidean LSI(1/K) was first proved in 1985 by Bakry and
Emery [144] using very different means.

3.5 Extension to non-product distributions

Our focus in this chapter has been mostly on functions of independent random variables. However, there
is extensive literature on the concentration of measure for weakly dependent random variables. In this
section, we describe (without proof) a few results along this direction that explicitly use information-
theoretic methods. The examples we give are by no means exhaustive, and are only intended to show
that, even in the case of dependent random variables, the underlying ideas are essentially the same as in
the independent case.

The basic scenario is exactly as before: We have n random variables Xy, ..., X,, with a given joint
distribution P (which is now not necessarily of a product form, i.e., P = Px» may not be equal to
Px, ® ...® Py, ), and we are interested in the concentration properties of some function f(X").
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3.5.1 Samson’s transporation cost inequalities for weakly dependent random vari-
ables

Samson [145] has developed a general approach for deriving transportation cost inequalities for dependent
random variables that revolves around a certain L? measure of dependence. Given the distribution
P = Pxn of (Xi,...,X,), consider an upper triangular matrix A € R™*", such that A; ; = 0 for i > j,
A;; =1 for all 4, and for i < j

(3.245)

Ai,j = Sup sup \/HPXJn|Xi=Z‘i,Xi1::Ci1 — PXJ’-’L‘X,L'::C&Xi*l:Z‘i*l TV.

el pi—1
Ti,T; T

Note that in the special case where P is a product measure, the matrix A is equal to the n x n identity
matrix. Let ||A]| denote the operator norm of A in the Euclidean topology, i.e.,

Av
|2l] _ sup  [|Av]l.
veRnvz0 |Vl vern:jfu=1

IA] =

Following Marton [146], Samson considers a Wasserstein-type distance on the space of probability mea-
sures on X", defined by

B(P.Q 2 nt s > s (da" 45"),

where the supremum is over all vector-valued positive functions o = (v, ..., ) : X™ — R™, such that
Eq [la(r™)?] <1.
The main result of [145] goes as follows:

Theorem 42. The probability distribution P of X" satisfies the following transportation cost inequality:

d2(Q, P) < ||Allv/2D(Q[ P) (3.246)
for all @ <« P.
Let us examine some implications:
. Let X = [0,1]. Then Theorem 42 implies that any probability measure P on the unit cube X" = [0, 1]"
satisfies the following Euclidean log-Sobolev inequality: for any smooth convex function f : [0,1]" — R,

D(PY||P) < 2)AIPED [|VF(x)|?] (3:247)

(see [145, Corollary 1]). The same method as the one we used to prove Proposition 8 and Theorem 22
can be applied to obtain from (3.247) the following concentration inequality for any convex function
f:00,1]" — R with || f|Lip < 1:

2
]P’(f(X") > Ef(X") + 7’) < exp <—m> . Wr>o. (3.248)
. While (3.246) and its corollaries, (3.247) and (3.248), hold in full generality, these bounds are nontrivial
only if the operator norm ||A|| is independent of n. This is the case whenever the dependence between

the X;’s is sufficiently weak. For instance, if X1,...,X,, are independent, then A = I,,«,. In this case,
(3.246) becomes

d2(Q, P) < /2D(Q| P),



146 CHAPTER 3. THE ENTROPY METHOD, LSI AND TC INEQUALITIES

and we recover the usual concentration inequalities for Lipschitz functions. To see some examples with
dependent random variables, suppose that Xi,..., X, is a Markov chain, i.e., for each i, X}, | is condi-
tionally independent of X! given X;. In that case, from (3.245), the upper triangular part of A is given
by

Ajj = sup \/HPXHXZ-:M — Py |x,=a! v’ 1<J
Zq,2;
and ||A|| will be independent of n under suitable ergodicity assumptions on the Markov chain Xy,..., X,,.

For instance, suppose that the Markov chain is homogeneous, i.e., the conditional probability distribution
Px, x,_, (i > 1) is independent of i, and that

sup ”PXHﬂXizmi - PXi+1\Xi:m;“TV <2p

T4, T

for some p < 1. Then it can be shown (see [145, Eq. (2.5)]) that

n—1
INES% (1 T ZW)
k=1
< V2
> 1_\/5

More generally, following Marton [146], we will say that the (not necessarily homogeneous) Markov chain
X1,..., X, is contracting if, for every i,

5i é Supl ”PX7;+1‘X7;=IEI' - PXiJrl‘Xi:SC;”TV < 1

T4, T
In this case, it can be shown that

1 A

3.5.2 Marton’s transportation cost inequalities for L? Wasserstein distance

Another approach to obtaining concentration results for dependent random variables, due to Marton
[147, 148], relies on another measure of dependence that pertains to the sensitivity of the conditional
distributions of X; given X' to the particular realization z° of X*. The results of [147, 148] are set in the
Euclidean space R”, and center around a transportation cost inequality for the L? Wasserstein distance

WaP.Q) 2 nt VEXT VR, (3.2149)
where || - || denotes the usual Euclidean norm.

We will state a particular special case of Marton’s results (a more general development considers
conditional distributions of (X; : ¢ € S) given (X : j € S°) for a suitable system of sets S C {1,...,n}).
Let P be a probability measure on R™ which is absolutely continuous w.r.t. the Lebesgue measure. For
each 2" € R" and each i € {1,...,n} we denote by Z* the vector in R"~! obtained by deleting the ith
coordinate of x™:

i
T = (T1, i1, g1y e Ty

Following Marton [147], we say that P is d-contractive, with 0 < § < 1, if for any y", 2" € R"

n
Y Wi (Py,gimg Px,xizst) < (1= 08)lly" — 2"||2. (3.250)
i=1
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Remark 46. Marton’s contractivity condition (3.250) is closely related to the so-called Dobrushin—
Shlosman mizing condition from mathematical statistical physics.

Theorem 43 (Marton [147, 148]). Suppose that P is absolutely continuous w.r.t. the Lebesgue measure
on R™ and d-contractive, and that the conditional distributions Py, 5, i € {1,...,n}, have the following
properties:

. for each i, the function 2" — py, 5 (74]2") is continuous, where Px;,| i-1(:|7%) denotes the univariate
probability density function of Py, xi

=zt

. for each i and each 7' € R} Py, |xi—gi—1 satisfies T(c) w.r.t. the L? Wasserstein distance (3.249)
(cf. Definition 6)

Then for any probability measure () on R™ we have

Wa(Q, P) < <% + 1) V2¢D(Q|[P), (3.251)

where K > 0 is an absolute constant. In other words, any P satisfying the conditions of the theorem
admits a Th(¢') inequality with ¢ = (K/v6 +1)%c.

The contractivity criterion (3.250) is not easy to verify in general. Let us mention one sufficient
condition [147]. Let p denote the probability density of P, and suppose that it takes the form

pla") = 2 exp (~ (")) (3.252)

for some C? function ¥ : R” — R, where Z is the normalization factor. For any 2", y™ € R", let us define
a matrix B(z",y") € R™*" by

ViU (z; ©7), i#]

where V%F denotes the (i, j) entry of the Hessian matrix of F' € C?(R"), and x; ® 7* denotes the n-tuple
obtained by replacing the deleted ith coordinate in 7* with x;:

i OF = Y1 Yim1, Tir Yit 1o - -, Yn)-
For example, if ¥ is a sum of one-variable and two-variable terms
n
\I/(x”) = Z VZ((/UZ) + Z b,-ja:,-a:j
i=1 i<j

for some smooth functions V; : R — R and some constants b;; € R, which is often the case in statistical
physics, then the matrix B is independent of z",3", and has off-diagonal entries b;;, i # j. Then (see
Theorem 2 in [147]) the conditions of Theorem 43 will be satisfied, provided the following holds:

. For each i and each #' € R"™1| the conditional probability distributions Py, xi—z satisty the Euclidean
log-Sobolev inequality

C
D(Q||Px, xi=z1) < §I(Q||Pxi\)’(i:zi)a

where I(-||-) is the Fisher information distance, cf. (3.37) for the definition.
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. The operator norms of B(z™,y") are uniformly bounded as

-5
sup By < 5

We also refer the reader to more recent follow-up work by Marton [149, 150], which further elaborates
on the theme of studying the concentration properties of dependent random variables by focusing on the
conditional probability distributions PX” i, ¢ =1,...,n. These papers describe sufficient conditions on
the joint distribution P of Xq,...,X,,, such that, for any other distribution @),

D(Q[lP) < K(P)- D™ (Q||P), (3.254)

where D7 (-||) is the erasure divergence (cf. (3.22) for the definition), and the P-dependent constant
K (P) > 0 is controlled by suitable contractivity properties of P. At this point, the utility of a tensoriza-
tion inequality like (3.254) should be clear: each term in the erasure divergence

~(QP) = ZD Qx, xillPx, xiQx:)

=1

can be handled by appealing to appropriate log-Sobolev inequalities or transportation-cost inequalities
for probability measures on A’ (indeed, one can just treat Py, gi_z: for each fixed 7' as a probability
measure on X, in just the same way as with Py, before), and then these “one-dimensional” bounds can
be assembled together to derive concentration for the original “n-dimensional” distribution.

3.6 Applications in information theory and related topics

3.6.1 The “blowing up” lemma and strong converses

The first explicit invocation of the concentration of measure phenomenon in an information-theoretic
context appears in the work of Ahlswede et al. [60, 61]. These authors have shown that the following
result, now known as the “blowing up lemma” (see, e.g., [151, Lemma 1.5.4]), provides a versatile tool
for proving strong converses in a variety of scenarios, including some multiterminal problems:

Lemma 14. For every two finite sets X and ) and every positive sequence &, — 0, there exist positive
sequences 9,7, — 0, such that the following holds: For every discrete memoryless channel (DMC) with
input alphabet X', output alphabet ), and transition probabilities T'(y|x),z € X,y € ), and every n € N,
" e X" and B C Y",

T™(Blz") > exp (—nep) = T"™(Bps, |z") > 1 — np. (3.255)

Here, for an arbitrary B C Y™ and r > 0, the set B, denotes the r-blowup of B (see the definition in
(3.162)) w.r.t. the Hamming metric

n
num) & Z Liyitus}s Yy, u" e Y.
i=1

The proof of the blowing-up lemma, given in [60], was rather technical and made use of a very delicate
isoperimetric inequality for discrete probability measures on a Hamming space, due to Margulis [152].
Later, the same result was obtained by Marton [62] using purely information-theoretic methods. We
will use a sharper, “nonasymptotic” version of the blowing-up lemma, which is more in the spirit of the
modern viewpoint on the concentration of measure (cf. Marton’s follow-up paper [49]):
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Lemma 15. Let X1,...,X,, be n independent random variables taking values in a finite set X. Then,
for any A C X" with Pxn(A) > 0,

Pxn(A;) > 1—exp —%<T—\/n In <PX7L1(A)>>2 , Vr > \/ In (Pxnl(A)) (3.256)

Proof. The proof of Lemma 15 is similar to the proof of Proposition 9, as is shown in the following:
Consider the L' Wasserstein metric on P(X™) induced by the Hamming metric d,, on X", i.e., for any
P, Qn € P(X™),

W1(Ppn, Qn) 2 anpil,lsf/m@n E[d, (X", Y™)]

n
= inf E liv. 2y,
LN [Z {xﬁm}]

= ZPrX £Y;).

X”NPn Y”
Let P, denote the product measure Pxn = Px, ® ... ® Px,. By Pinsker’s inequality, any p € P(X)

satisfies T7(1/4) on (X, d) where d = d; is the Hamming metric. By Proposition 11, the product measure
P, satisfies T} (n/4) on the product space (X™,d,), i.e., for any u, € P(X"),

n
Wl(,umpn) < ED(Nn”Pn) (3257)

For any set C' C X" with P,(C) > 0, let P, ¢ denote the conditional probability measure P,(-|C). Then,
it follows that (see (3.193))

D(Poc||Py) =In ( Pnt C)> . (3.258)

Now, given any A C X" with P,(A) > 0 and any r > 0, consider the probability measures @, = P, a
and Qpn = Py Ac. Then

(QnaQn < Wl Qm )+W1 Qm n) (3259)

¢ D(QWIIPy) \/ D(QulIPy) (3.260)

= (o) o (=) (320

where (3.259) uses the triangle inequality, (3.260) follows from (3.257), and (3.261) uses (3.258). Following
the same reasoning that leads to (3.195), it follows that

(Qan) = (Pn Aapn,AE.) > dn(A,A?) >r

Using this to bound the left-hand side of (3.259) from below, we obtain (3.256). O

We can now easily prove the blowing-up lemma (see Lemma 14). To this end, given a positive sequence
{en}52, that tends to zero, let us choose a positive sequence {9, }52 ; such that

2
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These requirements can be satisfied, e.g., by the setting

A [En o Inn 1
5n: ?—1' n n”:ﬁ’ VneN

where o > 0 can be made arbitrarily small. Using this selection for {0,}°°; in (3.256), we get (3.255)
with the r,-blowup of the set B where 7, £ nd,. Note that the above selection does not depend on the
transition probabilities of the DMC with input X and output ) (the correspondence between Lemmas 14
and 15 is given by Pxn = T"(-|2"™) where 2™ € X™ is arbitrary).

We are now ready to demonstrate how the blowing-up lemma can be used to obtain strong converses.
Following [151], from this point on, we will use the notation 7 : i/ — V for a DMC with input alphabet
U, output alphabet V, and transition probabilities T'(v|u),u € U,v € V.

We first consider the problem of characterizing the capacity region of a degraded broadcast channel
(DBC). Let X, Y and Z be finite sets. A DBC is specified by a pair of DMC’s T} : X — Yand Ty : X — Z
where there exists a DMC T3 : ) — Z such that

To(z|x) = ZTg(z]y)Tl(y\x), Vee X,z € Z. (3.262)
yey

(More precisely, this is an instance of a stochastically degraded broadcast channel — see, e.g., [81, Sec-
tion 5.6] and [153, Chapter 5]). Given n, My, My € N, an (n, M1, Ms)-code C for the DBC (T3, T») consists
of the following objects:

. an encoding map fn: {1,..., M1} x{1,...,Ma} — &X™;
. a collection Dy of M; disjoint decoding sets D1; C Y™, 1 <14 < My; and, similarly,
. a collection Dy of M disjoint decoding sets Do ; C Z", 1 < j < M.

Given 0 < e1,e9 < 1, we say that C = (f,, D1, D) is an (n, My, Ms, e1,e2)-code if

falisd)) <1
falisd)) < e

max  max T1"< T
1<i<My 1<j<M> ’

max max Ty <D§ ;
1<i<My 1<j<M> ’
In other words, we are using the maximal probability of error criterion. It should be noted that, although
for some multiuser channels the capacity region w.r.t. the maximal probability of error is strictly smaller
than the capacity region w.r.t. the average probability of error [154], these two capacity regions are
identical for broadcast channels [155]. We say that a pair of rates (Ry, R2) (in nats per channel use) is
(e1,&2)-achievable if for any 0 > 0 and sufficiently large n, there exists an (n, M, Ma, e1,£2)-code with

LM sRr -6 k=12
n

Likewise, we say that (Rp, Rz) is achievable if it is (e1,e2)-achievable for all 0 < e1,69 < 1. Now let
R(e1,e2) denote the set of all (e1,e2)-achievable rates, and let R denote the set of all achievable rates.
Clearly,

(61762)6(0,1]2

The following result was proved by Ahlswede and Korner [156]:
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Theorem 44. A rate pair (R;, R2) is achievable for the DBC (71, T3) if and only if there exist random
variables U € U, X € XY € Y, Z € Z such that U — X — Y — Z is a Markov chain, Py|x = 11,
Pgry = T3 (see (3.262)), and

Ry <I(X;Y|U), Ry <I(U;2).
Moreover, the domain U of U can be chosen so that || < min {|X], V|, |Z|}.

The strong converse for the DBC, due to Ahlswede, Gécs and Korner [60], states that allowing for
nonvanishing probabilities of error does not enlarge the achievable region:

Theorem 45 (Strong converse for the DBC).
R(€1.€2) =R, V(€1,€2) S (0, 1]2.

Before proceeding with the formal proof of this theorem, we briefly describe the way in which the
blowing up lemma enters the picture. The main idea is that, given any code, one can “blow up” the
decoding sets in such a way that the probability of decoding error can be as small as one desires (for
large enough n). Of course, the blown-up decoding sets are no longer disjoint, so the resulting object is
no longer a code according to the definition given earlier. On the other hand, the blowing-up operation
transforms the original code into a list code with a subexponential list size, and one can use Fano’s
inequality to get nontrivial converse bounds.

Proof (Theorem 45). Let C = (fn,ﬁl,ﬁg) be an arbitrary (n, My, My, &1, &2)-code for the DBC (171, T5)
with
~ ~ My ~ ~ Mo
Dy = { Dy}, . ad Dy= {Das} g
1= Jj=

Let {0,152, be a sequence of positive reals, such that
Op — 0, +/né, — oo as n — oo.

For each i € {1,...,M;} and j € {1,..., Ms}, define the “blown-up” decoding sets

Dy 2 [ﬁl,i] y and Dy, 2 [52,]}”

n

S
By hypothesis, the decoding sets in 751 and 752 are such that

min  min 77 <D1 i

1<i<My 1<j<M> '
min  min 73 <D2 j

1<i<My 1<j<M> ’

flis ) 215
falif)) = 1-5.

Therefore, by Lemma 15, we can find a sequence &, — 0, such that
min  min 77 (Dl i
1<i<My 1<5< M2 ’

min = min T3 (Dg’j
1<i<M;y 1<j< M3

fn(i,j)> >1—¢p, (3.263a)

fn(i,j)> >1—¢, (3.263b)

Let D1 = {DLZ-}?ill, and Dy = {Dg,j}j.‘/fl. We have thus constructed a triple (f,, D1, D2) satisfying
(3.263). Note, however, that this new object is not a code because the blown-up sets D;,; C Y™ are not
disjoint, and the same holds for the blow-up sets {Ds j}. On the other hand, each given n-tuple y" € Y™
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belongs to a small number of the D ;’s, and the same applies to D5 ;’s. More precisely, let us define for
each y™ € Y" the set

N (y™) & {i:y" € Dy},

and similarly for N3(z"), 2" € Z". Then a simple combinatorial argument (see [60, Lemma 5 and
Eq. (37)] for details) can be used to show that there exists a sequence {7, }°° ; of positive reals, such that

nn — 0 and

W1 (y™)| < [Bns, (¥")] < exp(nn,), — Vy" e Y" (3.264a)
IN2(2"™)| < |Bps, (2™)] < exp(nny,), V" e Z" (3.264b)

where, for any y™ € Y™ and any r > 0, B,(y") C Y™ denotes the ball of d,,-radius r centered at y™:
Br(y") & {v" € V" 1 dn(v",y") <1} = {y"},

(the last expression denotes the r-blowup of the singleton set {y"}).

We are now ready to apply Fano’s inequality, just as in [156]. Specifically, let U have a uniform
distribution over {1,..., My}, and let X" € X™ have a uniform distribution over the set 7 (U), where for
each j € {1,..., My} we let

T(j) = {fali,j) : 1< i< M}
Finally, let Y™ € Y™ and Z" € Z" be generated from X" via the DMC’s T* and T3, respectively. Now,
for each 2™ € Z™, consider the error event

E,(z") £ {U & No(z")}, Vz"e2zZ"

and let ¢, = P(E,(Z")). Then, using a modification of Fano’s inequality for list decoding (see Ap-
pendix 3.C) together with (3.264), we get

H(U|Z") < h(Cn) + (1 = Gu)nian + Cn In M. (3.265)
On the other hand, In My = H(U) = I(U; Z") + H(U|Z™), so
1
n

= L1 2 + o(1),

%m My < = [I(U; Z") + h(Go) + Caln Ms] + (1 — Ca)in

where the second step uses the fact that, by (3.263), ¢, < &,, which converges to zero. Using a similar
argument, we can also prove that

1 1
—In My < —I(X™;Y"|U) + o(1).
n n

By the weak converse for the DBC [156], the pair (R, Ro) with Ry = 1I(X™;Y"|U) and Ry, = 21(U; Z")
belongs to the achievable region R. Since any element of R(e1,e2) can be expressed as a limit of rates
(% In M, % In M2), and since the achievable region R is closed, we conclude that C(ey,e9) C C for all
e1,e2 € (0,1], and Theorem 45 is proved. O

Our second example of the use of the blowing-up lemma to prove a strong converse is a bit more
sophisticated, and concerns the problem of lossless source coding with side information. Let X and
Y be finite sets, and {(X;,Y;)}2; be a sequence of i.i.d. samples drawn from a given joint distribution
Pxy € P(X x)). The X-valued and the )-valued parts of this sequence are observed by two independent
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encoders. An (n, M, Ms)-code is a triple C = (f,sl),ff),gn), where fr(Ll) X" — {1,...,M;} and

fy(Lz) : V" — {1,..., My} are the encoding maps and g, : {1,..., My} x{1,..., Ms} — Y" is the decoding
map. The decoder observes

S =0T and P = P

n n

and wishes to reconstruct Y™ with a small probability of error. The reconstruction is given by

i}n — gn(Jy(Ll)a Jr(LZ))
= g (fIV(X™), [P (Y™)).

We say that C = ( T(LI),fy(Lz),gn> is an (n, My, M, €)-code if

P (V" £ ") =P (g (XM, FA™) £V7) <. (3.266)

We say that a rate pair (R, Re) is e-achievable if, for any 6 > 0 and sufficiently large n € N, there exists
an (n, My, My, e)-code C with

1
~InM < Rp+6, k=12 (3.267)

A rate pair (R, Ra) is achievable if it is e-achievable for all € € (0, 1]. Again, let R(e) (resp., R) denote
the set of all e-achievable (resp., achievable) rate pairs. Clearly,

R= () R

€€(0,1]
The following characterization of the achievable region was obtained in [156]:

Theorem 46. A rate pair (R;, Rg) is achievable if and only if there exist random variables U € U,
X e X, Y €Y, such that U — X — Y is a Markov chain, (X,Y’) has the given joint distribution Pxy,
and

Ry > I(X;U)

Ry > H(Y|U)

Moreover, the domain ¢ of U can be chosen so that (U] < |X] + 2.

Our goal is to prove the corresponding strong converse (originally established in [60]), which states
that allowing for a nonvanishing error probability, as in (3.266), does not asymptotically enlarge the
achievable region:

Theorem 47 (Strong converse for source coding with side information).
R(e) =R, Ve € (0,1].

In preparation for the proof of Theorem 47, we need to introduce some additional terminology and
definitions. Given two finite sets & and V, a DMC S : Y — V, and a parameter n € [0,1], we say,
following [151], that a set B C V is an n-image of u € U under S if S(Blu) > n. For any B C V), let
D,(B;S) C U denote the set of all u € U, such that B is an n-image of u under S:

D, (B; S) & {u e U : S(Blu) > n}.
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Now, given Pxy € P(X x V), let T : X — ) be the DMC corresponding to the conditional probability
distribution Py |x. Finally, given a strictly positive probability measure Qy € P(Y) and the parameters
¢>0and € € (0,1], we define

To(c, e Qy) ABHCHJIJI"{ In Q. (B) : %mP;; <D1_€(B;T )N T ]> c} (3.268)

where T[”] C X" denotes the typical set induced by the marginal distribution Px.

Theorem 48. For any ¢ > 0 and any ¢ € (0, 1],

lim (e, e;Qy) = (e Qy), (3.269)
where
[(¢Qy) =~ max max{D(Pyy|Qy|Py):U—X —Y; I(X;U) <c}. (3.270)

U:U|<|X|+2 Uel
Moreover, the function ¢ — I'(¢; Qy) is continuous.

Proof. The proof consists of two major steps. The first is to show that (3.269) holds for € = 0, and that
the limit I'(¢; Qy) is equal to (3.270). We omit the details of this step and instead refer the reader to
the original paper by Ahlswede, Gécs and Korner [60]. The second step, which actually relies on the
blowing-up lemma, is to show that

lim [fn(c,e; Qy) — fn(c, g Qy)] =0 (3.271)

n—oo

for any e,&’ € (0,1]. To that end, let us fix an £ and choose a sequence of positive reals, such that
8, — 0 and /nd, — oo as n — oo. (3.272)

For a fixed n, let us consider any set B C Y™. If T"(Blz") > 1 —¢ for some 2" € X", then by Lemma 15

- 2
2 n 1
n n > _ _ - _ -
T"(Bps, |z™) > 1 —exp - (nén 21n<1_€>>
2
=1—exp |-2|Vnd, — 1ln L
2 1—c¢

21 —ep. (3.273)

Owing to (3.272), the right-hand side of (3.273) will tend to 1 as n — oo, which implies that, for all large
n?

Dy, (Bns,; T") N [X} D Di_(B;T" )WT&] (3.274)

On the other hand, since Qy is strictly positive,

Qv (Bus,) = Y, Q¥ (")

y”EBm;n

< 3 Q3 Bus,(v")
yneB
sup QY y

Y

")

IN

~ s Qy ( ( ‘
yreyn (
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Using this together with the fact that

lim lln sup wzo

n—oomn yneyn  Qy(y")
(see [60, Lemma 5]), we can write

1 ® (B,
lim sup —IHM:&

n—oo BCYyn n Q?/(B)

From (3.274) and (3.275), it follows that

lim [fn(Q € QY) - fn(Q Ens QY):| = 0.

n—oo

This completes the proof of Theorem 48.
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(3.275)

O

We are now ready to prove Theorem 47. Let C = (fr(bl), f,sz),gn) be an arbitrary (n, My, My, )-code.

For a given index j € {1,..., M}, we define the set

B(j) £ {y" eV Y =gn (j, féz)(y”))} ,

which consists of all y™ € Y™ that are correctly decoded for any ™ € X™ such that fr(Ll)(a:") = j. Using

this notation, we can write
E [T”(B(f,sl)(X"))\X")} >1-—c.
If we define the set
A, 2 {x" e X" T"(B(f,gl)(a:")ﬂx") >1- \/E} ,
then, using the so-called “reverse Markov inequality”? and (3.276), we see that
Py(An) =1 - Py(47)

=1 P} (T"(B(fél’(X"D X") <1- \/5)

<1

1-F [T"(B(ffll)(X")ﬂX")}
1—(1-+/¢)

zl—L\}E—E):l—\/E.

Consequently, for all sufficiently large n, we have

>1-

Py (4nnT) 2 1- 25

(3.276)

2The reverse Markov inequality states that if Y is a random variable such that Y < b a.s. for some constant b, then for

alla < b
b—E[Y]

< < .
P(Y <a)< .
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This implies, in turn, that there exists some j* € fy(Ll)(X ™), such that

P (ProeBGNTY) 2 125 (3217)

On the other hand,

My = |fP(Y™)| > |B(*). (3.278)

We are now in a position to apply Theorem 48. If we choose QQy to be the uniform distribution on
Y, then it follows from (3.277) and (3.278) that
1 1
—In My > —In|B(5%)|
n n

= LnQy(B(") + Y]

~ 1 1
> B, (~1 11— 2v8) + L1, VB Qv )+l
Using Theorem 48, we conclude that the bound
1 1 1
- InMy >T - In(1—2e) + - InMi; Qy ) +In Y|+ o(1) (3.279)

holds for any (n, M, Ma,e)-code. If (R1, R2) € R(¢), then there exists a sequence {C,,}>2, where each
C, = (f,gl),f,?),gn) is an (n, M p, Ma ,, €)-code, and

1
lim — lan’n = Rk, k= 1,2.

n—oo N

Using this in (3.279), together with the continuity of the mapping ¢ — I'(¢; Qy ), we get
Ro>T(Ri;Qy) + Y|,  V(Ri,Ro) € R(e). (3.280)
By definition of I" in (3.270), there exists a triple U — X — Y such that I(X;U) < R; and
L(Ry;Qy) = —D(PyiyllQyv|Py) = —In Y|+ H(Y|U), (3.281)

where the second equality is due to the fact that U — X — Y is a Markov chain and @y is the uniform
distribution on ). Therefore, (3.280) and (3.281) imply that

Ry > H(Y|U).

Consequently, the triple (U, X,Y") € R by Theorem 46, and hence R(¢) C R for all e > 0. Since R C R(¢)
by definition, the proof of Theorem 47 is completed.

3.6.2 Empirical distributions of good channel codes with nonvanishing error proba-
bility

A more recent application of concentration of measure to information theory has to do with characterizing

stochastic behavior of output sequences of good channel codes. On a conceptual level, the random coding

argument originally used by Shannon, and many times since, to show the existence of good channel codes

suggests that the input (resp., output) sequence of such a code should resemble, as much as possible, a

typical realization of a sequence of i.i.d. random variables sampled from a capacity-achieving input (resp.,
output) distribution. For capacity-achieving sequences of codes with asymptotically vanishing probability
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of error, this intuition has been analyzed rigorously by Shamai and Verdu [157], who have proved the
following remarkable statement [157, Theorem 2|: given a DMC T : X — ), any capacity-achieving
sequence of channel codes with asymptotically vanishing probability of error (maximal or average) has
the property that

lim =D (Pya||Pin) =0, (3.282)
n—oo n
where for each n Py» denotes the output distribution on Y™ induced by the code (assuming the messages
are equiprobable), while Py, is the product of n copies of the single-letter capacity-achieving output
distribution (see below for a more detailed exposition). In fact, the convergence in (3.282) holds not just
for DMC’s, but for arbitrary channels satisfying the condition

C = lim 1 sup  I(X™;Y").
NN pyneP(Xm)
In a recent preprint [158], Polyanskiy and Verdu have extended the results of [157] and showed that
(3.282) holds for codes with nonvanishing probability of error, provided one uses the maximal probability
of error criterion and deterministic decoders.

In this section, we will present some of the results from [158] in the context of the material covered
earlier in this chapter. To keep things simple, we will only focus on channels with finite input and output
alphabets. Thus, let X and Y be finite sets, and consider a DMC T : X — ). The capacity C' is given
by solving the optimization problem

C= max I(X;Y),
PxeP(X)
where X and Y are related via T'. Let Py € P(X) be any capacity-achieving input distribution (there
may be several). It can be shown ([159, 160]) that the corresponding output distribution Py € P(Y) is
unique, and that for any n € N, the product distribution Py, = (Py)®" has the key property

where Pyn|xn_gn is shorthand for the product distribution 7" (-[z™). From the bound (3.283), we see
that the capacity-achieving output distribution Py, dominates any output distribution Py~ induced by
an arbitrary input distribution Pxn» € P(X"):

PY"|X"=.’E" <<P{;n, v,ﬁUn 6 Xn :> Pyn <<P;n, \V/PXn EP(XTL)
This has two important consequences:
. The information density is well-defined for any =™ € X™ and y" € Y™

dPyn|xn—gn(y")
T

Pxnyn (2" y") £ In

. For any input distribution Pxn», the corresponding output distribution Pyn satisfies
D(Pynl||Pyn) <nC —I(X™Y")
Indeed, by the chain rule for divergence for any input distribution Px» € P(X™) we have

= D(Pynxn||Pya|Pxn) = D(Pyn||Pyn)

The claimed bound follows upon rearranging this inequality.
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Now let us bring codes into the picture. Given n, M € N, an (n, M)-code for T is a pair C = (fy, gn)
consisting of an encoding map f, : {1,...,M} — X™ and a decoding map g, : Y" — {1,...,M}. Given
0 < e <1, we say that C is an (n, M, e)-code if
P y" X" = 1)) <e. 3.284
max P(ga(Y") # | fal@)) <€ (3.284)
Remark 47. Polyanskiy and Verdd [158] use a more precise nomenclature and say that any such C =
(fn,gn) satisfying (3.284) is an (n, M, €)max,det-code to indicate explicitly that the decoding map gy is
deterministic and that the maximal probability of error criterion is used. Here, we will only consider
codes of this type, so we will adhere to our simplified terminology.

Consider any (n, M)-code C = (fy, gn) for T, and let J be a random variable uniformly distributed on
{1,...,M}. Hence, we can think of any 1 < i < M as one of M equiprobable messages to be transmitted

over T'. Let P)((Cr? denote the distribution of X™ = f,(J), and let P}(,Cn) denote the corresponding output

distribution. The central result of [158] is that the output distribution P}(,(i) of any (n, M, )-code satisfies

D(PE)||Pgn) < nC —1n M + o(n); (3.285)

moreover, the o(n) term may be refined to O(y/n) for any DMC T, except those that have zeroes in
their transition matrix. For the proof of (3.285) with the O(y/n) term, we will need the following strong
converse for channel codes due to Augustin [161] (see also [162]):

Theorem 49 (Augustin). Let S : 4/ — V be a DMC with finite input and output alphabets, and let
Pyy be the transition probability induced by S. For any M € Nand 0 <e < 1,1let f:{1,..., M} - U
and g : V — {1,..., M} be two mappings, such that

max P(g(V) #i|U = f() <e.

Let Qv € P(V) be an auxiliary output distribution, and fix an arbitrary map v : &/ — R. Then, the
following inequality holds:

exp{E(U)]}

. dPy =y
;Iellf/‘{ PV|U:u <ln dc?iv < ’Y(U)) — €&

provided the denominator is strictly positive. The expectation in the numerator is taken w.r.t. the
distribution of U = f(J) with J ~ Uniform{1,..., M}.

M <

: (3.286)

We first establish the bound (3.285) for the case when the DMC T is such that

Cl £ max D(PY\szHPY\sz’) < 0. (3287)

r,x'eX
Note that (' < oo if and only if the transition matrix of T' does not have any zeroes. Consequently,

Py x (ylz)

In ————
Py x(y'|z")

c(T) =2 max max
T,z eX yy'ey

We can now establish the following sharpened version of Theorem 5 from [158]:

Theorem 50. Let T': X — ) be a DMC with C' > 0 satisfying (3.287). Then, any (n, M, ¢)-code C for
T with 0 < € < 1/2 satisfies

1
1—2¢

D(PS)||Pn) < nC —In M + 1n§ +¢(T) gln (3.288)
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Remark 48. Our sharpening of the corresponding result from [158] consists mainly in identifying an
explicit form for the constant in front of \/n in (3.288).

Remark 49. As shown in [158], the restriction to codes with deterministic decoders and to the maximal
probability of error criterion is necessary both for this theorem and for the next one.

Proof. Fix an input sequence 2" € X" and consider the function hz» : Y™ — R defined by

C)

hgn (yn) = In (
dpP;

(y").

Then E[h(Y™)|X™ = 2"] = D(PY7L|X7L:M||P(C”)). Moreover, for any i € {1,...,n}, v,y € ), and
7' € Y"1, we have (see the notation used in (3.24))

| hien (YIT') = hian (' [5°)] < I Pynxnzan (5" 95 4f1) = In Pynjxnegn (v 410 |
0, i C), i
+ ‘lnP}(/”)(yl 17y7yin+l) _lnP}(/n)(yl 173/72/2”4—1)‘

©) —i
P (yly')
Pyix.—o. N
Y| Xs= Z(y) 4 Y;|Y

Py 1x—0 () © o
Yi|Xi=w; Pm?(y 7')

N

< ‘ln
Py x(ylz)
Py x(y'|z")
= ¢(T) < o0 (3.290)

In (3.289)

<2 max max
z,x'€X yy' €y

(see Appendix 3.D for a detailed explanation of the inequality in (3.289)). Hence, for each fixed 2" € &A™,
the function hgzn : Y™ — R satisfies the bounded differences condition (3.134) with ¢; = ... = ¢, = ¢(T).
Theorem 28 therefore implies that, for any r > 0, we have

PY’!L'X’!L::E?’L (ln T}(/CJ(Y ) 2 D(Pyn‘Xn:mn”P n) +r S exXp <—W> (3291)

(In fact, the above derivation goes through for any possible output distribution Pyn, not necessarily one
induced by a code.) This is where we have departed from the original proof by Polyanskiy and Verdu
[158]: we have used McDiarmid’s (or bounded differences) inequality to control the deviation probability
for the “conditional” information density h;» directly, whereas they bounded the variance of h;» using a
suitable Poincaré inequality, and then derived a bound on the derivation probability using Chebyshev’s
inequality. As we will see shortly, the sharp concentration inequality (3.291) allows us to explicitly identify
the dependence of the constant multiplying y/n in (3.288) on the channel T and on the maximal error
probability e.

We are now in a position to apply Augustin’s strong converse. To that end, we let & = X™, V = Y,
and consider the DMC S = T" together with an (n, M,e)-code (f,g) = (fn,gn). Furthermore, let

Cn = Cule) £ ¢(T) gln (3.292)
and take vy(z") = D(PYn‘Xn:anP(C;)) + (. Using (3.286) with the auxiliary distribution Qy = P}(,i), we

get
exp{E[y(X")]}

M < — (3.293)
inf PY"|X"=.’E" In W < ’Y(Z’n) — &
TneXn dPYn



160 CHAPTER 3. THE ENTROPY METHOD, LSI AND TC INEQUALITIES

where E[y(X™)] = D(PYn‘XnHP((,Z,L) | P(C;?) + (pn- The concentration inequality in (3.291) with ¢, in (3.292)
therefore gives that, for every z™ € X",

dPYn‘Xn:mn n ZCE,
Pyn‘Xn:wn <ln W 2 ’7(:17 )> S exp <—m>
Y

=1-2¢

which implies that

:(:”1161)(" Y| Xn=gx ( n dP)(/Cn) ’Y(.Z' ) = 48

Hence, from (3.293) and the last inequality, it follows that
1 0) | p(C
M << exp (D(Pyn|Xn||P(,3 1 PO) + <n>

so, by taking logarithms on both sides of the last inequality and rearranging terms, we get from (3.292)
that

D(Pynxn |PE | PED) > M+ Ine — ¢,

n 1
=InM+1Ine—¢(T) §ln1—25' (3.294)
We are now ready to derive (3.288):
c *
D(PY)|| )
C) o) p©)
= D(Pynxn || Pyn | PS)) = D(Pynixn | P | PE) (3.295)
1
<nC — = - .
<nC lnM—HnE—Fc(T) 21111_2E (3.296)

where (3.295) uses the chain rule for divergence, while (3.296) uses (3.294) and (3.283). This completes
the proof of Theorem 50. O

For an arbitrary DMC T with nonzero capacity and zeroes in its transition matrix, we have the
following result from [158]:

Theorem 51. Let T : X — ) be a DMC with C' > 0. Then, for any 0 < € < 1, any (n, M, &)-code C for
T satisfies

D(PS)||Psn) <nC =M +0 (Vam*?n).
More precisely, for any such code we have

D(P)

P)

< nC —In M + v2n (Inn)?*/2 <1+\/i In <L>> <1+1“'3"> T 3lnn + In(2]X][V2).
Inn 1—¢ Inn
(3.297)
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Proof. Given an (n, M, e)-code C = (fn, gn), let c1,...,cpr € X™ be its codewords, and let 51, e ,ZNDM C
Y™ be the corresponding decoding regions:

Di=gt ) ={y" eV g, y") =i}, i=1,...,M.

G = O :%{ <\/1n” 1;” (3.298)

note that nd,, is an integer), then by Lemma 15 the “blown-up” decoding regions D; = l~)z 1< <
( ger), y p g reg 5

NOon,
M, satisfy

If we choose

2
1 1
Pynixn_. (D) < —2n | 6, — 1/ —1
Yy Xn=c, (Df) < exp n( 2n111_€>

< vie{l,...,M}. (3.299)

Sl

We now complete the proof by a random coding argument. For

M
(nén) |y|n5 7

let Uy,...,Un be independent random variables, each uniformly distributed on the set {1,...,M}. For
cach realization V = U", let Pyn(y) € P(X™) denote the induced distribution of X™(V') = fu(c;), where
J is uniformly distributed on the set {Uy,...,Unx}, and let Pyn(yy denote the corresponding output
distribution of Y™ (V):

N2 (3.300)

Pyn(yy = ZPWXH_CU (3.301)

It is easy to show that E [P}(,Z)} = Pﬁ(/c;) , the output distribution of the original code C, where the

expectation is w.r.t. the distribution of V' = UY. Now, for V = U and for every y" € V", let Ny (y")
denote the list of all those indices in (Uy,...,Un) such that y" € Dy;:

Nv(y") = {Uj : y" c DU]‘} .

Consider the list decoder Y™ — Ny (Y™), and let (V) denote its average decoding error probability:
e(V)=P(J € Ny(Y"™)|V). Then, for each realization of V', we have

D(Pyn (|| Pyn)
== D(PYn'Xn

P

Pxnqyy) = I(X™(V); Y™(V)) (3.302)
<nC —I(X™"(V);Y™(V)) (3.303)
<nC—I(J;Y™(V)) (3.304)
=nC — H(J)+ H(J|)Y™(V)) (3.305)
<nC—InN+(1—e(V)In|Ny(Y"™)| +ne(V)In|X| + 1n2 ( )

where:

e (3.302) is by the chain rule for divergence;
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(3.303) is by (3.283);

(3.304) is by the data processing inequality and the fact that J — X™(V) — Y"™(V) is a Markov chain;
and

(3.306) is by Fano’s inequality for list decoding (see Appendix 3.C), and also since (i) N < |X|", (ii) J is
uniformly distributed on {Uy,...,Un}, so H(J|Uy,...,Uy) =InN and H(J) > InN.

(Note that all the quantities indexed by V' in the above chain of estimates are actually random variables,
since they depend on the realization V = U™.) Now, from (3.300) it follows that

lnNzlnM—lnn—ln< " > — 1, In|Y|
noy,
>InM —Inn —nd, (Inn +1n|Y|) (3.307)

where the last inequality uses the simple inequality (") < nk for k < n with k £ nd,, (it is noted that the
gain in using instead the inequality (n 5. ) < exp (n h(6n )) is marginal, and it does not have any advantage
asymptotically for large n). Moreover, each y™ € V" can belong to at most (ngn) |y
sets, so

" blown-up decoding

In [Ny (Y™)| < ln< 5 > + nd, In|Y|
<ndy, (Inn+1In|Y|). (3.308)
Substituting (3.307) and (3.308) into (3.306), we get
D(Pynyy||P¥n) <nC —InM 4 Inn+2nd, (Inn +mn|Y]) +ne(V)In |X| + In2. (3.309)

Using the fact that E [Pyn(v)] = Pﬁ(/cn) , convexity of the relative entropy, and (3.309), we get

D(PE)||Pfn) < nC —In M +1Inn + 206, (Inn+ W [Y]) + nE (V)] In |X] + In2. (3.310)

To finish the proof and get (3.297), we use the fact that

Ele(V)] < max Pynixn=c, (Df) <

Sl

which follows from (3.299), as Well as the substitution of (3.298) in (3.310) (note that, from (3.298), it
follows that &, < 4/ 1377 + 4/ 55 In 1 — . This completes the proof of Theorem 51. O

—

We are now ready to examine some consequences of Theorems 50 and 51. To start with, consider a
sequence {C,, }°2, where each C,, = (fn, gn) is an (n, M, €)-code for a DMC T : X — ) with C > 0. We
say that {C,}°° is capacity-achieving if

1
lim —In M, =C. (3.311)
n—oo n
Then, from Theorems 50 and 51, it follows that any such sequence satisfies
lim D(P,(ﬁ" |Pga) = 0. (3.312)

n—oo N

Moreover, as shown in [158], if the restriction to either deterministic decoding maps or to the maximal
probability of error criterion is lifted, then the convergence in (3.312) may no longer hold. This is in
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sharp contrast to [157, Theorem 2], which states that (3.312) holds for any capacity-achieving sequence
of codes with vanishing probability of error (maximal or average).

Another remarkable fact that follows from the above theorems is that a broad class of functions
evaluated on the output of a good code concentrate sharply around their expectations with respect to the
capacity-achieving output distribution. Specifically, we have the following version of [158, Proposition 10]
(again, we have streamlined the statement and the proof a bit to relate them to earlier material in this
chapter):

Theorem 52. Let T : X — Y be a DMC with C > 0 and C7 < co. Let d : Y" x Y* — Ry be a
metric, and suppose that there exists a constant ¢ > 0, such that the conditional probability distributions
Pyn|xn_gn, v € X", as well as Py, satisfy T1(c) on the metric space (M, d). Then, for any ¢ € (0,1),
there exists a constant a > 0 that depends only on T" and on ¢, such that for any (n, M,e)-code C for T'
and any function f: Y™ — R we have

2

P}(ﬁl)(‘f(yn) CE[f(Y™)| > 7’> < 4exp <nC’ —InM +ayn — W
Lip

> . Vr>0  (3.313)

where E[f(Y*")] designates the expected value of f(Y™) w.r.t. the capacity-achieving output distribution
Py, and

s f(y") — f")]
1fllLip = S dy o)

is the Lipschitz constant of f w.r.t. the metric d.

Proof. For any f, define
W RE[F(Y™Y, el) 2 E[f(Y") X" = a7, Va" € A", (3.314)

Since each Pyn|xn_,n satisfies T1(c), by the Bobkov-Gotze theorem (Theorem 36), we have

2
]P’( IfY™) — p(2™)| > r(X" = x”) < 2exp (— ) . Yr>o. (3.315)

,
2| f11E

Now, given C, consider a subcode C' with codewords 2" € X" satisfying ¢(z™) > ,u’} +r for r > 0.
The number of codewords M’ of C’ satisfies

M' = MP) ($(X™) > s +7). (3.316)

Let Q = P(C: ) be the output distribution induced by C’. Then

wi+r < % > P(2™) (3.317)
™€ codewords(C’)

— Eqlf(Y") (3:318)

< B[ (V™)) + £ lipy/2eD(@Qyn | Pya) (3.319)

< 155+ 1 luipy/2¢ (nC — I M7 + ay/m), (3.320)

where:

e (3.317) is by definition of C’;
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(3.318) is by definition of ¢ in (3.314);

(3.319) follows from the fact that Py, satisfies T1(c) and from the Kantorovich-Rubinstein formula
(3.209); and

(3.320) holds, for an appropriate a = a(T,¢) > 0, by Theorem 50, because C’ is an (n, M’,e)-code for T.

From this and (3.316), we get

r< HfHLip\/2c (nC’— In M — In P) (gb(Xn) = +T> _|_a\/ﬁ)

so, it follows that

2
©) ny s < _ __ T
Py <¢(X ) > Wy —I—r) <exp <nC In M + ayv/n 20‘|f‘|}%ip> .

Following the same line of reasoning with — f instead of f, we conclude that

2
p)(frz ( |¢(X”) — ,u}‘ > r) <2exp | nC —InM + a/n — 7"72 . (3.321)
2CHfHLlp

Finally, for every r > 0,
P15 =y = 7)
< Py (1700 = (X)) 2 1/2) + PE(0(X™) = w7 | = /2)

2 2
<2exp| ————5—| +2exp [nC —In M+ ay/n — ———— (3.322)
< 8cuf|riip> ( RN
2exp r <1+e p(nC lnM—i-a\/ﬁ))
= X _— X J—
8C”f”%lp
2
<dexp (nC - M +aym— ———— |, (3.323)
8cll flIfsp

where (3.322) is by (3.315) and (3.321), while (3.323) follows from the fact that
nC —InM + ay/n > D(PS) | Pia) > 0
by Theorem 50, and the way that the constant a was selected above (see (3.320)). This proves (3.313). O

As an illustration, let us consider Y™ with the product metric
n
dy"v") = Lyt (3.324)
i=1

(this is the metric d;, induced by the Hamming metric on ))). Then any function f : Y — R of the
form

F =2 S A, e (3325)
i=1
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where f1,..., fn : Y — R are Lipschitz functions on ), will satisfy

L
ey < = L= max || filluip:

1<i<n
Any probability distribution P on ) equipped with the Hamming metric satisfies 77 (1/4) (this is simply
Pinsker’s inequality); by Proposition 11, any product probability distribution on V" satisfies T} (n/4) w.r.t.
the product metric (3.324). Consequently, for any (n, M, e)-code for T and any function f: Y™ — R of
the form (3.325), Theorem 52 gives the concentration inequality

2
PO ( FT) E[(r)| > r) < dexp <nC’ —InM +ayn — H?f%) . Vr>o0. (3.326)
Lip
Concentration inequalities like (3.313) or its more specialized version (3.326), can be very useful in
characterizing various performance characteristics of good channel codes without having to explicitly
construct such codes: all one needs to do is to find the capacity-achieving output distribution Py and
evaluate E[f(Y*")] for any f of interest. Then, Theorem 52 guarantees that f(Y™) concentrates tightly
around E[f(Y*")], which is relatively easy to compute since Py, is a product distribution.

Remark 50. This sub-section considers the empirical output distributions of good channel codes with
non-vanishing probability of error via the use of concentration inequalities. As a concluding remark, it is
noted that the combined result in [163, Eqs. (A17), (A19)] provides a lower bound on the rate loss with
respect to fully random block codes (with a binomial distribution) in terms of the normalized divergence
between the distance spectrum of the considered code and the binomial distribution. This result refers
to the empirical input distribution of good codes, and it was derived via the use of variations on the
Gallager bounds.

3.6.3 An information-theoretic converse for concentration of measure

If we were to summarize the main idea behind concentration of measure, it would be this: if a subset of a
metric probability space does not have a “too small” probability mass, then its isoperimetric enlargements
(or blowups) will eventually take up most of the probability mass. On the other hand, it makes sense to
ask whether a converse of this statement is true — given a set whose blowups eventually take up most of
the probability mass, how small can this set be? This question was answered precisely by Kontoyiannis
[164] using information-theoretic techniques.

The following setting is considered in [164]: Let X be a finite set, together with a nonnegative
distortion function d : X x X — RT (which is not necessarily a metric) and a strictly positive mass
function M : X — (0,00) (which is not necessarily normalized to one). As before, let us extend the
“single-letter” distortion d to d,, : X™ — R*, n € N, where

dn(‘rn’yn) £ Zd(l'lvyl)) V:L'n)yn € X"
i=1

For every n € N and for every set C' C X", let us define

MMC) £ Y M (")

el

where
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As before, we define the r-blowup of any set A C X" by
A 22" € X" d, (2", A) <1},

where dp,(z", A) £ mingnea d,(z",y"). Fix a probability distribution P € P(X), where we assume
without loss of generality that P is strictly positive. We are interested in the following question: Given
a sequence of sets A™ C X", n € N, such that

pen (ASZS)) — 1, as n — 0o

for some ¢ > 0, how small can their masses M"(A™) be?

In order to state and prove the main result of [164] that answers this question, we need a few prelim-
inary definitions. For any n € N, any pair P,, Q, of probability measures on X", and any § > 0, let us
define the set

1, (Py, Qn, 8) 2 {wn € TLy(Py, Q) %Eﬁn (X", Y™)] < 5} (3.327)

of all couplings m, € P(X"™ x X™) of P, and @, such that the per-letter expected distortion between X™
and Y with (X™,Y") ~ 7, is at most 6. With this, we define

InPna n75é .f D nPn njs
(Po,Qn,0) = i Dl P @ Q)

and consider the following rate function:

R, () = R, (; Py, M™)

£ inf I,(P,,Qn,6) +Eg, In M™(Y"
Qnelg(xn){( Qn,0) + Eq, [In M"(Y")]}

= inf {I(X”;Y") +E[ln M™(Y™)] : Pxn = Py, %E[dn(X",Y”)] < 5} .

PXnyn

When n = 1, we will simply write II(P,Q,J), I(P,Q,d) and R(J). For the special case when each P, is
the product measure P®", we have

R(5) = lim ~R,(5) = inf ~ Ru(6) (3.328)

n—oo n n>1n
(see [164, Lemma 2]). We are now ready to state the main result of [164]:

Theorem 53. Consider an arbitrary set A™ C X", and denote

52 %E[dn(X", Ay

Then

1
~In M™(A™) > R(6; P, M). (3.329)

Proof. Given A, C X", let ¢, : X™ — A,, be the function that maps each ™ € X" to the closest element
y" e Ay, ie.,
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(we assume some fixed rule for resolving ties). If X™ ~ P®" then let Q,, € P(X™) denote the distribution
of Y = p,(X™), and let 7, € P(X™ x X™) denote the joint distribution of X™ and Y"™:

Qn(a",y") = P (2" L yn=s, (zn)}-
Then, the two marginals of 7, are P®" and Q,, and

Er, [dn(X",Y™")] = En, [dn (X", 0 (X™))]
=Er, [dn(Xnv An)]

= nd,
so 7, € 11, (P®", Qy, §). Moreover,
In M™(Ap) =In > M"(y
"EA
=1In Z Qn(y (( n))
y"EAn
M"(y")
> Y Quy)in 5~ (3.330)
yneA, Qn(y )
n n ﬂ- n n
= > m"y")h P@ﬂ((n 7t > Quym) M (y") (3.331)
xn eX'rl’yneAn "EA
=1(X"Y")+Eqg,[In M"(Y")] (3.332)
> R, (9), (3.333)

where (3.330) is by Jensen’s inequality, (3.331) and (3.332) use the fact that 7, is a coupling of P®" and
Qn, and (3.333) is by definition of R,(d). Using (3.328), we get (3.329), and the theorem is proved. O

Remark 51. In the same paper [164], an achievability result was also proved: For any § > 0 and any
e > 0, there is a sequence of sets A C X" such that

1
~In M"(A™) < R(6)+e, VYneN (3.334)
and
%dn(X", AMYy <6 eventually a.s. (3.335)

We are now ready to use Theorem 53 to answer the question posed at the beginning of this sec-
tion. Specifically, we consider the case when M = P. Defining the concentration exponent R.(r; P) =
R(r; P, P), we have:

Corollary 11 (Converse concentration of measure). If A C X" is an arbitrary set, then
pon (A<">> > exp (n Re(5; P)), (3.336)
where 0 = %E [dn(X " A("))]. Moreover, if the sequence of sets {A(™}2 | is such that, for some § > 0,

n=1
pen <A£:§)> — 1 as n — oo, then

liminf & In PO <A<">> > Re(5; P). (3.337)

n—oo n,
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Remark 52. A moment of reflection shows that the concentration exponent R.(d; P) is nonpositive.
Indeed, from definitions,

R.(0; P) = R(5; P, P)
— inf {[(X; Y)+E[mP(Y)]: Py = P, E[d(X,Y)] < 5}

Pxy

— inf {H(Y) “H(Y|X) +E[nP(Y)] : Py = P, E[d(X,Y)] < 5}

Pxy

= inf { ~ D(B/[|P) ~ H(Y|X) : Px = P.E[d(X.Y)] < 6}
= —sup { D(Py||P) + H(Y|X) : Px = P, E[d(X,Y)] < 6}, (3.338)

Pxy
which proves the claim, since both the divergence and the (conditional) entropy are nonnegative.

Remark 53. Using the achievability result from [164] (cf. Remark 51), one can also prove that there
exists a sequence of sets {A(") o 1, such that

n .1
lim P®" (ASMS)) =1 and lim — In P®" (A(")) < R.(6; P).
n— oo n—oon

As an illustration, let us consider the case when X = {0,1} and d is the Hamming distortion,
d(w,y) = l{zzy). Then X" = {0,1}" is the n-dimensional binary cube. Let P be the Bernoulli(p)

probability measure, which satisfies a T} (Tl(p)> transportation-cost inequality w.r.t. the L' Wasserstein

distance induced by the Hamming metric, where ¢(p) is defined in (3.187). By Proposition 10, the

product measure P®" satisfies a T} (#@) transportation-cost inequality on the product space (X", d,,).

Consequently, it follows from (3.197) that for any § > 0 and any A C X",

2
Rn (n) _ _M — n 1
P <An6 ) >1—exp . <n5 \/go(p) In ED (A(”))>

2
1 1
=1—exp | —np(p) <5 - \/ngo(p) In pon (A("))> . (3.339)

Thus, if a sequence of sets A™ C X" n e N, satisfies

lim inf % In P®" <A(")) > —p(p)d?, (3.340)
then
P (Al)) 2=, (3.341)

The converse result, Corollary 11, says that if a sequence of sets A" C X" satisfies (3.341), then (3.337)
holds. Let us compare the concentration exponent R.(d; P), where P is the Bernoulli(p) measure, with
the exponent —(p)d? on the right-hand side of (3.340):

Theorem 54. If P is the Bernoulli(p) measure with p € [0,1/2], then the concentration exponent R.(J; P)
satisfies

R(6:P) < o)~ (1= p (1), vacD1-] (3:342)
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and

R.(6; P) = Inp, Ve (l—pl] (3.343)
where h(z) 2 —zInz — (1 — 2)In(1 — ), = € [0,1], is the binary entropy function (in nats).
Proof. From (3.338), we have

Ro(5; P) = — sup {D(Pyup) FHY|X):Px =P, P(X £Y) < 5}. (3.344)

Pxy
For a given 0 € [0,1 — p], let us choose Py so that ||Py — P||pyv = 0. Then from (3.189),
D(Py|P) _  D(Py||P)

02 [Py — Py
> int - D(QUP)
Q HQ_P”TV

= ¢(p). (3.345)
By the coupling representation of the total variation distance, we can choose a joint distribution Pgy

with marginals Py = P and Py = Py, such that P(X #Y) = ||Py — P|rv = 6. Moreover, using (3.185),

we can compute

: 0 . B
PY/\)Z:O = Bernoulli <—1 — p> and PY/\)Z=1(3/) =61(7) & Lig—1}-

Consequently,

HVIX) = (1—p)HT|X = 0) = (1—p)h <%p> . (3.346)

From (3.344), (3.345) and (3.346), we obtain
Re(0; P) < =D(Py|[P) - H(Y|X)

0
< - Z—(1-ph|—].
< —¢(p)d” — (1 —p) (1_p>
To prove (3.343), it suffices to consider the case where 6 =1 — p. If we let Y be independent of X ~ P,
then I(X;Y) = 0, so we have to minimize Eg[In P(Y')] over all distributions @ of Y. But then

minEg[In P(Y)] = min In P(y) = min{Inp,In(1 — p)} = Inp,
Q ye{0,1}

where the last equality holds since p < 1/2. O

3.A Van Trees inequality

Consider the problem of estimating a random variable Y ~ Py based on a noisy observation U = \/sY +Z,
where s > 0 is the SNR parameter, while the additive noise Z ~ G is independent of Y. We assume that
Py has a differentiable, absolutely continuous density py with I(Y) < oo. Our goal is to prove the van
Trees inequality (3.60) and to establish that equality in (3.60) holds if and only if Y is Gaussian.

In fact, we will prove a more general statement: Let ¢(U) be an arbitrary (Borel-measurable) estimator
of Y. Then

1

pony ok (3.347)

E[(Y — oU))*] >
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with equality if and only if Y has a standard normal distribution, and ¢(U) is the MMSE estimator of
Y given U.
The strategy of the proof is, actually, very simple. Define two random variables

A(U,Y) 2 o(U) - Y,

Lo [y U)oy ()]

Y(U,Y) = i

y=Y

- diyln V(U = Vsy)py (y)]

= Vs(U = VsY) +py(Y)
=VsZ + py(Y)
where py (y) £ diy In Py (y) for y € R is the score function. We will show below that E[A(U, Y)Y (U,Y)] =
1. Then, applying the Cauchy—Schwarz inequality, we obtain
1= |E[A(U,Y)Y(U,Y))]
< E[A2U,Y)] - E[T3(U,Y)
=E[(p(U) - Y)*] - E[(V5Z + py (Y))’]
=E[(p(U) —=Y)?] - (s + J(Y)).
Upon rearranging, we obtain (3.347). Now, the fact that J(Y) < oo implies that the density py is

bounded (see [117, Lemma A.1]). Using this together with the rapid decay of the Gaussian density 7 at
infinity, we have

y=Y

[e.e]

| oo ooy ()] dy = 1w = Vi )| =0 (3345)

— 00

Integration by parts gives

o)

/_ h yd% [puy (uly)py ()] dy = yy(u — Vsy)py (y)

- /_OO pujy (uly)py (y)dy

—00

_ / " pupy (wly)py (w)dy

— o) (3.349)
Using (3.348) and (3.349), we have
E[A(U,Y)Y(U,Y)]

“[ )

d_
/ / B di [puy (uly)py (y)] dudy

[ ot ( / o oo ey )] dy) au- [ ( | v oo ey o) dy) du

=0 =—pu(u)

In [pyy (uly)py ()] popy (uly)py (y)du dy

[e.9]

pu(u)du

— 00

L
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as was claimed. It remains to establish the necessary and sufficient condition for equality in (3.347).
The Cauchy—Schwarz inequality for the product of A(U,Y") and Y (U,Y’) holds if and only if A(U,Y) =
c¢Y(U,Y) for some constant ¢ € R, almost surely. This is equivalent to

e(U) =Y +cvs(U —VsY) +cpy(Y)
=cy/sU + (1 —es)Y + cpy (V)
for some ¢ € R. In fact, ¢ must be nonzero, for otherwise we will have ¢(U) = Y, which is not a valid

estimator. But then it must be the case that (1 —¢s)Y + cpy (Y) is independent of Y, i.e., there exists
some other constant ¢ € R, such that

py(y) £ Z’;Ez; = % +(s=1/c)y.

In other words, the score py(y) must be an affine function of y, which is the case if and only if Y is a
Gaussian random variable.

3.B Details on the Ornstein—Uhlenbeck semigroup

In this appendix, we will prove the formulas (3.82) and (3.83) pertaining to the Ornstein—Uhlenbeck
semigroup. We start with (3.82). Recalling that

ho(z) = Kih(z) =E [h (e_tx +V1- ﬂtz)} ,
we have

hy(z) d E [h <e_t:13 +v1-— e_2tZ>}

Tt

9t
= —elzE [h' (e_taz +/1— e—thﬂ +

ﬁ -E [Zh' <€_t:17 + 41— e—2tZ)] .

For any sufficiently smooth function A and any m,o € R,

E[Zh (m + 0Z)] = oE[h" (m + 02)]

:c2
(which is proved straightforwardly using integration by parts, provided that lim, 1., e~z h'(m + ox) =

0). Using this equality, we can write
E [Zh' (e_taz +v1- e—thﬂ =V1—e2E [h” (e_tzn +vV1- e—2tZ)] .
Therefore,
he(x) = —e 'z Kb/ (x) + e 2K B (). (3.350)
On the other hand,

Lhy(z) = hi(z) — zhi(x)
= e 2R [h" (e_tw + mZ)] —ze'E [h' (e_tx + mZﬂ

= e 2K 0 (z) — et KW (2). (3.351)

Comparing (3.350) and (3.351), we get (3.82).
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The proof of the integration-by-parts formula (3.83) is more subtle, and relies on the fact that the
Ornstein—Uhlenbeck process {Y;}2°, with Yy ~ G is stationary and reversible in the sense that, for any

two ¢, > 0, (Y;, Yy) = (Y, Y;). To see this, let
1 (y —e ')’
(t) €T é - X (—7
P (ylz) == Pl oa =

be the transition density of the OU(¢) channel. Then it is not hard to establish that

PO yle)y(z) =pP (@ly)r(y), Yo,y eR

(recall that v denotes the standard Gaussian pdf). For Z ~ G and any two smooth functions g, h, this
implies that

where we have used (3.78) and the reversibility property of the Ornstein—Uhlenbeck process. Taking the
derivative of both sides w.r.t. t, we conclude that

Elg(Z)Lh(Z)] = ElLg(Z)h(Z)) (3.352)
In particular, since £1 = 0 (where on the left-hand side 1 denotes the constant function x — 1), we have
E[Lg(2)] = E[1L£9(Z)] = E[g(Z)L1] =0 (3.353)

for all smooth g.

Remark 54. If we consider the Hilbert space L?(G) of all functions g : R — R such that E[g?(Z)] < oo
with Z ~ @G, then (3.352) expresses the fact that £ is a self-adjoint linear operator on this space.
Moreover, (3.353) shows that the constant functions are in the kernel of £ (the closed linear subspace of
L?(G) consisting of all g with £Lg = 0).

We are now ready to prove (3.83). To that end, let us first define the operator I" on pairs of functions
g, h by

(g, h) 2 % [£(gh) — gCh — hLg]. (3.354)
Remark 55. This operator was introduced into the study of Markov processes by Paul Meyer under the
name “carré du champ” (French for “square of the field”). In the general theory, £ can be any linear
operator that serves as an infinitesimal generator of a Markov semigroup. Intuitively, I' measures how
far a given L is from being a derivation, where we say that an operator £ acting on a function space is a
derivation (or that it satisfies the Leibniz rule) if, for any g, h in its domain,

L(gh) = gLh + hLg.

An example of a derivation is the first-order linear differential operator Lg = ¢, in which case the Leibniz
rule is simply the product rule of differential calculus.
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Now, for our specific definition of £, we have
L(g,h)(z) = 5 [(gh)"(x) — 2(gh)'(x) — g(a) (K" (x) — xh'(x)) — h(z)(g" () — 24/ ())]
9" (@)h(2) + 24 (@)W () + g(2)h ()

— g (2)h(z) — zg(x)h'(z) — g(x)h" () + zg(2)h' (z) — ¢"(x)h(z) + 339/(33)71(5'3)]
= ¢ (z)h' (z), (3.355)

or, more succinctly, I'(g, h) = g’h’. Therefore,

l\’JIHl\’) =

Elg(2)Ch(2)] = 5 {Elg(2)h(2)) + Bln(Z)Lo(2)]} (3.356)
= SE[L(gh)(2)] ~ B[N (g, h)(2)] (3.357)
= —E[g(Z)I ()], (3.358)

where (3.356) uses (3.352), (3.357) uses the definition (3.354) of I', and (3.358) uses (3.355) together with
(3.353). This proves (3.83).

3.C Fano’s inequality for list decoding

The following generalization of Fano’s inequality has been used in the proof of Theorem 45: Let X and
Y be finite sets, and let (X,Y) € X x ) be a pair of jointly distributed random variables. Consider an
arbitrary mapping L : ) — 2% which maps any y € Y to a set L(y) C X. Let P, =P (X ¢ L(Y)). Then
H(X|Y)<h(P)+(1—FP)E[In|L(Y)|] + P In|X| (3.359)
(see, e.g., [156] or [165, Lemma 1]).
To prove (3.359), define the indicator random variable E £ 1 (x¢L(v)}- Then we can expand the
conditional entropy H(E, X|Y) in two ways as
H(E,X|Y)=H(E|Y)+ H(X|E,Y) (3.360a)
=H(X|Y)+ H(E|X,Y). (3.360b)
Since X and Y uniquely determine E (for the given L), the quantity on the right-hand side of (3.360b)
is equal to H(X]|Y). On the other hand, we can upper-bound the right-hand side of (3.360a) as
H(E)Y)+ H(X|E,Y)<H(FE)+ HX|E,Y)
=h(P)+P(E=0H(X|E=0,Y)+P(E=1)H(X|E=1Y)
< W(P) + (1 - R)E[[L(Y)[] + P In|X],
where the last line uses the fact that when E = 0 (resp, £ = 1), the uncertainty about X is at most
E[ln|L(Y)|] (respectively, In |X|). More precisely,

HXE=0Y)=-Y P(Y=y,E=0)> PX=z|Y =y, E=0) hP(X =2]Y =y, E=0)

yey rzeX

=-Y PV =y, E=0) > PX=zY =y) hP(X =a[Y =y)
yey z€L(y)

<> P(Y =y, E=0) In|L(y)|

yey

<> P(Y =y) In|L(y)|

yey

= E[n|L(Y)|].
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In particular, when L is such that L(Y) < N a.s., we can apply Jensen’s inequality to the second term
on the right-hand side of (3.359) to get

H(X|Y) < h(P.) + (1 — P)InN + P,In |X].

This is precisely the inequality we used to derive the bound (3.265) in the proof of Theorem 45.

3.D Details for the derivation of (3.290)

Let X" ~ Pxn and Y™ € Y™ be the input and output sequences of a DMC with transition matrix
T :X — Y, where the DMC is used without feedback. In other words, (X", Y") € X" x Y™ is a random
variable with X™ ~ Px» and

Pynixn(y"]a™) = HPY‘X(y,-]a:,-), Yyt e Y", Vo' € X" sk, Pxn(z™) > 0.
i=1

Because the channel is memoryless and there is no feedback, the ith output symbol ¥; € Y depends
only on the 7th input symbol X; € X and not on the rest of the input symbols X'. Consequently,

Y' — X; — Y, is a Markov chain for every i = 1,...,n, so we can write
Py i 7)) = D Pryix, (le) Py i (a[7) (3.361)
TEX
=D Prix(yle)Py i (a[7) (3.362)
TeEX

for all y € Y and all 7* € Y"1 such that P?i (7') > 0. Therefore, for any two 3,3’ € Y we have

In —
Py 5 (y'[y")

=P, oi(ylg) — Py oi(y'[7")

=1In Z Py|x(y|33)PXi|7i (z[7") —In Z PY\X(y,|$)PXi|7i (=I7")
zeX reX

< o . / .

< maxln Py x (y|x) min In Pyix(y']z)

Interchanging the roles of y and 3/, we get

(o [T
lni_i < max In YA
Py yiyly") ~ watex Pyix(yla’)

This implies, in turn, that

Py x(y|r)
Py x(y'|z")

< max max |ln e(T)

z,2'€X y,y' €Y

In ———
By (1Y)

1
2

for all y,y' € V.
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